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Metal hydrides (MHs) are a promising medium for hydrogen storage due to their high
gravimetric and volumetric capacities, as well as inherent safety advantages. However, the
exothermic nature of hydrogen absorption presents significant thermal management challenges.
Effective heat dissipation is critical to maintain optimal thermodynamic and kinetic conditions
and ensure system safety. Integrating phase change materials (PCMs) into a metal hydride
system offers a passive strategy for thermal regulation. This study systematically investigated
how the thickness of a compressed expanded graphite-based composite PCM layer influenced
thermal performance during MH hydrogenation. Variable-power electrical heating was employed
to simulate the heat generated during the hydrogenation of lanthanum—nickel, based on its
reported reaction kinetics and thermodynamic properties. Increasing the composite PCM
thickness enhanced thermal buffering and reduced peak temperatures, whereas excessive
thickness increased thermal resistance and decreased overall efficiency. A 5.0 mm PCM layer
provided an optimal balance of heat transfer, latent heat storage, thermal management, and
operational safety, supporting a compact and cost-effective system under the simulated
conditions.
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Growing global energy demand is driving the search
for sustainable energy production and storage [1].
Hydrogen has emerged as a promising clean energy
carrier and secondary energy source for the future due
to its high gravimetric energy density (120 MJ kg™),
versatility, and zero-emission combustion. Despite its
benefits, hydrogen energy faces challenges, with safe,
efficient, and scalable hydrogen storage being a major
hurdle [2, 3, 4, 5].

Conventional physical storage methods, such
as compressed gas, cryo-compressed hydrogen, and
liquid hydrogen, require either high-pressure tanks
or cryogenic temperatures. These conditions impose
significant technical complexity, safety concerns, and
cost burdens. Consequently, material-based hydrogen
storage systems, such as metals and alloys, complex
metal hydrides, and metal—-organic frameworks
(MOFs), have gained increasing attention as potential
alternatives because of their advantages such as high
volumetric and gravimetric hydrogen densities,
moderate operating conditions, and improved safety
profiles [6, 7, 8, 9].

Among these, metal hydrides (MHs) represent
one of the most promising solid-state hydrogen storage
media owing to their favourable reversibility and
high hydrogen capacity [10, 11, 12, 13]. However,
the hydrogen absorption and desorption
processes in MHs are highly exothermic and
endothermic, respectively, making thermal
management critical to system performance [14,
15, 16, 17]. Because their performance is strongly
temperature-dependent, effective thermal management
is essential to maintain favourable thermodynamic
and kinetic conditions, ensure cycling efficiency and
guarantee system safety. Over the past decades,
extensive experimental and numerical studies have
investigated various reactor geometries, heat
exchanger configurations, and strategies to
enhance thermal conductivity [17, 18, 19,20, 21, 22].
Recently, increasing attention has been directed
toward the integration of phase change materials
(PCMs) as an effective approach for thermal regulation
[23, 24, 25].

PCMs are a promising solution for thermal
regulation in MH systems due to their ability to absorb
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or release significant amounts of latent heat at
nearly constant temperatures. [23, 24, 25]. PCMs
are classified into two main categories: inorganic
and organic. Inorganic PCMs, such as salts, salt
hydrates, and metals, generally offer higher latent heat
capacities. However, their corrosiveness, toxicity and
high cost limit their applicability in MH storage
systems. Organic PCMs, including paraffins, glycols,
and fatty acids, are widely used in low- to medium-
temperature applications due to their chemical
stability, adjustable melting points, high latent heat
capacities, and cost-effectiveness. Nevertheless, their
inherently low thermal conductivity and poor shape
stability hinder heat transfer, limiting their suitability
for high heat-flux environments like MH storage
systems [23, 24, 25].

To overcome the limitations of organic PCMs,
several strategies have been developed to enhance
their thermal performance and structural stability. One
widely adopted method involves incorporating highly
conductive additives such as metal particles, metal
foams, carbon nanotubes (CNTSs) or graphite, into the
PCM matrix [23, 25, 26, 27, 28]. These additives
create efficient heat transfer pathways, therefore
improving thermal conductivity and facilitating
uniform heat distribution during phase transitions.
In parallel, shape stabilization and encapsulation
techniques have been employed to address leakage
and mechanical degradation. These approaches involve
embedding PCMs within porous supports (e.g.,
expanded graphite or silica aerogels) or encapsulating
them in polymeric, or ceramic shells. Such
configurations not only prevent leakage but also
enhance mechanical integrity and long-term cycling
stability [26, 27, 28, 29, 30, 31].

Composite PCMs, which integrate thermally
conductive networks within shape-stabilized matrices,
have demonstrated significant effectiveness in
enhancing thermal regulation. Among these,
compressed expanded graphite-based composite
PCMs are particularly notable due to their high
thermal conductivity, chemical compatibility, and
porous structure, which facilitate uniform organic
PCM dispersion and retention [26, 32].

In addition to composition, the thickness of the
PCM layer plays a critical role in the performance of
MH systems. Thicker PCM layers improve thermal
buffering and help mitigate peak temperatures.
However, excessive thickness can lead to increased
thermal resistance, reduced heat utilization efficiency,
greater reactor volume occupation, and elevated cost
[24, 33,34]. Hence, optimizing PCM thickness is
crucial for achieving efficient and balanced thermal
management.

In our previous work, a compressed expanded
graphite-based composite PCM was developed for
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potential integration into a metal hydride reactor
operating within the temperature range of 290-340 K
under near-atmospheric pressure [26]. The composite
combined a selected paraffin-based PCM with
compressed expanded graphite to enhance its thermal
conductivity while maintaining a high energy storage
capacity.

This study systematically investigates how
the thickness of a compressed expanded graphite-
based composite PCM layer influences the thermal
performance during the hydrogenation process.
Composite PCM samples with thicknesses of 2.5 mm,
5.0 mm, and 10.0 mm were sectioned from a single,
uniformly compressed expanded graphite block to
ensure material consistency. The thermophysical
properties of these samples were characterized, and
their heat transfer performance was evaluated under
conditions simulating the exothermic hydrogenation
of LaNis, a commercially available alloy known for
its rapid activation and high hydrogen absorption
capacity under the target operating conditions [35]. To
replicate the thermal environment associated with
LaNis hydrogenation, an electric heater equipped with
an adjustable and programmable power control was
employed.

EXPERIMENTAL
Materials

Compressed expanded graphite blocks were sourced
from Duranice Applied Materials (Dalian, China), and
paraffin wax (PCM38) was obtained from Shanghai
Ru Entropy New Energy Technology Co. Ltd (China).
The paraffin, with a melting point of 36—38 °C and a
latent heat of 226 klJ/kg, served as the phase change
material (PCM).

Preparation of Composite PCMs

Compressed expanded graphite-based composite
PCMs were prepared via direct impregnation. The
graphite matrix with thicknesses of 2.5 mm, 5.0 mm,
and 10.0 mm were precisely sectioned from a single,
uniformly compressed expanded graphite block using
a thin precision cutting blade to ensure material
consistency. The thickness of each matrix was
measured with digital callipers.

The prepared graphite matrices were then
submerged in molten paraffin (PCM38) under
atmospheric pressure using a controlled-temperature
water bath maintained at 40 °C. The impregnation
process was conducted over 18 hours to ensure
complete saturation of the porous graphite structure.
Following impregnation, the samples were transferred
to a drying oven and held at 50 °C for 10 minutes to
remove any excess surface paraffin. The thicknesses
of the as-prepared composite PCMs were re-measured
to ensure final sample thicknesses of 2.5 mm, 5.0 mm,
and 10.0 mm, with an accuracy of +0.05 mm. The
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slight volume expansion observed after impregnation
was limited and therefore regarded as negligible.
Then, the as-prepared composite PCMs were used for
subsequent thermal performance evaluation.

The PCM absorption percentage was
determined based on the mass increase of the
graphite matrix following impregnation (Equation 1).
This value was subsequently used to calculate the
theoretical latent heat values of the composite PCMs.

%PCM =22 % 100 (1)
my

Where:
-m; is the mass of composite PCM

-my is the mass of the graphite matrix
Characterization Methods

The morphologies and microstructures of the cross-
sectional compressed expanded graphite matrix and
the prepared composite PCMs were analysed using
a scanning electron microscope (SEM, JEOL JSM-
6500). The SEM images were captured at an
accelerating voltage of 15 kV to examine the PCM
distribution and pore structure.

The thermal properties of the samples were
characterized using differential scanning calorimetry
(DSC, NETZSCH DSC3500) over a temperature
range of -10°C to 70 °C. Measurements were
conducted at a heating/cooling rate of 0.5 °C/min
under a constant nitrogen flow. To ensure thermal
equilibrium, an isothermal hold of 5 minutes was
applied at the end of each heating and cooling stage.

A custom thermal performance apparatus
(Figure 1) was developed to conduct two types of
experiments. The setup applied a controlled heat input
to the composite PCM and measured its thermal
response. Heat was supplied via a small flat cartridge
heater (2 cm x 2 ¢cm), powered by a programmable DC
power supply. A composite PCM sample of specified
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thickness and matching lateral dimensions to the flat
heater was placed directly on top of the heater and
heated from the bottom surface. All other sides were
insulated to ensure approximate one-dimensional heat
flow through the PCM. The thermal response was
defined by the temperature variation over time at
the interface temperature, Tr, located between the
cartridge heater and the composite PCM (Figure 1).
This temperature was measured using a K-type
thermocouple (0.5 mm in diameter) embedded in the
composite PCMs and recorded via a data logger
connected to a computer.

The first experimental setup was designed to
measure the thermal response of composite PCM
under a constant heat flow. In this configuration, full-
size composite PCM samples were subjected to a
steady heat flux generated by applying a constant
voltage of 3.3 V to the cartridge heater. Heating was
continued until complete melting of the composite
PCMs was achieved, allowing evaluation of their
thermal buffering capacity and heat distribution
characteristics.

The second experimental setup was designed to
simulate one-dimensional heat flow through samples
in response to a short burst of heat, replicating the
thermal behaviour of the exothermic hydrogenation of
a metal alloy. Specifically, the heat generated during
LaNis hydrogenation was emulated by varying the
electrical input to the cartridge heater over time, from
an initial peak to near zero. The input profile was
derived based on the thermodynamics and kinetics of
the hydrogen reaction forming LaNis, as reported in
the literature [35, 36, 37], and is described as follows.

Ward et al. reported that the hydriding of LaNis
could be described by Equation 2, based on their
experimental measurement of the enthalpy change
associated with the reaction between hydrogen gas
and LaNis [36]:

1 1
(ﬁ)Lale (cr) + HZ(g) = (ﬁ)LaNLSHG.Z (cr) (2)

e ——

----- T Data logger

m
""" Flat cartridge heater

- ---Thermalinsulation

Ju|

Figure 1. Thermal management performance test setup.



51 Ying Xu, Murray McCurdy, Fei Yang
and Mohammed Farid

This reaction represents the formation of the
hydride phase LaNisHs > from LaNis and hydrogen gas
under near-atmospheric pressure. The stoichiometric
coefficient of 1/3.1 reflects the molar ratio used in the
experimental setup to normalize the reaction enthalpy
per mole of hydrogen [36].

If the partial pressure of hydrogen remains
almost constant, then the reaction may be assumed to
be first order with respect to the non-reacted metal
concentration according to the Johnson-Mehl-Avrami
(JMA) model for LaNis[37]. Assuming the reaction is
first order with respect to LaNis concentration and
constant hydrogen concentration, then

d[x] — k] ;
Where:
- kis the rate constant, S
- [x] the concentration of LaNis.

- t is the reaction time, S.

Integrating both sides of Equation 3, we obtain
(Equation 4).

Where:
[x]o is the initial concentration of LaNis.
[x]: is the concentration of LaNis after a given time, t

Following the Arrhenius relationship between
reaction rate and temperature:
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Where:

- Tis assumed as 311 K to match the temperature
of the PCM.

- Ais the pre-exponential factor for LaNis, equal to
1856 S°..

- Eais the activation energy, 30.1 kJ/mol H; at near
1 atm.

So, refer to the following Equation 6.

Therefore, with the following Equation 7.

The enthalpy of reaction (2) is -99.5 £ 0.3
kJ'-mol! (ArHY,), hence the heat released from the
reaction per second is

Q =99.5kJ -mol™! x 0.0163 S~1[x],e~0-0163¢

8
Q = 1.622[x]oe 00163 ®

If we select an arbitrary initial concentration of
[x]o=6.17 M, we obtain the following equation for the
rate of heat generated:

Q = 107001630 Watt 9)

The theoretical heat flux generated from LaNis,
based on the above, along with the experimental
applied heat flux, is shown in Figure 2. This calculated
amount of heat generated from the reaction decreases
exponentially over a short period. The experimental
DC power was set up to deliver a power profile that

Eq .
k = Ae “/rr) (5) matched this heat flux profile.
(xle 1 t
f EThaln _f kdt =In[x], =1In [x]o — kt = [x], = [x]oe ™ @)
o [*] to

30.1x1000 J-mol~1

k=1856S"1 x exp( —

SRR

8.314J-mol~1-k~1x311K

) =0.0163 St (6)

—0.0163[x],e~0-0163¢ 7)
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Figure 2. The calculated heat flux generated from hydrogenation of LaNis and the current heat flux applied in
this experiment.

RESULTS AND DISCUSSION

The morphology of cross-sections of the compressed
expanded graphite matrix and its composite with
paraffin is shown in secondary electron images (SEI)
from SEM captured at an accelerating voltage of 15
kV and a magnification of 1200 (Figure 3). Figure 3a
presents the typical morphological features of
compressed expanded graphite. In contrast to pristine

expanded graphite which typically exhibits a highly
porous, loosely stacked, worm-like structure with
large interlayer spaces [38], the compressed expanded
graphite displayed a more compact and densified
morphology due to the mechanical pressure applied
during compression. Although the lamellar graphite
structure remained discernible, the layers were pressed
closer together, forming a more continuous and
interconnected framework.

SEI 15.0kV X1,200 WD 9.5mm 10pm

Figure 3. Secondary electron images (SEI) from SEM for (a) compressed expanded graphite matrix and (b) as-
prepared composite PCM.
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Figure 3b illustrates the morphology of the
as-prepared graphite/paraffin composite after
impregnation, revealing a more fibrous and porous
structure that indicated successful paraffin infiltration.
The graphite matrix exhibited excellent capillary
adsorption capability, enabling the molten paraffin to
effectively penetrate and occupy the interconnected
pores within the graphite network. The overall porous
architecture of the graphite was largely preserved after
impregnation, suggesting that the capillary and
adsorption forces were sufficient to fill the pores
without inducing structural collapse. This retained
structure formed a continuous graphite network that
facilitated efficient thermal conduction pathways
throughout the composite, thereby enhancing heat
transfer performance while maintaining the high latent
heat storage capacity of the paraffin.

The DSC melting curves of the pure paraffin
PCM (PCM38) and graphite based composite PCM
are shown in Figure 4, with the DSC curve of the pure
paraffin PCM used as a reference. The melting curves
of the composite PCMs exhibited similar shapes and
peak positions to those of the pure PCM, indicating
that the incorporation of graphite did not significantly
affect the phase change temperature of the paraffin.

1.6
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The thermal properties derived from the DSC
measurements are summarized in Table 1. The starting
and ending temperatures of the melting transition
for the composite PCMs closely matched those
of the pure PCM, confirming that the thermal
behaviour of paraffin was largely preserved within
the graphite matrix.

The theoretical latent heat values of the
composites were calculated using the latent heat of
pure paraffin PCM38 and the measured paraffin mass
fraction in the composites (~76 wt%). As expected,
the composite PCMs exhibited a lower latent heat
compared to the pure PCM, which was consistent
with the composites having a paraffin content of
approximately 76 wt%. The slight reduction in latent
heat confirmed the presence of graphite as a thermally
conductive skeleton that contributed negligible latent
heat but provided continuous pathways for heat
transfer. Similar results have been reported in the
literature [32]. Importantly, the sharpness of the
melting peaks indicated that the phase change
process remained highly efficient, ensuring that
the composites retained effective thermal energy
storage performance.

1.4 4

DSC (mW/mg)
o o - =y
o o o [V}

o
B
1

0.2 1

Composite PCM
— — Paraffin-PCM38

38

40

Temperature (°C)

Figure 4. Melting DSC curves of the paraffin-PCM38 and graphite based composite PCM.
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Table 1. Melting points and latent heat values of the paraffin and graphite based composite PCM.

Sample name Starting Ending M.P. AH PCM loading Theoretical latent
(°C) (°C) (°C) J/g) mass % heat (J/g)*

Paraffin-PCM38 37.1 39.2 38.7 227 - -

Graphite based

composite PCM 36.3 38.4 38.1 170 76 173

*Theoretical latent heat was calculated using the latent heat values of pure paraffin-PCM38.

The influence of three composite PCM
thicknesses (2.5 mm, 5.0 mm, and 10.0 mm) on
thermal performance was studied under two
different heat flux conditions. The thermal
response was evaluated based on the temperature
variation over time at the interface between the
cartridge heater and the composite PCM, as this
was the location that corresponded to the highest
temperature region. The results are presented in
Figure 5.

Figure 5a shows the surface temperature
(Tm) profile during the application of a constant
heat flux. As illustrated, the thinner composite
PCM (2.5 mm) reached the PCM melting temperature
much quicker (approximately 530 s) than the
5.0 mm (about 1000 s) and 10.0 mm (around
1820 s) samples.
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The temperature plateau at approximately
37-38 °C observed in all three curves corresponded
to the PCM melting period, during which latent heat
was absorbed. As the PCM thickness increased from
2.5 mm to 10.0 mm, the duration of this plateau, and
thus the effective heat absorption period, extended
from about 470 s (2.5 mm) to 3250 s (5.0 mm)
and 3680 s (10.0 mm). This indicates that thicker
PCMs possessed greater latent heat storage capacity,
allowing more thermal energy to be absorbed before
complete melting. Consequently, thicker layers may
maintain the metal hydride surface temperature below
40 °C for longer periods during hydrogenation,
providing more stable thermal regulation and
improved operational safety. In contrast, the thinner
2.5 mm PCM responded quickly but lost its heat
absorption capability sooner, making it less effective
for prolonged thermal control.

11
! 2.5 mm Composite PCM
5.0 mm Composite PCM
100 - 10.0 mm Composite PCM
ﬁ no PCM (graphite matrix 5.0 mm)
90
5
§
'
80
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40
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Figure 5. Effect of composite PCM thickness on the surface temperature, Tr,, during heating (a) under a constant
applied voltage of 3.3 V, and (b) application of an instantaneous heat flux.
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On comparing the 5.0 mm and 10.0 mm
samples, it is clear that doubling the thickness only
slightly increased the plateau duration (from 3250 s
to 3680 s), suggesting diminishing returns in heat
absorption efficiency beyond a certain thickness.
This indicates that while the thicker PCMs enhanced
latent heat storage and prolong thermal buffering,
excessively large thicknesses may compromise material
efficiency and system compactness. Overall, the 5.0
mm PCM provided an optimal balance between heat
absorption duration and design efficiency.

Figure 5b shows the surface temperature
profiles of the 5.0 mm graphite matrix and graphite-
based composite PCMs under a short heat flux.
The results indicate that the graphite matrix reached
its peak temperature faster than the composite
PCMs. Although graphite possesses high thermal
conductivity, which promotes rapid heat transfer, its
low heat capacity limits its ability to store energy,
leading to a faster surface temperature rise compared
to the composite PCMs. Furthermore, the peak
temperature decreased as the PCM thickness
increased.

After heat input stopped, the graphite matrix
exhibited a sharp temperature drop due to its limited
heat storage capacity, whereas composite PCMs
showed thermal lag, reflecting improved thermal
buffering. The 2.5 mm PCM had a shorter lag than the
5.0 mm sample, and the 10.0 mm PCM also lagged
less than the 5.0 mm, suggesting inefficient PCM
utilization at higher thicknesses. Across all composite
PCMs, the temperature stabilized at about 37-38 °C,
corresponding to PCM melting and latent heat
absorption.

Overall, a composite PCM thickness of 5.0 mm
was found to provide the optimal balance between
peak temperature reduction, thermal buffering,
and latent heat utilization under the experimental
conditions of this work. These results emphasise that
PCM thickness optimization is crucial for achieving
efficient heat transfer, effective latent heat storage,
enhanced metal hydride system safety, and a compact,
cost-effective system design.

CONCLUSION

This study demonstrated the potential of compressed
expanded graphite-based composite PCMs for thermal
management of hydrogen in metal hydrides operating
at approximately 290-340 K and near-atmospheric
conditions. The composite PCMs effectively regulated
temperatures under both constant and short-burst heat
fluxes. PCM thickness strongly influenced thermal
response: thinner PCMs (2.5 mm) responded rapidly
to heat flux, reaching peak temperatures quickly but
providing limited latent heat storage and thermal
buffering. Thicker PCMs slowed the temperature
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rise, reduced peak temperatures, and maintained
the surface near the 37-38 °C latent heat plateau
for longer, enhancing thermal regulation during
hydrogenation. Increasing the thickness beyond
5.0 mm provided only marginal improvements, with
the 10.0 mm PCM showing less efficient utilization.
Overall, a 5.0 mm PCM achieved an optimal balance
of rapid heat transfer, effective latent heat storage,
thermal buffering, and operational safety for metal
hydride systems. Future work will systematically
investigate the effect of PCM thickness during
dehydrogenation, under cycling conditions and with
varying heat fluxes, to further optimize thermal lag,
latent heat utilization, and overall heat transfer
efficiency.
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