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Solid-state hydrogen storage based on metal hydrides is considered a promising method for hydrogen

storage. However, the low inherent thermal conductivity of metal hydride powder significantly limits the

hydrogenation/dehydrogenation process in the metal hydride bed. Accurate measurement and

improvement of the effective thermal conductivity of a hydride bed is of great significance for design of

solid-state hydrogen storage devices. This article analyzes the factors that influence the effective thermal

conductivity of a metal hydride bed, and also introduces different measurement methods and

improvement ways for the effective thermal conductivity of a metal hydride bed. It is an effective way to

improve the thermal conductivity of metal hydride beds by hydride powder mixed with a high thermal

conductivity material and compaction. Accurately measuring the influence of hydrogen pressure,

temperature and hydrogen storage capacity and other factors on the effective thermal conductivity of

a metal hydride bed and obtaining the numerical equation of effective thermal conductivity play an

important role in guiding the optimization design of heat and mass transfer structure of metal hydride

hydrogen storage devices. The transient plane source method seems to be a better measurement

choice because of short test time and easy to establish a pressure-tight and temperature control test

system. However, there is still a lack of testing standards for the thermal conductivity of the hydride bed,

as well as suggestions for the selection of test methods, improvement ways and design of in situ test room.
1. Introduction

Aer entering the industrial era, the global energy consumption
increased by almost 1.5 times over the past three decades. It is
worth noting that fossil energy consumption accounts for nearly
80% of the total.1 The lack of non-renewable energy forces
people to seek renewable and clean energy as the future energy
option to meet the requirements of sustainable development.
Hydrogen is considered the most promising secondary energy
carrier with an energy density of up to 120 MJ kg�1, and its
reserve in nature is extremely rich.2 It is stored without space-
time limitation unlike conventional clean energy. At the same
time, the environmental friendliness of the product makes
people pay more attention to the development and utilization of
hydrogen.3

Pressurizing and storing hydrogen in cylinders with the
pressure resistance of up to 70 MPa or cryogenically
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hydrogenating the hydrogen to a temperature below 21 K are
not economical and safe.4,5 Solid-state hydrogen storage, such
as in metal hydrides, offers an attractive alternative and seems
to be a preferred solution for future hydrogen storage technol-
ogies. This method relies on the reversible combination of
metal atoms and hydrogen under different pressures. It has the
advantages of high capacity, low cost, convenience, and can
reversibly absorb and release hydrogen at the appropriate
temperature and pressure.2,6 They perform these functions
through the following reversible reaction equation eqn (1):

2

n
MðsÞ þH2ðg:p; atmÞ! 2

n
MHnðsÞ þ DH (1)

where M and MHn are metal and its hydride, s and g denote
solid and gas states. DH is the heat of formation per mole of
H2.7

The combination of the host metal and hydrogen to form
metal hydride is an exothermic reaction. When the metal
hydride releases hydrogen, it needs to absorb heat. Different
hydrogen storage alloys have different reaction heat. For
example, the reaction enthalpy of magnesium-based hydrogen
storage material is as high as 74 kJ mol�1.8

On-board hydrogen storage systems require high hydrogen
storage density, fast hydrogen charging and discharging speed
and long service life. The poor heat transfer performance of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydride bed limits the absorption and desorption rate of
hydrogen in the reaction process. If the heat of hydrogen
storage material cannot be released or obtained in time, the bed
temperature will change rapidly, which affects the equilibrium
pressure of the hydride bed. If the plateau pressure is higher or
lower than the working pressure, the absorption or desorption
rate of hydrogen will decrease or even proceed in the opposite
direction. This is detrimental to the practical application of
solid-state hydrogen storage.

The heat transfer in the hydrogen storage tank includes the
heat conduction process inside the hydride bed and the heat
exchange process between the hydride bed and the environ-
ment. The latter is mainly dependent on the system structure
design of the solid-state hydrogen storage device. For example,
optimization design of the hydrogen storage tank size and heat
exchange structure, the application of heat exchange structures,
such as adding cold water jackets and ns.9–15 In which, the heat
conduction in the hydride bed is the most important limiting
factor, which can be characterized by the effective thermal
conductivity (ETC). The effective thermal conductivity of
hydride bed includes the heat conduction between hydrogen
storage material particles, thermal convection between
hydrogen storage material and hydrogen, and thermal
radiation.

At present, different types of hydrogen storage materials
have developed rapidly.16 At present, the hydrogen storage
materials with practical value mainly include metal hydrides
and complex hydrides. Fig. 1 shows the volumetric and gravi-
metric hydrogen density of some hydrogen storage materials.
MgH2 exhibits high gravimetric hydrogen density of 7.6 mass
%, magnesium resources are abundant and the cost is low, so
MgH2 is a very promising hydrogen storage material. However,
its high hydrogen absorption and desorption temperature
affects its actual use, especially as a hydrogen source for fuel
cells. Metal hydrides are promising candidate for solid-state
hydrogen storage, with low absorption/desorption tempera-
ture, high volumetric hydrogen density, good reversibility and
cyclic ability, fast kinetics and low-cost. The properties of some
of the most commonmetal hydrides are summarized in Table 1.
Fig. 1 Volumetric and gravimetric hydrogen density of some selected
hydrides.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
Their hydrogen storage properties are different under
different temperatures and pressures. However, when the
hydrogen storage materials are integrated into hydrogen
storage tanks, accurate thermophysical date such as effective
thermal conductivity required for heat transfer structure opti-
mization are lacking. The heat transfer analysis and structure
optimization design of the hydrogen storage tank are mainly
concentrated on two parts: experimental analysis and numer-
ical analysis. Numerical simulation analysis can greatly reduce
the research cost and time. The premise is to establish an
effective model veried by experiments. Otherwise, there is no
guiding signicance. The effective thermal conductivity of the
hydride bed under working conditions is not static but
dynamically changed by the synergistic inuence of multiple
factors. Using the varying effective thermal conductivity to
modify the model can signicantly improve the accuracy of the
model prediction, which is the trend of numerical analysis of
heat and mass transfer in hydride bed.17,18 Therefore, the heat
transfer analysis of the hydrogen storage tank, especially the
analysis and accurate determination of the effective thermal
conductivity of the hydride bed, will provide the basis for the
heat transfer analysis of the hydrogen storage tank, and guide
the development and optimization of solid-state hydrogen
storage tanks.

Researchers have used a variety of methods to improve the
effective thermal conductivity of the hydride bed, in order to
improve the hydrogen storage characteristics of the solid-state
hydrogen storage devices, such as preparation of high thermal
conductivity hydride bed by mixing high thermal conductivity
materials and pressing molding. Different methods have
different effects on the nal performance of solid-state
hydrogen storage devices.

Researchers used different test methods to measure and
study the variation of effective thermal conductivity of various
hydride beds under actual working conditions. However, each
method has its uniqueness and shortcomings. Therefore,
choosing a suitable test method to meet the requirements and
accurately obtaining the dynamic change data of the effective
thermal conductivity under working conditions will be the key
to optimizing the design of the metal hydride hydrogen storage
tank.

This article mainly introduces the inuencing factors of the
effective thermal conductivity of metal hydride bed, improve-
ment technology, and conventional measurement methods.
2. Influence factors of metal hydride
bed effective thermal conductivity

Numerous studies have shown that the effective thermal
conductivity of the metal hydride bed in the process of
hydrogen absorption/desorption changes dynamically with the
change of working conditions. Inuence factors for the
hydrogen absorption and desorption performances of hydrogen
storage materials include hydrogen pressure, temperature, and
cycle number. Thermodynamic properties of metal hydride re-
ected by PCT curves, which show the strong dependence of the
RSC Adv., 2022, 12, 25722–25743 | 25723
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Table 1 Properties of some of the most common metal hydrides2

Type Metal Hydride Structure Mass % Peq, T

Elemental Pd PdH0.6 Fm3m 0.56 0.02 bar, 298 K
Ab5 LaNi5 LaNi5H6 P6/mmm 1.37 2 bar, 298 K
AB2 ZrV2 ZrV2H5.5 Fd3m 3.01 10–8 bar, 323 K
AB FeTi FeTiH2 Pm3m 1.89 5 bar, 303 K
A2B Mg2Ni Mg2NiH4 P6222 3.59 1 bar, 555 K
Body-centred cubic TiV2 TiV2H4 b.c.c 2.6 10 bar, 313 K

Fig. 2 S-shaped curve of the effective thermal conductivity of the
hydride bed with respect to the hydrogen pressure determined by
Kumar et al.23
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equilibrium pressure on the temperature and the hydrogen
concentration. These external operating conditions oen have
a signicant dynamic effect on the effective thermal conduc-
tivity of the hydride bed. In the process of hydrogenation/
dehydrogenation, because the effect of expansion/contraction
stress, metal hydride particles are further pulverized, thus
affecting the change of contact between particles and further
deteriorates the effective thermal conductivity of the metal
hydride power bed. Moreover, the metal hydride hydrogen
storage materials have different intrinsic thermal conductivity
under hydrogenation and dehydrogenation state, and the
effects of hydrogen pressure and temperature are also different.
At the same time, some materials will undergo the phase
change and thermal conductivity changes due to the inuence
of temperature and pressure. In short, under working condi-
tions, the effective thermal conductivity of the hydride bed has
very complex inuencing factors. Next, the parameters and
general laws that have been studied so far with the corre-
sponding explanations of the researchers will be analyzed and
summarized.

2.1 Hydrogen pressure

People have generally measured the effective thermal conduc-
tivity of the powder-packed bed and the hydride compact with
the hydrogen pressure. Suda et al.19 measured the effective
thermal conductivity of the TiMn1.5 hydride bed with
a maximum hydrogen pressure of 5 MPa by a steady state
method. The results show that the effective thermal conduc-
tivity of TiMn1.5 hydride bed increases with the increase of
pressure. At the temperature of 21 �C, the effective thermal
conductivity increases from 0.25 W (m�1 K�1) to 1.29 W (m�1

K�1) with the increase of pressure from 0.1MPa to 5MPa. Suissa
et al.20 measured the effective thermal conductivity of Mg2NiH2

andMmNi4FeH5.2, and the effective thermal conductivity values
of the two hydrides were found to be 0.83 W (m�1 K�1) and at
375 K and 1.05 W (m�1 K�1) at 273 K under a hydrogen pressure
of 4 MPa. Nagel et al.21 measured the effective thermal
conductivity of a copper wire matrix improved metal hydride
bed of MmNi4.46Al0.54 (Mm: misch metal) power using a steady
state method. With the pressure increases, typical S-shaped
curves were observed for both hydrogen and helium atmo-
spheres, and the copper wire matrix will improve the effective
thermal conductivity by about 0.4 W (m�1 K�1). Sun et al.22

measured the effective thermal conductivity of MlNi4.5Mn0.5

(Ml: lanthanum-rich misch metal) hydride bed by means of
steady state method. According to the test results, it is also
25724 | RSC Adv., 2022, 12, 25722–25743
observed that the effective thermal conductivity also presents
a typical S-shaped curve with the increase of pressure. Kumar
et al.23 measure and analysed the effective thermal conductivity
of a MmNi4.5Al0.5 hydride powder bed using an one-
dimensional steady-state axial heat transfer comparative
method, the result of this experiments showed that the effective
thermal conductivity lies between 0.1 and 1.2 W (m�1 K�1) in
the pressure and the temperature ranges of 0–50 bar and 0–
100 �C, respectively. While hydrogen pressure and concentra-
tion showed strong inuence on the effective thermal conduc-
tivity over the complete range, and it increases with increasing
pressure in the form of the S-shaped curve, which is shown in
Fig. 2. Kapischke et al.24 measured the effective thermal
conductivity of magnesium hydride bed, it is found that the
effective thermal conductivity decreases for constant pressure
and temperature with increasing reacted fraction.

In this form, the pressure is generally displayed on the log-
arithmic scale. Hydrogen pressure has little effect on the
effective thermal conductivity under near vacuum and low-
pressure conditions. As the hydrogen pressure increases, the
effective thermal conductivity of hydride bed increases signi-
cantly. Aer the pressure exceeds a certain interval, the effective
thermal conductivity is almost unchanged. Saturation of the
contribution of higher pressures to the effective thermal
conductivity is more easily observed when using ordinary linear
coordinates are used.25–27 Researchers use the dimensionless
number of Knudsen number (Kn) in the gas dynamics theory to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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distinguish and explain this change,28 which can be expressed
by the eqn (2):

Kn ¼ L

Lm

(2)

where Kn is used to distinguish whether the gas is continuous
uid or viscous uid; L is molecular mean free path, (m); Lm is
the characteristic length, that is, the length of the space
between the powder particles, (m).

In 1981, Suda et al.19 gave the expression of the mean free
path as shown in eqn (3):

L ¼ 2:331� 10�20T

d2P
(3)

where T is absolute temperature, (K); d is gas molecular diam-
eter, (cm); P is gas pressure, (torr).

For the same hydrogen storage system, the change in
hydrogen pressure is mainly manifested in the mean free path
of the molecule. In low pressure section (Kn $ 10), due to the
hydrogen concentration is very low, the molecules collide
randomly in the pores, and the average freedom of the mole-
cules is very large. At this time, the gas appears as the molecular
ow that hardly contributes to the effective thermal conduc-
tivity of the hydride bed, which is not affected by the type of gas.
Heat is almost exclusively conducted through a solid particle
interface. In medium pressure section (0.01 < Kn < 10), as the
concentration of hydrogen increases, the collision between
hydrogen molecules intensies, and the molecular free path
begins to decrease. The contribution of hydrogen pressure to
the effective thermal conductivity of the hydride bed is mainly
related to the energy exchange between particles and the
molecular weight of the gas. In high pressure section (Kn #

0.01), the mean free path of hydrogen molecules is much lower
than the characteristic pore size, the hydrogen is regarded as
a viscous/continuous uid whose thermal conductivity is inde-
pendent of pressure. The contribution of hydrogen pressure to
the effective thermal conductivity of the hydride bed reaches to
the maximum, and the effective thermal conductivity of the
hydride bed almost no longer increases with the hydrogen
pressure.22,28

When people study the inuence of hydrogen pressure on
the effective thermal conductivity, to avoid the inuence of
hydride bed hydrogenation/dehydrogenation, some inert gases
such as nitrogen, helium, and argon, are oen used as working
gases for comparison.21,23 The effective thermal conductivity in
the low-pressure section of the characteristic S-shaped curve is
hardly affected by the gas type. Since hydrogen is the gas with
the highest thermal conductivity, as the pressure increases, the
effective thermal conductivity measured under a hydrogen
atmosphere is the highest. It is worth pointing out that helium
gas has a similar molecular size and thermal conductivity
compared to hydrogen gas, thus it is particularly widely used as
a comparative gas for the effective thermal conductivity
measurement.28–30

In 1980, Suda et al.31 discovered that the effective thermal
conductivity of the TiMn1.5 powder bed changed with hydrogen
pressure, and pointed out that it was the result of a strict
© 2022 The Author(s). Published by the Royal Society of Chemistry
relationship with the mean free path of the gas. In 1986 and
1990, Nagel21 and Sun22 divided the inuence of pressure into
three sections and explained the properties of uids. And in
1994, Kapischke et al.24 quantitatively analyzed the contribution
of hydrogen pressure to the effective thermal conductivity of the
Mg/2 wt% Ni hydride bed using parameters such as mean free
path and effective length. Although there is a relatively complete
explanation for the inuence of hydrogen pressure, the effective
thermal conductivity changing threshold of different hydride
beds is slightly different. However, according to recent
researches, the effect of hydrogen pressure on the effective
thermal conductivity of hydride bed reaches the maximum
when it reaches about 1.5 MPa.

2.2 Temperature

The effect of temperature on the effective thermal conductivity
does not as characteristic change trend as pressure. With the
changes of the temperature, the effective thermal conductivity
may increase, decrease, or even unchanged. It may be due to
combined effect of the temperature response for the thermal
conductivity of hydride powder and hydrogen. Therefore, it is
necessary to specically measure the effective thermal
conductivity of hydride beds prepared by different methods.

In 1981, Suda et al.19 measured the effective thermal
conductivity of TiMn1.5 powder bed at different temperatures,
and it has a higher measured value at 21 �C than at 38 �C. Klein
et al.32 also proved that the effective thermal conductivity of
LmNi4.85Sn0.15/ENG compacts decreased with increasing
temperature. However, Ishido et al.7 found that the effective
thermal conductivity of Mg and Mg/10 wt% Ni hydride powder
increased with increasing temperature. Madaria et al.33 found
that the effective thermal conductivity of La0.8Ce0.2Ni5 powder
and the compact with graphite akes were hardly affected by
temperature at 5 MPa hydrogen pressure, but when the
hydrogen pressure was reduced to 1 MPa, the effective thermal
conductivity decreased slightly with increasing temperature.
Popilevsky et al.34 determined that the effective thermal
conductivity of MgH2 containing 8–9.5 vol%Mg decreased from
23 to 13 W (m�1 K�1) when the temperature increased from 300
to 525 K. Wang et al.35 measured that the effective thermal
conductivity of YbH1.88 decreased from 6.2 to 3.9 W (m�1 K�1)
when the temperature increased from 298 K to 413 K. They
believed that it might due to the increase of dislocation density
in the specimen aer hydrogen absorption. The experimental
values of the effective thermal conductivity of metal hydrides
from some literature are summarized in Table 2.

2.3 Desorption/absorption state and hydrogen content

The crystalline structure of metal hydride have a signicant
volume increase and decrease (about 10–35%) upon hydroge-
nation and dehydrogenation respectively, which will tread to
further pulverized of the metal hydride particles during hydro-
genation and dehydrogenation cycles. The particle size of
hydrogen storage material tends to change during the process
of hydrogen absorption and desorption, which changes the
contact area and affects the heat transfer between particles.36 At
RSC Adv., 2022, 12, 25722–25743 | 25725
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Table 2 The effective thermal conductivity of metal hydride obtained from experiments by some authors

Material Pressure (MPa) Temperature (K) ETC (W (m�1 K�1)) Ref.

TiMn1.5 hydride 0.1–5 294, 311 0.2–1.3 19 and 31
Mg2Ni hydride 0.2–4.5 373 0.66–0.83 20
MmNi4Fe hydride 0.2–4.5 273 0.8–1.05 20
MmNi4.46Al0.54 hydride + Cu wire matrix 0–5 283, 293, 313 0.4–2.76 21
LaNi4.7Al0.3 hydride 0–6 193–413 0.02–1.2 28
Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5 hydride 0–6 193–413 0.05–1.2 28
MlNi4.5Mn0.5 hydride 0.1–3 313, 323, 333 0.7–1.3 22
MmNi4.5Al0.5 hydride 0–5 MPa 0–373 0.1–1.2 23
Mg hydride + 2 wt% Ni 0.1–5 573–673 4–9 24
Mg hydride 0.1–3.5 313–473 0.8–1.4 7
Mg hydride + 10 wt% Ni 0.1–4 303–473 0.7–1.3 7
Mg2Ni hydride 0.1–4 308–473 0.35–0.75 7
Mg hydride 0.1–2.5 300–573 0.64–1.24 27
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the same time, the particles have different thermal conductivi-
ties in the hydrogenation and dehydrogenation state. For pure
metals/alloys, the thermal conductivity is reduced because the
insertion of hydrogen atoms hinders the thermal conduction of
free electrons. At constant temperature, the change in the
hydrogen content of the material is affected by the hydrogen
pressure, so the results for the inuence of a single factor of
hydrogen content are oen not directly available. Therefore, the
inuence of temperature and hydrogen pressure can usually be
integrated, and the cumulative effect of these factors on the
nal effective thermal conductivity can be analyzed to deter-
mine the inuence of the hydrogen content.

Qin et al.37 determined that the effective thermal conduc-
tivity of the powder bed of LaNi4.61Mn0.26Al0.13Hx (x ¼ 0, 1.25,
2.5, 5) with increasing hydrogen capacity. When the hydrogen
capacity was from 0 to saturation, the effective thermal
conductivity increased from 0.61 to 1.56 W (m�1 K�1). Mat-
sushita et al.38 determined that the effective thermal conduc-
tivity of the nano-FeTi packed bed aer 25–26 cycles of
hydrogen absorption and desorption increased from 0.4 to
1.1 W (m�1 K�1) with the increasing hydrogen capacity. Bird
et al.39 measured the effective thermal conductivity of Mg2FeH6

+ 10 wt% Fe pellet at room temperature, which was 1.72 W (m�1

K�1), but the effective thermal conductivity of its fully dehy-
drogenated state of 2Mg + Fe increased to 2.20 W (m�1 K�1).
Wang et al.35 measured the thermal conductivity of YHx with
different hydrogen capacities at room temperature, and the
results showed that the thermal conductivity of YH1.88 with
higher hydrogen capacity was 3.8 W (m�1 K�1) lower than that
of YH1.85. Dedrick et al.40 measured the thermal conductivity of
NaAlH4 in the state of complete hydrogenation and dehydro-
genation, and the results showed that the thermal conductivity
increased with increasing free aluminum content formed by
dehydrogenation. The thermal conductivity of the fully dehy-
drogenated state was about 0.2 W (m�1 K�1) higher than that of
the full hydrogenation state. Pohlmann et al.41 measured the
effective thermal conductivity of Mg90Ni10 pellet aer 8 cycles of
hydrogen absorption and desorption. Compared with the as-
compacted pellet, with the porosity decreases from 38 vol% to
22 vol%, the effective thermal conductivity of the hydrogenated
state increased from 6 to 11 W (m�1 K�1). Although the porosity
25726 | RSC Adv., 2022, 12, 25722–25743
of the hydride bed with dehydrogenated state reaches to
41 vol%, the effective thermal conductivity was 28 W (m�1 K�1),
which is the largest in the comparison sample. This is due to the
higher thermal conductivity of the dehydrogenated metal.
2.4 Hydrogenation/dehydrogenation cycles

At present, the research on the inuence of the cycle numbers
on the effective thermal conductivity is mainly based on the
powder-packed bed. With the increase of the amount of
hydrogen absorption and desorption, the particles may be
further pulverized, resulting in the changes in particle size and
particle contact. In the previous studies on the cyclic pulveri-
zation of hydrogen storage alloys, it is found that the alloy
particle size will rapidly decay during the hydrogenation and
dehydrogenation cycles, which oen leads to a decrease in the
effective thermal conductivity.28 At the same time, the powder
particles may agglomerate and form a denser structure during
the hydrogenation and dehydrogenation.42 For hydrogen
storage materials which work under high temperature, the
particles will sinter due to the continuous hydrogenation/
dehydrogenation cycle, which leads to the effective thermal
conductivity increase. However, for the above situation, the
effective thermal conductivity of the hydride bed may not
change further because the powder particles will be stable aer
a certain number of cycles.

Suissa et al.20 studied the effective thermal conductivity of
MmNi4Fe powder bed under vacuum aer different
hydrogenation/dehydrogenation cycles. The results showed that
the effective thermal conductivity decreased from 1.6 to 1.4 W
(m�1 K�1) as the number of cycles increased. And the effective
thermal conductivity had not signicantly change aer 3 cycles.
Dedrick et al.40 noticed that the ball-milled, uncycled sodium
alanate had a very low thermal conductivity (<0.01 W (m�1 K�1))
under vacuum, but with the addition of hydrogen, the effective
thermal conductivity increased by 5000%. The effective thermal
conductivity of the absorbed state with 1 atm of hydrogen did
not signicantly change with cycles, however, the effective
thermal conductivity of fully desorbed state increased at
vacuum. The reason for the increase in the effective thermal
conductivity is believed to be the result of particle sintering and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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geometrical arrangement during the cycling. Albert et al.27

measured the effective thermal conductivity of the MgH2

powder bed at 39 �C and 410 �C aer 10 to 28 and 11 to 27
desorption/absorption cycles, respectively. The result showed
that effective thermal conductivity under ambient hydrogen
pressure increased from 0.8 to 1.2 W (m�1 K�1) and 0.9 to 1.3 W
(m�1 K�1), respectively. The increase of thermal conductivity is
considered possible due to the rearrangement and densication
of powder materials. Albert et al.43 doped MgH2 powder with
4 wt% Ni and subjected it to hydrogenation and dehydrogena-
tion cycles at 400 �C, and measured the effective thermal
conductivity under dehydrogenation state at 15 bar. Aer 201
cycles, the thermal conductivity increased from 1.17 to 8.05 W
(m�1 K�1). It may be that the formation of sintering and
permeation network of dehydrogenated particles promotes heat
conduction. It is worth noting that the effective thermal
conductivity decreased to 7.23 W (m�1 K�1) aer 451 cycles.

2.5 Particle size

As mentioned in the previous section, the metal hydride parti-
cles are further pulverized during the hydrogenation and
dehydrogenation cycles. The further renement of the hydride
powder may ll the pores, but the increase of the contact area
between the particles will increase the thermal contact resis-
tance between the solid particles. At the same time, it should be
noted that the distribution of different particle sizes may lead to
changes in porosity and affect the effective thermal
conductivity.29,30

Solovey et al.44 studied the effective thermal conductivity of
LaNi4.6Al0.4 compacts with the particle size of 70 mm and 70–200
mm, and the results show that the effective thermal conductivity
were 9.6 and 17.6 W (m�1 K�1) under the hydrogen pressure of
0.11 MPa, respectively. The MmNi4.15Fe0.85 compact prepared in
the same form also has the same trend that the effective thermal
conductivity increases with the increasing particle size.
However, in the researches of Chaise45 and Flueckiger,46 they
found the particle size and effective thermal conductivity
decreased because of the ball milling and hydrogenation
activation.

2.6 Porosity and apparent density

The porosity of the powder bed or compacted bed is directly
related to its apparent density.47 Through vibration or
compaction can increase apparent density and decrease the
porosity of hydride bed,7,48 which oen increases the effective
thermal conductivity of the hydride bed.49–51 Because general
gas has lower thermal conductivity than solid, when porosity
reduce, the solid-phase heat conduction has a higher contri-
bution than the gas-phase heat conduction in the powder
pores.52

Chaise et al.45 studied the effective thermal conductivity of
raw and ball-milled MgH2 under different hydrogen pressures.
The results show that ball-milled MgH2 has a smaller particle
size and has lower porosity during lling. The effective thermal
conductivity of the ball mill powder bed starts to increase at
higher pressures because of the Knudsen effect.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.7 Material state

For some coordination hydrides, phase/state transitions may
occur due to temperature and pressure changes within the
operating conditions, which leads to abrupt changes in thermal
conductivity. This is due to the different intrinsic thermal
conductivity between different phases.53,54 And the phase
change that affects the hydrogenation and dehydrogenation
process needs attention.

Bird et al.39 conrmed the thermal conductivity of NaH was
5 W (m�1 K�1) through experiment. However, the thermal
conductivity of NaBH4 and NaAlH4 were 0.97 W (m�1 K�1) and
1.90 W (m�1 K�1), respectively, which were lower than of NaH.
This is due to the phonon interaction in the compound and the
high symmetry of the heteronuclear diatomic NaH molecule in
the cubic crystallographic space group. Similarly, the thermal
conductivity of NaF was 9.4 W (m�1 K�1), which was higher than
that of NaH. This is because NaF has stronger ionic properties.
In addition, the thermal conductivity of inactivated and acti-
vated alloys and powders aer ball milling and heat treatment
will also be different. The amorphous state caused by ball
milling will change to a crystalline state aer high temperature
heat treatment. Therefore, the ball-milled powder aer high-
temperature heat treatment tends to have higher thermal
conductivity than the initial state.46,55
3. Measurement methods for the
effective thermal conductivity of metal
hydride bed

Since the Fourier law of heat conduction was proposed, variety
of thermal conductivity measurement methods have been
developed for more than one hundred years. These thermal
conductivity measurement methods are divided into the steady-
state methods (radial heat ow method, guarded longitudinal
heat ow method, guarded hot plat method, heat ow meter
method) and the transient methods (hot-wire method, thermal
probe method, transient plane source method, laser ash
method) according to the different measuring principles. The
Fourier law of steady-state heat conduction represents the heat
passing through a given cross section per unit time which is
proportional to the cross section area and the temperature
gradient in the direction perpendicular to the cross section, and
the direction of heat transfer opposite to the direction of
temperature increase as shown in eqn (4):

dQ

dt
¼ f ¼ �lA dT

dx
(4)

where dQ/dt is the heat per unit time, that is, heat ow f, (J s�1,
W), l is the thermal conductivity of the material, (W (m�1 K�1)),
A is the cross-sectional area perpendicular to the direction of
heat ow, (m2), and dT/dx is the temperature gradient of the
material in the direction of heat ow, (K m�1). At the same time,
the heat ow per unit area is also called the heat ux and is
expressed by q (W m�2).

In the steady-state measurement methods, the specimen is
heated by a given constant temperature heat source. When the
RSC Adv., 2022, 12, 25722–25743 | 25727
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internal temperature eld of the specimen is stable, the thermal
conductivity can be calculated by the heat ux through the
specimen and the temperature gradient at a given distance. At
the same time, according to the method of obtaining heat ux,
the thermal conductivity test can be divided into the compara-
tive method and the absolute method. The former usually uses
reference materials whose thermal conductivity is known or
whose thermal conductivity is only a function of temperature is
placed on the heat ow path concentrically with the specimen,
and the required heat ux can be calculated by the specied
temperature gradient on the unit area of the reference material,
and then the thermal conductivity of the specimen is further
calculated. The latter heat ux is obtained directly from
a constant heating source. The steady-state methods used to
measure the effective thermal conductivity of hydride bed
mainly include radial heat owmethod, axial heat owmethod,
guarded hot plate method, and heat ow meter method.

The transient test method is to apply a given thermal pulse or
periodic heat ow in the initial thermal equilibrium of the
specimen, according to recording the change of the specimen
temperature with time and using the non-steady-state thermal
differential equation, the thermophysical parameters of a spec-
imen like thermal conductivity and thermal diffusivity can be
obtained. Thermal conductivity is used to characterize the rate
of heat transfer within the specimen, and thermal diffusivity is
used to characterize the rate of temperature transfer within the
specimen. They are related to the volume specic heat capacity
of the material, which is as eqn (5):

a ¼ l

rc
(5)

where a is the thermal diffusivity, (m2 s�1); r is the density, (kg
m�3) and c is the specic heat capacity, (J (kg�1 K�1)).

The transient test method is realized due to the relation of
the intrinsic properties of the materials. Sometimes the thermal
conductivity of the specimen cannot be obtained directly, but
calculated by determining the specic heat capacity and
thermal diffusivity. Because there is no need to wait until the
temperature eld is stable, so the test time is oen short and
does not require too much additional test equipment and
samples. At present, the transient methods used to measure the
effective thermal conductivity of hydride bed mainly include
hot-wire method, thermal probemethod, transient plane source
method, and laser ash method.
Fig. 3 Schematic diagram of ETC measurement equipment (metal
hydride reactor) designed by Kapischke et al.24 (1–5) NiCr–Ni ther-
mocouples; (6) metallic filter tube; (7) ceramic fixing plate; (8)
hydrogen storage metal; (9) seamless tube; (10) bottom plate; (11)
hydrogen; (12) reactor.
3.1 Steady-state method

3.1.1 Radial heat ow method. The radial heat ow
method uses a cylindrical specimen and applies a constant heat
ow in the radial direction of the specimen to ensure that the
heat ow changes only in the radial direction, and the axial and
circumferential temperature gradients can be ignored, that is,
one-dimensional steady-state radial heat transfer. When the
temperature eld of the specimen reaches a stable state, the
thermal conductivity of the material can be calculated by the
heat ow and the temperature values in different radial direc-
tions of the specimen and using the expression of the Fourier
25728 | RSC Adv., 2022, 12, 25722–25743
steady state heat conduction law in the form of cylindrical
coordinates, as shown in eqn (6) and (7):

f ¼ �l� ð2prlÞ dT
dr

(6)

l ¼ � f

2pl
� lnðr2=r1Þ

T2 � T1

(7)

where l is the thickness of specimen, (m); T1 and T2 are the
temperatures at two test points in the radial distance from the
heat sources r1 and r2, (K).

The radial heat ow method can be divided into the radial
heat ow comparative method and the absolute method
according to the way of heat ow. The corresponding operating
apparatus and details are shown in ISO 8497:1994.56

In the absolute radial heat owmethod, a heater with known
power is coaxial with the cylindrical test cell, and thermocou-
ples are placed in different radial positions. At the same time,
a thermostatic uid device is installed outside the device to
maintain a one-dimensional radial steady-state heat ow.

In 1994, Kapischke et al.24 designed an effective thermal
conductivity test device based on the radial absolute method,
which could measure the effective thermal conductivity of Mg/
2 wt% Ni powder bed under different hydrogen absorption
reaction fraction. As shown in Fig. 3, the outer wall was made of
hydrogen-resistant steel and connected with the programmed
electric heater, and wrapped with a thin steel foil to provide
constant and uniform heat source. The thermocouples were
xed in a prescribed position by a ceramic plate to prevent
movement.

In 2014, Shim et al.26 measured the effective thermal
conductivity of MgH2–ENG compact through radial absolute
method. The heat source was provided by a miniature sheath
heater in the center of the chamber, indium was coated on the
heater and thermocouples to reduce the contact thermal resis-
tance. In 2017, Madaria et al.33 designed a thermal conductivity
test cell using the radial absolute method to measure the
effective thermal conductivity of different forms of La0.8Ce0.2Ni5
© 2022 The Author(s). Published by the Royal Society of Chemistry
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beds, as shown in Fig. 4. The reactor was designed with length-
to-diameter ratio of 4.33 : 1 to achieve unidirectional radial heat
transfer. Using a similar device, in 2020, Anil et al.57 also
measured the effective thermal conductivity of different forms
of Mg + 50 wt% LaNi4.6Al0.4 composite pellets, and a capsule
heater was used to provide heat in the center of the cell.

In the radial heat ow comparative method, the reference
material and specimen are placed in the concentric stainless
steel annular containers separately. A circulating hot water or
electric heater is used to provide a constant heat source, and
circulating cooling water is used as a cold source to form
a temperature gradient in the radial direction. Reducing heat
loss by improving thermal insulation performance. Setting
multiple thermocouples at different positions along the radial
direction of the reference material and specimen, and measure
the temperature of the corresponding positions. Since the radial
heat ux is equal, the thermal conductivity of the material can
be calculated by the following eqn (8):

l ¼ lr � T4 � T3

T2 � T1

� lnðr2=r1Þ
lnðr4=r3Þ (8)

where lr is the thermal conductivity of reference material, (W
(m�1 K�1)); T1, T2 are the temperatures of two test positions (r1,
r2) in the radial direction of the specimen, (K); T3, T4 are the
temperatures of two test positions (r3, r4) in the radial direction
of the reference material, (K).

Generally, due to the low effective thermal conductivity of
metal hydride powder bed (<1 W (m�1 K�1)), it is necessary to
improve the temperature gradient to ensure the measurement
accuracy. Therefore, the thermal conductivity of the reference
material as small as possible.

In 1980, Suda et al.31 measured the effective thermal
conductivity of TiMn1.5 powder bed by the radial comparison
Fig. 4 Schematic diagram of ETC cell used by Madaria et al.33

© 2022 The Author(s). Published by the Royal Society of Chemistry
method. Difron blocks were used at the top and bottom test
chamber to ensure thermal insulation performance, and the
mixture of lead pellets and ethanol was used as the reference
material. In 1986, Nagel et al.21 also used the same reference
material to measure the effective thermal conductivity of
MmNi4.46A10.5 powder bed which mixed with copper wire. Due
to the use of ethanol and lead pellets, the convection caused by
temperature change leads to the inaccurate results. Therefore,
in 1984, Suissa et al.20 used stainless steel and Teon as refer-
ence material to determine the effective thermal conductivity of
MmNi4FeH5.2 powder bed. In 1990, Sun et al.22 measured the
effective thermal conductivity of the MiNi4.5Mn0.5 powder bed
using annual polytetrauoroethylene block as reference
material.

In 2011, Wang et al.58 determined the effective thermal
conductivity of LaNi5 powder bed by establishing a radial
comparison test system as shown in Fig. 5. Nylon-803 was used
as reference material and the outermost layer was covered with
insulation material to reduce heat loss. At the same time, errors
were reduced by applying thermal grease on the contact surface.
They pointed out that in order to make the hydrogen storage
material powder bed reach a greater temperature gradient, the
thermal conductivity of the reference material should be as
small as possible.

Radial heat ow methods oen require large equipment and
many additional components to minimize heat loss and
maintain one-dimensional steady-state radial heat ow. The
specimen usually requires a larger size and takes a long time to
reach steady-state. Generally, the calculated average value ob-
tained from multiple measured points is used to reduce the
error. In the absolute method, the main error comes from the
difference between the heating power of the heat source and the
actual heat ow provided by the heater, and the contact thermal
resistance between the heater and the specimen. In general,
a thermal conductive agent with no chemical reaction and high
thermal conductivity is lled between the heater/thermocouple
and the specimen to reduce the error. In the comparison
method, the error is mainly caused by the heat loss through
natural convection, and the contact thermal resistance between
the specimen and the wall of heater. Therefore, reference
Fig. 5 Schematic diagram of an effective thermal conductivity test
device used by Wang based on radial heat flow comparative method.58

RSC Adv., 2022, 12, 25722–25743 | 25729

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04627j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
materials can be solid materials with known thermal conduc-
tivity, such as Teon or nylon.

3.1.2 Guarded longitudinal heat owmethod. The guarded
longitudinal heat ow method is a kind of comparative method
shown in Fig. 6. The meter bar works much like a heat ow
meter which is usually made of SS 304 or Cu with the same
cross-sectional area and similar thermal conductivity as the
specimen known as reference materials.59 The specimen is
placed concentrically between two instrument bars and clam-
ped under certain pressure. Heater and heat sink are placed
along both sides of the axis to establish one-dimensional
steady-state heat ow in the axial direction. The test stack is
equipped with a guard heater to avoid heat loss during
testing.59,60 By measuring the axial heat ow and the tempera-
ture gradient between the specimen and the reference material,
the thermal conductivity of the specimen can be obtained.
Specic operating details and requirements can be found in the
ASTM E1225-20 (ref. 61) and ASTM D5470-17.62 The former is
suitable for specimens with a certain thickness and mechanical
stability to install thermocouples, the latter is suitable for thin
and poor mechanical stability specimens to achieve nonde-
structive measurement.

The thermal conductivity of the specimen can be calculated
by the eqn (9):

l ¼ Z4 � Z3

T4 � T3

� lr

2

�
Z2 � Z1

T2 � T1

þ Z6 � Z5

T6 � T5

�
(9)

where lr is the thermal conductivity of meter bar, (W (m�1 K�1));
T3, T4 are the temperatures of two test points (Z3, Z4) in the
longitudinal direction of the specimen, T1, T2 and T5, T6 are the
temperatures of points Z1, Z2, and Z5, Z6 in the longitudinal
direction of meter bars, respectively, (K).

In 1998, Lloyd et al.63 determined the effective thermal
conductivity of compact prepared by Sn and LaNi5 coated with
copper. In the test device, Cu was used as the heat sink, and the
silicon heat sink compound was used to reduce the contact
thermal resistance. In 2001, Kim et al.64 used an experimental
apparatus similar the Lloyd's to measure the effective thermal
conductivity of compact with LaNi5 and recompressed
Fig. 6 Schematic diagram of guarded longitudinal heat flow
method.59

25730 | RSC Adv., 2022, 12, 25722–25743
expanded graphite. However, no guard heater was used, and
only one meter bar made of SS304 was used between the spec-
imen and the heater. No special protection measure was taken,
but appropriate pressure and vacuum environments were used
to reduce the contact thermal resistance and heat loss. In 2004,
Klein32 determined the effective thermal conductivity of
LmNi4.85Sn0.15/ENG compact, the effective thermal conductivity
is 30.72 W (m�1 K�1) with adding 14.5 wt% ENG. In 2009, Lee
et al.65 measured the effective thermal conductivity of copper-
coated hydride powders (LaNi5, Ca0.6Mm0.4Ni5, and LaNi4.75-
Al0.25). The device used a copper meter bar which Park et al.66

also used in 2020 and an embedded cartridge heater as the heat
source. Omegatherm 201 thermal compound was used to
reduce the thermal resistance of the thermocouple and Cu
meter bar, and the instrument was surrounded by PTFE to
achieve the thermal insulation.

In 2011, Kumar et al.23 determined the effective thermal
conductivity of the MmNi4.5Al0.5 hydride powder bed with the
device shown in Fig. 7. The hydride bed was placed in series
with the reference material using PTFE, and a guarded heater
was used to eliminate radial heat loss of hydride bed.

The guarded longitudinal heat ow method is a steady-state
technique for measuring the axial thermal conductivity of the
specimen. The meter bar as reference material and specimen
are cylinders with the same cross-sectional area, also known as
the cut-bar method. The application of this technology is based
on the ideal assumption that the entire device is in an axial one-
dimensional steady-state heat ow state. However, this method
requires a long measurement time and a stringent test envi-
ronment, and the error mainly come from uneven heat transfer
Fig. 7 (a) The ETC test device used by Kumar; (b) the thermocouple
distribution in hydride bed.23

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at the interface, contact thermal resistance, and radial heat ow
loss.60,67,68 In order to ensure the one-dimensional axial steady-
state heat ow, it is necessary to use suitable insulating mate-
rials or shield heaters to reduce the radial heat ow loss or
compensate heat loss. An appropriate clamping pressure to
make the specimen and the meter bar in good contact to ensure
uniform heat transfer at the interface. However, for powder
specimens and specimens with poor mechanical stability, the
clamping pressure will affect the porosity and thickness of the
specimen, which changes the original state of the specimen and
leads to measurement distortion. Therefore, how to control the
clamping pressure to make the experiment comparable needs
to be considered. Besides, the interface contact thermal resis-
tance also needs to take into account. The use of a suitable
thermal conductive medium can reduce contact thermal resis-
tance and test error. Also, it takes a long time to reach a stable
temperature gradient during the test, which is time consuming.

3.1.3 Guarded hot plate (GHP) method. The guarded hot
plate method is based on the homogeneous specimen with
parallel surfaces placed in two innite plates with uniform
temperature and established the one-dimensional axial steady-
state heat ow. It is an absolute method to determine the
thermal conductivity. Based on this method, there are mainly
two types of measurement apparatus currently developed, two-
specimen type and single-specimen type, as shown in Fig. 8.

The former uses two identical specimens of similar thick-
ness and the latter replaces the specimen and cooling unit on
one side with a guard insulation plate (M) and guard heater (L).
Themeasurement apparatus includes an inner heating unit and
an outer cooling unit (E), with specimen (I) sandwiched in the
middle. The required test temperature can be achieved by
adjusting the heating unit and cooling unit. The heating unit
consists of a central metering section heater and two guard
section heaters on both sides. The former includes a metering
heater (A) and metering surface plate (B), the latter includes
guard heater (C) and guard surface plate (D), and there is a gap
Fig. 8 Schematic diagram of GHP (a) two-specimen apparatus; (b)
single-specimen apparatus69 (A) metering section heater; (B) metering
section surface plates; (C) guard section heater; (D) guard-section
surface plates; (E) cooling unit; (ES) cooling unit surface plate; (F)
differential thermocouples; (G) heating unit surface thermocouples;
(H) cooling unit surface thermocouples; (I) test specimen; (L) guard
plate; (M) guard plate insulation; (N) guard. Plate differential
thermocouples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
between the metering section and the guard section. The plate
is made of material with high thermal conductivity, such as
copper, aluminum, nickel, aluminum oxide, aluminum, and
nitride, which can reduce the lateral temperature difference
between the metering section and the guard section to adapt for
different operating temperatures and environmental condi-
tions.70 The apparatus adopts isothermal adiabatic method to
ensure that the temperature of the guard section is consistent
with the temperature of the metering section to reduce the heat
loss on the metering section. In single-specimen apparatus, by
adjusting the guard heater, the same heat output as the inner
heating unit is achieved, the temperatures on the two sides of
the guard insulation plate are the same, so that all the axial heat
passes through the cooling unit on the other side. More details
about this method can be found in ISO 8302:1991 (ref. 69) and
ASTM C177-19.71

The thermal conductivity of the specimen can be calculated
by the eqn (10):

l ¼ f� d

AðT1 � T2Þ (10)

where f is the average heating power of metering section heater,
(W); d is the average thickness of specimen, (m); A is the spec-
imen area or metering area which is related to the thickness of
specimen (two-specimen apparatus multiplied by 2), (m2); T1
and T2 are the average temperature of the hot side and cold side
of the specimen, respectively, (K).

In 1912, Poensgen72 rst introduced a ring-shaped copper
guard around the heating unit and controlled their temperature
to be consistent to prevent radial heat loss. At the same time,
the low thermal conductivity material was lled around the
specimen between the guard plate and the cooling plate to limit
the lateral heat loss. At present, GHP used for the measurement
of the effective thermal conductivity of hydride powder bed was
only found in 2021, that Kim et al.30 used a designed minia-
turized GHP apparatus to measure the effective thermal
conductivity of LaNi5 packed bed. The measurement results
showed that under vacuum condition, the effective thermal
conductivity of LaNi5 packed bed with particle size less than 50
mm was only 0.0128 W (m�1 K�1).

The guarded hot plate method can obtain the thermal
resistance of the specimen during the measurement. And it can
only calculate the thermal conductivity of the thermally
homogeneous specimen. According to the description of ISO
8302-1991, the accuracy of the results in the entire test range
was better than 5%, and the repeatability was 1%. However, the
size of the specimen is required to be large, and reasonable
surface atness is needed to avoid contact thermal resistance,
and a long test time is required. Moreover, strict conditions are
required to control the temperature difference between the
guard section and metering section to avoid lateral heat loss to
maintain one-dimensional steady-state uniform heat ow.
Therefore, it can only test specimens with lower thermal
conductivity and is not suitable for high temperatures (>700 �C)
measurement due to its poor accuracy.

3.1.4 Heat ow meter (HFM) method. The heat ow meter
method is to place the specimen (S) between the heating unit (U0)
RSC Adv., 2022, 12, 25722–25743 | 25731

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04627j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and cooling unit (U00) with a constant temperature to establish
a unidirectional uniform steady-state heat ow. The heat ow
through the specimen is determined by an inserted heat ow
meter (H). The conguration of the typical heat ow meter and
specimen is shown in Fig. 9. In the two-specimen symmetrical
type, the two specimens should be the same. When there is
a stable temperature difference and average temperature in the
measurement area, the heat ow passes through the standard
specimen, and the test specimen is related to its thermal resis-
tance. If the specimen is a thermally homogeneous medium and
the thickness is known, the thermal conductivity of the specimen
can be calculated, which is an indirect test method. During the
test, it is necessary to strictly ensure the good contact between the
specimen, cooling/heating unit and heat owmeter to reduce the
inuence of contact thermal resistance on the results. In addi-
tion, the apparatus should be surrounded by thermal insulation
material or constant temperature box to control the edge heat
loss, and one of the necessary tasks is to calibrate the heat ow
meter. More test details of this method can be obtained in ISO
8301:1991 (ref. 73) and ASTM C518-2017.74 In 2019, ASTM pub-
lished the E1530 standard for the guarded heat ow meter
method, which can measure materials with higher thermal
conductivity from 0.1 W (m�1 K�1) to 30 W (m�1 K�1) in the
temperature range of 150–600 K, utilize guard tube to surround
the test stack based on the original test, and the tube temperature
is controlled at the average temperature of the plates to reduce
the heat loss outward.75

The calculation of the thermal conductivity of the specimen
corresponding to the single-specimen asymmetrical, single-
specimen symmetrical, and two-specimen symmetrical cong-
uration is as follows: eqn (11)–(13).

l ¼ f � e� d

DT
(11)

l ¼ 1

2
ðf1 � e1 þ f2 � e2Þ � d

DT
(12)

l ¼ f � e�
�

d1

DT1

þ d2

DT2

�
(13)

where f is the calibration factor of heat ow meter, (W (m�2

V�1)); e is the output of heat owmeter, (V); d is the thickness of
specimen, (m); DT is the temperature difference between the
two sides of the specimen, (K). The same subscript refers to the
same specimen or heat ow meter.
Fig. 9 Schematic diagram of HFM typical configuration of specimen
and heat flow meter: (a) single-specimen asymmetrical; (b) single-
specimen symmetrical; (c) two-specimen symmetrical73 where S, S0,
S00—specimen; U0, U00—heating unit and cooling unit; H, H0, H00—heat
flow unit.
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At present, the application of the heat ow meter method to
determine the thermal conductivity of hydride materials is still
lack. In 2008, Pourpoint et al.76 used this device to measure the
thermal conductivity of Ti–Cr–Mn hydrogen storage alloy, which
was approximately 0.18W (m�1 K�1) at room temperature. The test
device also wound glass ber on the side of the heat ow meter to
reduce the radial heat loss caused by convection. In 2013, Yasuda
et al.77 prepared a metal hydride sheet from TiFe0.9Ni0.1 powder,
aramid pulp, and carbon ber. The results of thermal conductivity
measurement at 323 K showed that the thermal conductivity of the
MH sheet increased to 3.2 W (m�1 K�1) in the plane direction and
remained low about 0.1 W (m�1 K�1) in the thickness direction
when the carbon ber ratio increased to 30 wt%.

3.2 Transient state method

3.2.1 Hot-wire method. Hot-wire method is to heat the
specimen to the experimental temperature, and using a slender
alloy wire as a linear heat source which embedded in the contact
surface of two identical samples. The thermal conductivity can
be calculated according to the temperature change of the
specimen at the specied position aer heating the hot-wire
with constant power electric energy. The hot-wire is usually
made of platinum or platinum rhodium material, and also
made of tungsten.78 According to the relative arrangement of
thermocouple and hot-wire, it can be divided into parallel hot-
wire method and cross hot-wire method. The latter thermo-
couple is welded to the hot-wire. Meanwhile, if the test system
does not use heating elements, a small DC current loop is
superimposed on the heating circuit by the thermal resistance
effect of the hot-wire, and the temperature change is obtained
according to the resistance change. The specic operation,
principle and various details of the cross hot-wire and the
parallel hot-wire method can be found in ISO 8894-1:2010 (ref.
79) and ISO 8894-2:2007 (ref. 80) and ASTM C1113/1113M-09.81

The components distribution of the parallel hot-wire
method and the cross hot-wire method test system are shown
in Fig. 10.

For the parallel hot-wire method, the thermal conductivity l
of the specimen is calculated by eqn (14) and (15).

l ¼ P

4pl
�

�Ei

�
� r2

4at

�

DTðtÞ
(14)

P ¼ V � I (15)

where P is the input power to the hot-wire between the voltage
taps, which is calculated by the measured voltage drop (that is V)
between the taps and the input current (that is I), (W); l is the
length of the hot-wire between voltage taps, (m); r is the distance
between the measurement thermocouple and hot-wire, (m); t is
themeasurement timewhich counts from the current input to the
heating circuit, (s); DT(t) is the temperature difference between
measurement and reference thermocouples in time t, (K).

The value of the function �Ei(�r2/4at) can be obtained by
calculating the results of DT(2t)/DT(t) and then looking up the
integral list of the exponential function.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagram of (a) cross hot-wire method; (b) parallel
hot-wire method79,80 (1) cover; (2) reference thermocouple; (3) insu-
lation layer; (4 & 7) specimen; (5) differential measurement circuit; (6)
measurement thermocouple; (8) current heating circuit; (9) voltage
measurement circuit.

Fig. 11 Simplified illustration of thermal probe used by Dedrick et al.40
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For the cross hot-wire method, the thermal conductivity can
be calculated by eqn (16):

l ¼ P

4p
� lnðt2=t1Þ

DT2 � DT1

(16)

where P is the input electric power to the unit length of hot-wire,
(W m�1); t is the measurement time aer starting power input
the hot-wire current circuit, (s); DT is the temperature rise of the
hot-wire aer the conduction circuit, (K).

Since the heat storage and thermal interference exist at the
hot-wire and thermocouple welding points at the beginning of
heating, theminimum start time t1 cannot be too small. And the
size of specimen limit t2 cannot be too large. When DC is used,
it is only suitable for the test with thermal conductivity less than
1.5 W (m�1 K�1). Due to eliminating the asymmetry of the
solder joints during AC usage, the thermal conductivity test
range is broadened to 5 W (m�1 K�1). Because the hot-wire is
buried in the material, there is oen a contact thermal resis-
tance between the hot-wire and the material, which reduces the
accuracy of the test.82 In order to reduce the thermal resistance
as much as possible, a large temperature rise of 10 to 20 K and
a large time scale are usually used, resulting in the decrease of
temperature gradient. This means that large solid must be used,
so that the heat ow will not reach the boundary of the spec-
imen during the test.83

In 1888, Schleiermacher84 rstly proposed the principle for
the hot-wire method. In 1949, Held et al.85 developed the
apparatus for measuring the thermal conductivity of liquid
using manganine as hot-wire material, and its calculation form
was consistent with that of the cross hot-wire method. To avoid
corrosion of the metal wire by liquid, the enameled wire and T-
type thermocouple are placed in a narrow glass capillary tube.
Using the formula, the inuence of the size of the heating wire,
the diameter of the test container, and the test time on test
results were derived and analyzed. Under the given conditions,
the test error within 2% can be achieved. In 1976, Healy et al.86

introduced the expression for the correction of the hot-wire
method to determine the thermal conductivity of liquids. It
had strong reference signicance for the further development of
this method to determine the thermal conductivity of solids.
The correction expression was mainly for the condition at the
hot-wire, the outer cell circumference, and the variable test
© 2022 The Author(s). Published by the Royal Society of Chemistry
atmosphere properties, and nine sub-items were obtained and
the specic correction formulas were given. Ishido,7 Hahne,28

and Sundqvist54 measured the effective thermal conductivity of
Mg2Ni packed beds, HTW5800, and LiBH4 powder bed,
respectively. Sundqvist pointed out that due to the distance
between the specimen and the hot-wire was only about 3 mm to
5 mm, the temperature pulse could be reected back, which
disturbed the temperature eld at the hot-wire and reduced the
measurement accuracy.

3.2.2 Thermal probe method. The thermal probe method
uses a needle probe with a large aspect ratio to simulate the
conditions of innitely long and thin heat sources to determine
the thermal conductivity of homogeneous materials. It is
a variant of the hot-wire method.87 Therefore, the calculation
formula of thermal conductivity is similar to eqn (16). A typical
thermal probe with an epoxy tip is shown in Fig. 11. The heater
wire is connected with the constant current source and xed in
the stainless steel sheath, keeping a certain distance from the
temperature sensor, so that the heat probe is not easy to
damage. In order to achieve better thermal contact between the
specimen and the probe, the probe can be coated with a thin
layer of thermal grease. Since large diameter probe oen
requires longer heating time, it is worth noting to maintain the
boundary condition assumption. More measurement details
can be referred to ASTM D5334-14.88

In 1950, Hooper et al.89 rst used the thermal probe method
to measure the thermal conductivity of materials. However, the
thermal probe method is rarely used in the measurement of the
hydride bed. In 2005, Dedrick et al.40 used the thermal probe
method to determine the thermal conductivity of sodium
aluminum hydride. The results showed that the thermal
conductivity of sodium aluminum hydride in the fully decom-
posed state was about 0.4 W (m�1 K�1) under the hydrogen
pressure of 0.1 MPa.

The main error of the thermal probe method is caused by the
nite size of the specimen and the thermal contact resistance
between the probe and the specimen. Because the probe has
a certain diameter and heat capacity, it is easy to form axial heat
conduction leading to heat loss, so the assumption of one-
dimensional radial heat conduction cannot be satised.
RSC Adv., 2022, 12, 25722–25743 | 25733
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Therefore, it is necessary to increase the length-to-diameter
ratio of the probe and reduce the heat capacity to improve the
accuracy of the results. The probe is usually lled with low heat
capacity materials to reduce the inuence of air convection
inside the probe.

3.2.3 Transient plane source (TPS) method. The transient
plane source method is a transient method proposed by
Professor Gustafsson of Sweden90 based on the hot-wire method.
This method is based on the principle of one-dimensional
unsteady heat conduction in the plane, that is, when the plane
heat source produces instantaneous heating pulse in the initial
thermal equilibrium state and innite medium, the dynamic
temperature eld will be generated. The thermal conductivity
and thermal diffusivity of the specimen can be calculated by
using the function of the relationship between temperature and
time in the heat conduction process. The transient plane source
method benets from the use of a transiently heating planar
probe called the hot disk. The hot disk probe consists of
conductive nickel foil etched into a double spiral shape and is
sandwiched between two insulating thin layers (polyimide, mica,
polytetrauoroethylene), which is shown in Fig. 12. The probe is
connected to the bridge circuit in the host computer through four
contact leads. The selection of the insulating thin layer material
is related to the test environment and temperature. In conduct-
ing the thermal conductivity test, the hot disk probe is placed
between two specimens and clamped to form good contact. A
small temperature rise is caused by applying current to the probe
and recording the change in probe resistance due to temperature.
The voltage changes on the bridge circuit and the test model
established can be used to obtain the data including the thermal
conductivity, thermal diffusivity, and volume specic heat
capacity. Specic conditions and operations can be obtained in
ISO 22007-2:2015.91

For different types of test specimen modules, the method
has different models and formulas to t and analyze thermal
conductivity, such as bulk specimens, powder specimens, thin
lm specimens, and anisotropic materials.92 In the theoretical
analysis, the probe is simplied into multiple concentric rings.
For bulk materials, when the hot plate is heated, the variation of
probe resistance with temperature is described as eqn (17) and
(18):

R(t) ¼ R0{1 + b[DTi + DTs(s)]} (17)

DTsðsÞ þ DTi ¼ 1

b

�
RðtÞ
R0

� 1

�
(18)

where R0 and R(t) are the initial resistance of hot disk and the
variation of resistance with time during measurement, respec-
tively, (U); b is the resistance temperature coefficient of metal
Fig. 12 Schematic diagram of TPS (a) polyimide insulated probe; (b)
mica insulated probe.91

25734 | RSC Adv., 2022, 12, 25722–25743
nickel, TCR, (1/T); DTi and DTs are the temperature rise of the
insulation layer and specimen surface respectively, (T).

The temperature rise of insulation layer DTi will be remain
constant aer a very little time, which is described as eqn (19):

Dti ¼ d2

ai

(19)

where d is the thickness of the insulation layer, (m); ai is the
thermal diffusivity of the insulation layer, (m2 s�1). Through
this relationship, the inuence of the contact thermal resis-
tance between the hot disk and the specimen can be eliminated
in subsequent calculation model.

The solution of the thermal conductivity equation is
expressed as eqn (20) and (21):

DTsðsÞ ¼ P0

p3=2rl
DðsÞ (20)

P0 ¼ I2R (21)

where P0 is the total power output of the probe, (W); r is the
probe radius, (m); D(s) is a function of the dimensionless time s.
s is the dimensionless characteristic time ratio given by eqn
(22):

s ¼
�ðt� tcÞa

r2

�1
2 (22)

where t is the recording time, (s); tc is the correction time to
compensate for the hardware and soware delays, (s); a is the
thermal diffusivity of the specimen, (m2 s�1).

The dimensionless specic time function is described as eqn
(23):

DðsÞ ¼

Ð s
0

ds

s2

Xn

l¼1

l
Xn

k¼1

k exp

�
� l2 þ k2

4n2s2

�
I0

�
lk

2n2s2

�

n2ðnþ 1Þ2
(23)

where Q is the characteristic time, (s); n is the number of
circular heaters; s is the integral variable, and k and l are
summing variables; I0 is the rst kind modied Bessel function
of the zeroth order.

Taking a and tc as the iterative optimization variables, and
tting the linear relationship between DTs and D(s) with the
least square method to obtain the slope value. Then the thermal
conductivity of the specimen can be calculated.

At the same time, it should be noted that in order to main-
tain the assumption that the probe is in a one-dimensional
innite medium during the test, the heat ow cannot reach
the specimen boundary.93 The detection depth and character-
istic time are proposed, as shown by eqn (24) and (25), that is,
the minimum distance between any point of the probe and the
edge of the specimen and the maximum test time in the test
process, respectively.

Dp ¼
ffiffiffiffiffiffiffi
4at

p
(24)

Q ¼ r2

a
(25)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic diagram of MTPS (a) testing set-up; (b) sensor.99,100

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
For the thermal conductivity test of cylinder specimens, the
diameter must be at least twice the diameter of the probe, and
the thickness should be at least the same as the radius of the
probe. The test time should be from 1/3 of the characteristic
time to the entire characteristic time, and the time interval
between repeated experiments should be at least 36 times the
test time of the previous experiment according to the manu-
facturer's regulations.

The TPS method has been widely used to measure the
effective thermal conductivity of hydride bed since it was
proposed. From 2008 to 2010, Flueckiger et al. successively
measured the effective thermal conductivity of inactivated
metal hydride pellets,93 including the oxidized Ti1.1CrMn
powder-packed bed94 and the activated Ti1.1CrMn powder-
packed bed.46 In 2012, Yang et al.95 measured the thermal
conductivity of NH3BH3. Its partial thermal decomposition
product polyiminoborane under environmental conditions. In
2013, Jepsen et al.96 tested the thermal conductivity of LiH +
MgB2 composite at room temperature in argon atmosphere. In
2018, Jepsen et al.53 measured the effective thermal conductivity
of the hydrogen absorption state (LiBH4/MgH2) and the dehy-
drogenation state (LiH/MgB2) at 180 �C under 0.1 MPa Ar
atmosphere, which were 0.12 and 0.09 W (m�1 K�1), respec-
tively. In 2019, Thiangviriya et al.97 measured the thermal
conductivity of 2LiBH4–MgH2 doped 30 wt% activated carbon
nanober compact. In 2019 and 2020, Albert et al.27,43 measured
the thermal conductivity of MgH2 and Ni-activated MgH2

powders, respectively. In 2020, Bird39 and Humphries98

measured the thermal conductivity of compact which prepared
by Mg2FeH6 mixing with different content of Fe and ENG and
the Mg(HxF1�x)2 solid solutions.

TCi thermal conductivity analyzer can also be used, which is
a modied transient plane source method. The thermal
conductivity test range is 0 to 100 W (m�1 K�1) for the
temperature range of �50 to 200 �C, and the measurement
accuracy is better than 5%.99,100 The testing setup and sensor are
shown in Fig. 13.

In 2010, Pentimalli et al.99 measured the thermal conduc-
tivity of compact prepared by MmNi4.5Al0.5/SiO2 as 1.3 W (m�1

K�1), and a non-absorbent contact agent (glycerin) was used to
reduce the contact thermal resistance during the test. In 2014,
Bennett et al.36 measured the thermal conductivity of commer-
cially available ball-milling MgH2 under different operating
conditions. In 2017, EI-Eskandarany et al.101 measured the
effective thermal conductivity of ball-milled LaNi5 metal
hydride powder at room temperature, which was about 2.0 W
(m�1 K�1).

3.2.4 Laser ash method (LFM). The laser ash method is
an indirect measurement or calculation of thermal conductivity
based on the one-dimensional heat ow assumption. This
method uses a short continuous laser pulse to irradiate the
front at surface of the specimen. According to record the
temperature rise time on the back of the specimen and deter-
mine the thickness, the thermal diffusivity can be calculated by
eqn (26). Through the density and specic heat capacity of the
specimen, the thermal conductivity can be calculated by eqn (5).
The test device and characteristic temperature rise curve are
© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 14. Before testing, the surface of the specimen can
be coated with a very thin and uniform high-reectivity coating
whose impact is ignored. This can optimize the absorption of
pulsed laser energy on the front and thermal radiation on the
back of the specimen.102 And the temperature sensor is not
embedded in the specimen or contact the specimen as the
general test method to achieve non-contact testing, and the
non-contact of the laser transmitter can avoid the inuence of
contact thermal resistance together.103,104 More test details and
formula derivations are available in ASTM E1461-13.105

a ¼ 0:13879
L2

t1=2
(26)

where L is the thickness of specimen, (m); t1/2 is the time
required for the temperature on the back of the specimen to rise
to half of its maximum value from the initiation of pulse, (s).

In 1961, Parker et al. First proposed the LFM test principle.
In 2010, Pohlmann et al.48 used LFM to measure the axial and
radial thermal conductivity of pellets made of Mg90Ni10 and
MgH2 mixed with expanded natural graphite, respectively. In
2012, Pohlmann et al.106 measured the thermal conductivity of
NaAlH4–4CeCl3 and 2LiNH2–MgH2 compacted pellets which
mixed with different contents of ENG. The axial thermal
conductivity of the pellets added with 25 wt% ENG and pressed
at 300 MPa were as high as 34 and 30 W (m�1 K�1), respectively.
In 2017, Popilevsky et al.34 measured the thermal conductivity of
Mg and Mg + 2 wt% MWCNTs pellets. The results showed the
thermal conductivity of pellet prepared by 84–90% hydroge-
nated particle was less than 10 W (m�1 K�1) at 525 K when the
metal volume fraction was 11–17 vol% and porosity was 14–
17%. In 2020, Wang et al.35 measured the thermal conductivity
of YHx (x ¼ 1.85, 1.88), and the thermal conductivity of YH1.85

was 10 and 6.9 W (m�1 K�1) at 298 K and 413 K, respectively.
The laser ash method is mainly used to measure the ther-

mophysical parameters of uniform and isotropic solid mate-
rials, which has incomparable advantages such as simple
specimen geometry, small size requirement, fast measurement
speed and convenient operation. Since the test is based on
a theoretical model, the error of the test mainly comes from the
unevenness of the laser source, the performance of the detector,
the data acquisition system, and the nite pulse time of heat
transfer under the assumed temperature distribution used in
the derivation of the calculation formula. Systematic errors can
be compensated by continuous updates, moreover, the spec-
imen radiant heat loss, which will cause problems with the
temperature response time curve, which is inevitable. It was
RSC Adv., 2022, 12, 25722–25743 | 25735
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Fig. 14 Schematic diagram of (a) laser flash method test device; (b)
infrared detector recording signal.103
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shown in Fig. 14(b). To avoid the radiant heat loss, it is oen
necessary to design a reasonable specimen holder and correct it
for different factors.

The comparison of application range and result reliability of
some available thermal conductivity measurement methods of
hydride bed are summarized in Table 3.
4. Improvement ways for the
effective thermal conductivity of metal
hydride bed

The metal hydride beds have low thermal conductivity (the
typical loose powder bed is about 0.1 W (m�1 K�1)64), and the
particles will be further pulverized during hydrogenation and
dehydrogenation cycles. Therefore, the effective thermal
conductivity of the metal hydride bed will be further reduced,
and the poor heat transfer of the hydride bed will lead to heat
congregation, which greatly limits the reaction rate of the
hydride bed and even stops hydrogenation or dehydrogenation.
The hydrogenation and dehydrogenation time of hydride bed
extends while heat cannot be transferred well.93,107 Improving
the effective thermal conductivity of metal hydride bed is the
important means to improve the heat transfer performance.108

In order to improve the effective thermal conductivity of hydride
bed, various internal heat transfer enhancement measures have
been proposed. The main methods include adding high
thermal conductivity materials, compaction, coating with
copper,65,109,110 and creating internal thermal structure, which
will be introduced in detail.
Table 3 Comparison of application range and result reliability of some

Measurement method Reference standard Tem

Radial heat ow method ISO 8497:1994 RM–
Guarded longitudinal heat ow method ASTM E1225-20 90–1
Guarded hot plate method ASTM C177-19 <700

ISO 8302:1991
Heat ow meter method ASTM E1530-19 150–

ASTM C518-17
ISO 8301:1991

Hot wire method ASTM C1113/C1113M-09 <125
ISO 8894-1:2010
ISO 8894-2:2007

Thermal probe method ASTM D5334-14 <400
Transient plane source method ISO 22007-2:2015 �240
Laser ash method ASTM E1461-13 75–2

25736 | RSC Adv., 2022, 12, 25722–25743
4.1 Compaction

Low effective thermal conductivity of metal hydride powder bed
due to its high porosity. Mechanical compaction of the powder
can effectively reduce the internal porosity and increase the
apparent density of the bed,101 and improve the thermal
conductivity and volume hydrogen storage capacity. The safety
of the powder in contact with air and water will be improved
aer compaction.111 This is a simple method widely used in
densication of loose hydride powder bed.

Dehouche et al.47 compacted LaNi4.8Sn0.2, LmNi4.9Sn0.1 and
MmNi4.7Al0.3 powder beds under maximum pressure of 1.5
metric tons, respectively. The apparent density could be
increased from 3 g cm�3 to about 6 g cm�3. Compared with the
uncompacted powder bed, the effective thermal conductivity
could be increased from 0.1 to 1.7 W (m�1 K�1). Through
simulation calculation, Yang et al.112 found that compared with
the hydride powder, the hydrogenation completion time of
LaNi5 could be signicantly reduced by pressing, from 421 s to
272 s. Yang et al.95 increased the thermal conductivity of
NH3BH3 from 0.19 W (m�1 K�1) to 0.44 W (m�1 K�1) by com-
pacting, and the bulk density increased from 0.37 g cm�3 to
0.58 g cm�3 (the porosity decreased from 50% to 22%). Jepsen
et al.96 improved the apparent density to 1.35 g cm�3 and
reduced the porosity to 20% by compacting the desorbed state
of LiH + MgB2 under the pressure of 300 MPa, the axial and
radial thermal conductivity increased to about 0.3 and 0.6 W
(m�1 K�1) respectively. Humphries et al.98 compacted MgH2

powder under 370 MPa pressure at room temperature in argon
atmosphere, and the thermal conductivity was increased to
2.08 W (m�1 K�1).
4.2 Addition of high thermal conductivity material

Some materials with high thermal conductivity and non-
reactivity with hydrides are used as thermal conductivity rein-
forcement materials for hydride bed, mainly including two
types of materials, one is carbon materials, such as graphite
powder,76,113 carbon nanotubes,114–116 carbon bers,25,77,117 and
expanded graphite,26,45,66,118 the other is metal-based materials,
including powder and foam,119,120 such as copper powder,42
available thermal conductivity measurement methods of hydride bed

perature range (K)
Thermal conductivity
range (W (m�1 K�1)) Accuracy Repeatability

2600 K 0.01–200 �3–�15% �2%
300 K 0.2–200 �5–�8% �2%
�C <16 �5% �1%

600 K 0.5–30 �3% �1%

0 �C Parallel array: <25 �5% —
Cross array: <1.5
Thermal resistance: <15

�C 0.1–5 7–10% �5%
–1000 �C 0.005–1800 �3% �1%
800 K 0.1–1000 mm2 s�1 �5–�7% �3%

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04627j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
aluminum foam,112,121–123 and copper foam.124,125 Due to the
similar density, the metal-based high thermal conductivity
materials are usually added into the AB5 alloy powder bed. The
metal-based reinforcement materials in the mixed addition and
hydride bed hydrogenation/dehydrogenation process, due to
the small difference with the metal hydride density will not
cause uneven distribution. So metal-based reinforcement
materials are widely used in enhanced heat transfer of metal
hydride beds. Carbonaceous materials and metal foam mate-
rials also have lower bulk density and larger porosity, which will
not have a great impact on the mass hydrogen storage density of
the hydrogen storage material bed. Due to the different thermal
conductivity and density of different metal foams, the selection
of foam metal is related to the required parameters, such as the
improvement of heat transfer and the mass hydrogen storage
density. At the same time, the additive particles will ll the
interstitial space of the bed and create a conduction channel for
heat ow.

Pourpoint et al.76 added different mass fractions of CNTs and
graphite into TixCr2�yMny. The results showed that when the
CNTs content increased from 1 wt% to 5 wt%, the thermal
conductivity almost did not increase signicantly, still only
about 0.18W (m�1 K�1). This might be due to the large apparent
characteristic size of CNTs, and porosity and bonding strength
of the composites increased during delivery. Adding 1 and
10 wt% graphite could increase the effective thermal conduc-
tivity of the composite material to the same value of about 0.3 W
(m�1 K�1), which might be the result of the combined effect of
the additional content and the powder density. Inoue et al.115

demonstrated that directly synthesizing SWCNT on metal
hydride particles and controlling the lling ratio could increase
the effective thermal conductivity of the packed bed to about
10 W (m�1 K�1). Park et al.66 added 3 wt% ENG to the un-milled
and milled La0.9Ce0.1Ni5 powders. The thermal conductivity
increased from 2.02 W (m�1 K�1) to 2.67 W (m�1 K�1). Through
simulation, Wang et al.122 found that adding 10 wt% Al foam in
a large LaNi5 hydride tank (5 kg) could improve the effective
thermal conductivity of the hydride bed, and the time to reach
90% hydrogenation saturation is shortened by nearly 5 times.
4.3 Addition of high thermal conductivity material and
compaction

Compaction or addition of high thermal conductivity materials
can improve the volumetric hydrogen storage density and the
effective thermal conductivity of hydride bed respectively. In
view of the in-depth research of hydrogen storage systems and
the urgent needs of mobile applications, researchers have
combined the addition of high thermal conductivity materials
with compaction to study the hydrogen storage systems with
high heat transfer and high hydrogen storage density. In this
method, thermal conductive llers mainly include graphite
akes,106 graphite powder99, carbon ber97 and expanded
graphite(EG or ENG),32,41,48,55,64,107,126,127 among which expanded
graphite is the most commonly used due to the formation of
high porosity under high temperature treatment.126 When
hydride powder is mixed with ENG, the graphite can be quickly
© 2022 The Author(s). Published by the Royal Society of Chemistry
lled into the void between particles through uniaxial cold
pressed, and it is easy to demold, that is self-lubricating. At the
same time, it can effectively avoid compact breakage during
compression and demolding, and it has high mechanical
stability during the hydrogen absorption/desorption cycles.99

Through this method, the expected thermal conductivity can be
well controlled compared with powder-packed bed.48

However, it should be noted that excessive pressure and
excessive addition of thermal conductivity materials will reduce
the hydrogen transfer performance in the compacted hydride
bed. At the same time, excessive addition of thermal conductive
agent will reduce the hydrogen storage density of the compacted
hydride bed, which is very unfavorable for portable and mobile
hydrogen storage applications.128,129

In 2001, Kim et al.64 proposed a recompressed expanded
graphite technique, which was considered as the rst to use
ENG as addition and compaction of hydride bed. When 2.1 wt%
ENG was added to the LaNi5 powder bed and compacted, the
effective thermal conductivity of the LaNi5 powder bed
increased from 0.1 W (m�1 K�1) to more than 3 W (m�1 K�1),
but further increase in the amount of ENG did not bring adding
too much ENG, the effective conductivity of the LaNi5 powder
bed did not increase signicantly. Pohlmann et al.48 measured
the effective thermal conductivity of the MgH2/ENG bed formed
by pressing at 600 MPa with different amounts of ENG
(maximum 25.5 wt%). The results showed that with increasing
ENG content and pressing pressure, the porosity of MgH2/ENG
composites decreased from 35% to 16%. The axial and radial
thermal conductivity increased to 5 and 43 W (m�1 K�1),
respectively. Rango et al.107 mixed nano-magnesium hydride
with 10 wt% ENG and pressed it into a disk. The results showed
that the thermal conductivity of the compact disk was aniso-
tropic with that of the loose powder without ENG. The radial
thermal conductivity increased by nearly 30 times, while the
axial thermal conductivity only slightly increased, and the bulk
hydrogen storage density increased by 3 times. Anil et al.57

mixedMg + 50 wt% LaNi4.6Al0.4 powder with graphite akes and
pressed into pellets at 200 MPa. Compared with pure loose
powder, the effective thermal conductivity increased from 1 W
(m�1 K�1) to 3.5 W (m�1 K�1) under 1 MPa hydrogen pressure.
The bed temperature was more uniform when it was loaded into
the reactor for hydrogen absorption/desorption, and the
hydrogen absorption saturation could be quickly achieved. Park
et al.66 prepared metal hydride composites by adding ENT to
La0.9Ce0.1Ni5. The effective thermal conductivity of the powder
increased from 2.02 W (m�1 K�1) to 2.37 W (m�1 K�1) aer
mixed with 3 wt% ENG, and further increased to 8.01 W (m�1

K�1) aer pressing at 300 bar.
There are also studies using non-ENG as additives. In 1998,

Lloyd et al.63 used LaNi5 coated copper andmixed it with different
contents (5, 10, 15 wt%) of Sn (binder) under different compac-
tion pressures (27, 36, 45 kpsi) to prepare pellets with a diameter
of 0.953 cm. The results showed that the thermal conductivity of
the pellets increased with the increasing pressure. Aer adding
10 wt% Sn, the thermal conductivity of the pellet was the highest,
reaching 6.4 W (m�1 K�1). Lee et al.109 coated LaNi5, Ca0.6-
Mm0.4Ni5, and LaNi4.75Al0.25 with thin copper and pressed at
RSC Adv., 2022, 12, 25722–25743 | 25737

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04627j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3000 psig pressure, the thermal conductivity was higher than that
of powder. At the same time, they also pointed out that pelleti-
zation could reduce the permeability of the compact, thereby
reducing the transfer of hydrogen. Pentimalli et al.99 prepared
pellets by embedding MmNi4.5Al0.5 in silica matrix and ball
milling with graphite. The results showed that embedded the
SiO2 matrix could stabilize the compact size. At the same time,
with the increasing carbon content from 0 to 40%, thermal
conductivity of the composites increased from 1.3 to 3.2 W (m�1

K�1). It has good dimensional stability in the cycle process.
4.4 Build high thermal conductivity structure

The realization of the high thermal conductivity structure
depends on the heat transfer structure design inside the metal
hydride bed. The current research mainly focuses on the use of
copper mesh with high porosity (about 91%), large specic
surface area (6882 m2 m�3), and high thermal conductivity
(389 W (m�1 K�1)).21 Copper mesh does not react with the
hydride powder, and when the addition amount is limited, the
weight hydrogen storage density of the metal hydride hydrogen
tank will not be greatly affected.57 A great deal of pores in the
powder bed are used as lling matrix, which can effectively
improve the contact between the powder, and change the
powder–powder contact into powder–copper wire–powder
contact. There are also cases that the powder is packed into
a copper mesh structure and compacted.

In 1986, Nagel et al.21 measured the thermal conductivity of
theMmNi4.46Al0.54 powder bed with copper wirematrix under the
vacuum of 0.3–0.4 W (m�1 K�1). The effective thermal conduc-
tivity of hydride bed was improved compared with the pure
hydride powder bed due to the existence of the copper wire
matrix. Laurencelle et al.130 proved that aer lling LaNi5 with
high thermal conductivity Al foam, the difference in hydrogen
content at different positions in the hydride bed was signicantly
reduced in the hydrogen absorption process, and the hydride bed
could be expand form less than 8 mm to 6 cm, and the hydrogen
charging could be completed quickly (<15min). Romanov et al.124

added La0.9Ce0.1Ni5 into the copper foam matrix and heated the
specimen from room temperature to 333 K, the time for the
highest temperature of the hydride bed was shortened from
90 min to 60 min. Kim et al.131 prepared a packed bed of La(Ce)
Ni5 powder by manufacturing a copper mesh structure, which
sacricing 4.3% of the volume in the container. The hydrogen
charging experiment proved that the hydrogen charging time of
hydride bed with copper mesh structure was shortened by 73.5%.
5. Assessment

This article systematically reviews the measurement, improve-
ment and inuence factors of the thermal conductivity of
hydride bed. The current research on the effective thermal
conductivity of hydride bed is mainly used to clarify the heat
transfer characteristics of the system lled with hydrogen
storage materials, and by couple the material thermodynamics
and kinetic parameters to optimized design of solid state
hydrogen system with large capacity and fast response.
25738 | RSC Adv., 2022, 12, 25722–25743
Although there are many methods for measuring thermal
conductivity, but there is no separate test standard for the
powder bed of bed hydride materials. The steady-state method
is applied earlier and the test accuracy is relatively high, but it
requires large test specimens and time-consuming. In order to
maintain one-dimensional steady-state heat ow, large test
instruments and auxiliary equipment are used to minimize heat
loss, and achieve a long time to thermal steady state. The
application of transient method in the measurement of thermal
conductivity of hydride bed is relatively late. Based on the
assumption of innite medium, the transient test method of
thermal conductivity is established by establishing model and
equation derivation. The lower requirements for specimen
preparation and the small quantity (certain atness and guar-
anteed boundary assumption) can save a lot of cost, and the
transient heat ow during testing has little effect on the spec-
imen, which can realize fast dynamic test, thus it is widely used.

From Fig. 15 it is observed that the radial heat ow method
and the guarded longitudinal heat ow method seem to be
frequently used by researchers due to their simple principle and
easy to build experimental apparatus. Compared with the guarded
hot plate method and heat ow meter method, the transient
method has fewer restrictions and have wider cope of application.
The transient plane source method is adopted by many
researchers because of its claimed convenient test method and
acceptable accuracy of result. Although the thermal conductivity
test equipment of laser ashmethod is expensive, it has also been
widely used in the past decade. The laser ash method only
measures the thermal diffusivity of the hydride bed, and then
calculates the effective thermal conductivity of the hydride bed
according to the density and heat capacity, which increases the
error of the nal calculation of the effective thermal conductivity.

Based on the corresponding standards and performance
parameters provided by manufacturers, the relevant parameters
of different thermal conductivity test methods are summarized,
as shown in Table 3. It should be noted that near the upper limit
of test temperature, the test accuracy is oen reduced due to
radiant heat loss.

At present, there is no specic uniform standard for the
thermal conductivity measurement of the hydride bed.
Researchers prefer to use the transient method to measure the
effective thermal conductivity of hydride bed, which is more
convenient. However, the calculation model needs to be opti-
mized to improve the accuracy of the results. Although these
methods can be used to measure the effective thermal conduc-
tivity of hydride material powder bed at room temperature and
pressure (the material can be processed into inactive state).
However, some methods for determining the change of effective
thermal conductivity of hydride bed during hydrogen absorption/
desorption have problems in their application in situ measure-
ment. How to establish a closed test environment to simulate the
actual working conditions and realize the effective thermal
conductivity test of the hydride bed in the process of hydrogen
absorption and desorption poses a great challenge to the design
and improvement of the test vessel and device. For example, the
heat source and thermocouple placement and sealing design,
how to minimize the impact on the test. And there is no unied
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The amount of thermal conductivity measurement methods
applied to the hydride bed found in the literature.

Fig. 16 Comparison of improvement ways of thermal conductivity
applied to hydride beds found in the literature.

Fig. 17 Comparison of influence factors on the thermal conductivity
of hydride beds found in the literature.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

1:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
design standard and reliability judgment currently. As
mentioned above, the radial heat ow method and the protected
longitudinal heat ow method need to establish one-
dimensional heat ow, hydride bed is easy to meet the test
requirements of radial or longitudinal one-dimensional heat
ow, but it takes a long time and the test is inconvenient.
Equipment manufacturers only provide the probes of the tran-
sient plane source method, and researchers need to design
a temperature and pressure resistant test platform for the
thermal conductivity test of hydride bed. The laser ash method
has not been able tomeasure the thermal conductivity in a closed
chamber, therefore, it has not been applied to the study of the
effective thermal conductivity of the hydride bed.

Due to the extremely low thermal conductivity of the hydrogen
storagematerial powder, manymethods have been proposed and
adopted to improve the thermal conductivity of the hydride bed,
such as adding high thermal conductivity materials and
compaction, so that the bed can form composite materials or
close to continuous medium. Fig. 16 shows the percentage of
studies on improving the effective thermal conductivity of
hydride bed by different methods in the literature.

Researchers seem more inclined to add high thermal
conductivity materials or further compaction. The latter can
improve the thermal conductivity and hydrogen storage density
of the bed more effectively to meet mobile and stationary
applications, and it is easy to control the expected thermal
conductivity, but the mass transfer problem needs to be con-
cerned.97,109,132 The former is more suitable for application in
AB5 and AB hydrogen storage alloy powder-packed beds with
higher density and easier pulverization. High thermal conduc-
tivity materials such as Cu, Al, which are close to the density of
hydrogen storage alloys, are usually selected to obtain relatively
uniform thermal conductivity. However, it should be noted that
some high thermal conductivity materials may react with
hydrides or release impurity gases at a certain temperature
during the process of hydrogen absorption/desorption.
Compaction can improve safety of hydride bed, and it may be
not conducive to the preparation of compact bed without add-
ing high thermal conductivity materials.133

In order to maximize the hydrogen storage capacity and
ensure the safe use of the system, it is necessary to optimize the
thermal design and structural design of the hydrogen storage
system to avoid the rapid decrease or useless increase of
© 2022 The Author(s). Published by the Royal Society of Chemistry
thermal conductivity under working conditions. Researchers
carried out numerical analysis on various hydride reactors, and
took the thermal conductivity of the bed as a xed value to
simplify the calculation.10,12,14,134 However, researchers noticed
that the effective thermal conductivity of hydride beds varied
with the operating conditions. With the development of
numerical research and technology of hydride reactors, the
accuracy of simulation results will be greatly improved by using
the varying thermal conductivity at this stage. This may be the
necessary means to simulate the hydrogen storage beds in the
future.17 Fig. 17 shows the percentage of research covering
different inuence factors for the thermal conductivity of the
hydride bed found in the literature so far.

It can be noticed that hydrogen pressure, temperature,
apparent density/porosity, and hydrogen content are main
inuencing factors, which are not only because of the simple
operation, but also because of the importance of these factors in
the process of hydrogen absorption and desorption. And they
are very critical conditions in design and simulation.
Researchers usually calculate the effective thermal conductivity
based on the intrinsic thermal conductivity of the solid (ks), gas
(kg), and porosity (3), as shown in eqn (27):

ke ¼ (1 � 3)ks + 3kg (27)

At present, the inuence of hydrogen pressure on the effec-
tive thermal conductivity of the hydride bed has been deter-
mined. However, for different hydrogen storage materials, the
inuence trends of temperature and hydrogen content on the
effective thermal conductivity may be different when the inu-
ence of particle size and material state is ignored. In engi-
neering applications, it is necessary to obtain the tting
empirical formula by accurately measuring the effective thermal
conductivity of hydride bed under working conditions,19,21,22,31
RSC Adv., 2022, 12, 25722–25743 | 25739
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which is nally used for numerical simulation and optimization
design of metal hydride hydrogen storage tanks.

The following is a summary of the shortcomings and
improvement suggestions in current research on the effective
thermal conductivity of metal hydride bed.

5.1 Problems

� Lack of separate standards and test parameter descriptions for
thermal conductivity of hydride powder bed.

� Selection of test methods to meet test needs and design of
in situ test device.

� Selection of reasonable and harmless thermal conductivity
improvement method.

� Accurate measurement and effective tting of effective
thermal conductivity of different hydrogen storage material
powder bed under working conditions.

� Lack of in situ testing of effective thermal conductivity
variation with hydrogenation and dehydrogenation.

5.2 Suggestions

Due to the shortcomings in the researches of effective thermal
conductivity of metal hydride beds up to now, we believe that it
is necessary to formulate the test method and reliability stan-
dard of the effective thermal conductivity of metal hydride beds.
The test results of the steady-state method with higher accuracy
can provide reference for the reliability of the transient method,
but steady-state methods still need to minimize the complexity
and time-consuming of the test as much as possible. For tran-
sient method, it is necessary to optimize the internal calculation
model as much as possible to improve the accuracy under the
premise of ensuring the boundary assumption. The industry
should specify the suitable selection of the improvement ways
and design scheme of the working condition test platform to
meet the needs of accurate measurement.

The transient plane heat source method seems to be the
most popular test method because of its fast test speed and
satisfactory accuracy. However, the design of temperature and
pressure resistance test chamber suitable for the measurement
of different hydrogen storage materials needs to be improved.
Adding high thermal conductivity materials and compaction
can simultaneously improve the apparent density, hydrogen
storage density and the effective thermal conductivity of the
hydride bed, but the actual hydrogen storage performance
index must be considered to avoid excessive inuence on
hydrogen storage capacity and hydrogen permeability. Accurate
measurement of the thermal conductivity of the hydride bed
under different temperatures, pressures, and hydrogenation/
dehydrogenation conditions and tting the multi-factor equa-
tion will be the trend of the numerical simulation optimization
design of the hydrogen storage system in the future.

6. Conclusions and outlook

Hydrogen is an ideal energy carrier and has unparalleled
advantages compared with traditional fossil fuels. Hydrogen
storage technology is one of the important links to realize
25740 | RSC Adv., 2022, 12, 25722–25743
hydrogen energy economy. Solid-state hydrogen storage, such
as metal hydrides, offers an attractive alternative and seems to
be a preferred solution for future hydrogen storage technolo-
gies. Due to the inherent reaction enthalpy of metal hydride and
the poor heat transfer of metal hydride bed, the amplied
thermal effects during hydrogen absorption and desorption
poses a great challenge to the hydrogen storage performance of
hydride bed. There fore, it is very important to accurately
determine the effective thermal conductivity of metal hydride
bed before designing a metal hydride hydrogen storage device.
By accurately measuring and analyzing the inuence of
hydrogen pressure, temperature, hydrogen storage capacity and
other factors on the effective thermal conductivity of metal
hydride bed, the optimization design efficiency of heat structure
of metal hydride hydrogen device can be greatly improved. This
paper reviews the current researches on the measurement,
improvement, and the inuence of working conditions on the
effective thermal conductivity of metal hydride beds based on
analysis of the existing literature. The measurement methods of
metal hydride bed are divide into the steady-state methods
(such as the radial heat ow method, guarded longitudinal heat
ow method, guarded hot plat method, heat ow meter
method) and the transient methods (such as the hot-wire
method, thermal probe method, transient plane source
method and laser ash method). There is no clear standard
between different test methods for the determination of
thermal conductivity of metal hydride beds, and researchers
prefer to adopt transient methods because the transient
methods require less sample size and short measurement time,
and is easy to establish a pressure seal and temperature control
test system. Based on the literature survey of various measure-
ment methods, it is found that the transient plane source
method is the most commonly used method for measuring the
effective thermal conductivity of metal hydride bed. Based on
the above analysis, the authors also recommend using the
transient plane source method to study the heat transfer char-
acteristics of metal hydride bed.
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6 A. Züttel, Mater. Today, 2003, 6, 24–33.
7 Y. Ishido, M. Kawamura and S. Ono, Int. J. Hydrogen Energy,
1982, 7, 173–182.

8 Q. Luo, J. Li, B. Li, B. Liu, H. Shao and Q. Li, J. Magnesium
Alloys, 2019, 7, 58–71.

9 M. Afzal, R. Mane and P. Sharma, Int. J. Hydrogen Energy,
2017, 42, 30661–30682.

10 F. S. Yang, X. Y. Meng, J. Q. Deng, Y. Q. Wang and
Z. X. Zhang, Int. J. Hydrogen Energy, 2008, 33, 1014–1022.

11 S. Mellouli, F. Askri, H. Dhaou, A. Jemni and S. Ben
Nasrallah, Int. J. Hydrogen Energy, 2010, 35, 1693–1705.

12 Y. Cui, X. Zeng, H. Kou, J. Ding and F. Wang, Results Phys.,
2018, 9, 640–647.

13 E. I. Gkanas, T. Statheros and M. Khzouz, Int. J. Hydrogen
Energy, 2019, 44, 19267–19274.

14 J. Nam, J. Ko and H. Ju, Appl. Energy, 2012, 89, 164–175.
15 F. A. M. Elhamshri and M. Kayfeci, Int. J. Hydrogen Energy,

2019, 44, 18927–18938.
16 N. A. A. Rusman and M. Dahari, Int. J. Hydrogen Energy,

2016, 41, 12108–12126.
17 C. Bennett, C. Eastwick and G. Walker, Int. J. Hydrogen

Energy, 2013, 38, 1692–1701.
18 T. Oi, K. Maki and Y. Sakaki, J. Power Sources, 2004, 125, 52–

61.
19 S. Suda, N. Kobayashi and K. Yoshida, Int. J. Hydrogen

Energy, 1981, 6, 521–528.
20 E. Suissa, I. Jacob and Z. Hadari, J. Less-Common Met., 1984,

104, 287–295.
21 M. Nagel, Y. Komazaki and S. Suda, J. Less-Common Met.,

1986, 120, 35–43.
22 D. W. Sun and S. J. Deng, J. Less-Common Met., 1990, 160,

387–395.
23 E. A. Kumar, M. P. Maiya and S. S. Murthy, Ind. Eng. Chem.

Res., 2011, 50, 12990–12999.
24 J. Kapischke and J. Hapke, Exp. Therm. Fluid Sci., 1994, 9,

337–344.
25 S.-C. Bae, T. Tanae, M. Monde and M. Katsuta, J. Therm. Sci.

Technol., 2008, 3, 2–10.
26 J. H. Shim, M. Park, Y. H. Lee, S. Kim, Y. H. Im, J.-Y. Suh and

Y. W. Cho, Int. J. Hydrogen Energy, 2014, 39, 349–355.
27 R. Albert, R. Urbanczyk and M. Felderhoff, Int. J. Hydrogen

Energy, 2019, 44, 29273–29281.
28 E. Hahne and J. Kallweit, Int. J. Hydrogen Energy, 1998, 23,

107–114.
29 M. Shapiro, V. Dudko, V. Royzen, Y. Krichevets,

S. Lekhtmakher, V. Grozubinsky, M. Shapira and M. Brill,
Part. Part. Syst. Charact., 2004, 21, 268–275.

30 D.-m. Kim, J. B. Kim, J. Lee and B. J. Lee, Int. J. Heat Mass
Transfer, 2021, 165, 120735.

31 S. Suda, N. Kobayashi, K. Yoshida, Y. Ishido and S. Ono, J.
Less-Common Met., 1980, 74, 127–136.

32 H. Klein, Int. J. Hydrogen Energy, 2004, 29, 1503–1511.
© 2022 The Author(s). Published by the Royal Society of Chemistry
33 Y. Madaria and E. A. Kumar, J. Alloys Compd., 2017, 691,
442–451.

34 L. Popilevsky, V. M. Skripnyuk, Y. Amouyal and E. Rabkin,
Int. J. Hydrogen Energy, 2017, 42, 22395–22405.

35 Y. Wang, Y. Ohishi, K. Kurosaki and H. Muta, J. Alloys
Compd., 2020, 821, 153496.

36 C. M. J. Bennett, A. J. Patman, C. Milanese, C. N. Eastwick
and G. S. Walker, Int. J. Hydrogen Energy, 2014, 39, 19646–
19655.

37 F. Qin, J. P. Chen, W. F. Zhang and Z. J. Chen, J. Zhejiang
Univ., Sci., A, 2007, 8, 197–204.

38 M. Matsushita, I. Tajima, M. Abe and H. Tokuyama, Int. J.
Hydrogen Energy, 2019, 44, 23239–23248.

39 J. E. Bird, T. D. Humphries, M. Paskevicius, L. M. Poupin
and C. E. Buckley, Phys. Chem. Chem. Phys., 2020, 22, 1–9.

40 D. E. Dedrick, M. P. Kanouff, B. C. Replogle and K. J. Gross,
J. Alloys Compd., 2005, 389, 299–305.
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