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discharge performance,
mechanisms, and reversibility of coupled
LaNi5–La0.6Ce0.4Ni5†

Praphatsorn Plerdsranoy,a Chonticha Hansongkram,a Suwabun Chirachanchai *b

and Rapee Utke *a

A coupled LaNi5–La0.6Ce0.4Ni5 thermochemical heat storage system is proposed for storing waste heat at

moderate charging temperatures (#150 °C) and operating pressure of <30 bar H2. LaNi5 with lower

equilibrium pressure (Peq) and higher reaction enthalpy is used as a high-temperature hydride (HTH) for

heat storage, while La0.6Ce0.4Ni5 acts as a low-temperature hydride (LTH) for hydrogen storage. To

improve the thermal conductivity and hydrogen diffusion of the hydride beds, the HTH and LTH were

doped with 2 wt% multi-walled carbon nanotubes (MWCNTs). Subsequently, HTH and LTH powder

samples were packed into two connected cylindrical containers (0.6 kg per container) assembled with

a spiral tube heat exchanger. Upon heat charge and discharge cycles, gravimetric and volumetric energy

densities reached 122.40 ± 1.37 kJ kg−1 and 60.00 ± 0.65 kW h m−3, respectively. During heat

discharge, heating and cooling effects were transferred from the hydride beds using a heat transfer fluid.

The compatible thermodynamics and kinetics of the HTH and LTH resulted in a comparable heat charge

and discharge time (∼2 h). This is beneficial for the simple design of thermal storage systems since an

extra unit of HTHs or LTHs is not required to optimize the heat exchange reaction rate.
1. Introduction

Solar energy is one of the most promising renewable resources;
however, it is intermittent in terms of time and season.1 Thus,
thermal energy storage (TES) systems, including sensible heat
storage (SHS), latent heat storage (LHS), and thermochemical
heat storage (TCHS), have been proposed to obtain continuous
and efficient energy from solar power facilities.2–5 Among these
TES systems, TCHS has attracted signicant attention owing to
its high heat storage density, long-duration storage across
seasons with low energy losses, and wide operating temperature
ranges.6–10 TCHS stores and releases thermal energy through
reversible chemical reactions of carbonates, hydroxides,
magnesium oxide, and metal hydrides.4,9,11,12 The last category
of metal hydride-based TCHS (MH-TCHS) has been recognized
as one of the potential candidates for energy conversion since it
possesses 5–10-times higher energy density than other TCHS
systems6,13 and up to 7- and 4-times greater energy storage
capacity than SHS and LHS, respectively.14 Since a single reactor
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of MH-TCHS requires an external hydrogen reservoir and
mechanical compressor during heat charge and discharge,
a conguration involving two connected metal hydride
containers of high- and low-temperature metal hydrides (HTHs
and LTHs, respectively) has been widely used.15 HTHs, which
are used for heat storage, have higher reaction enthalpy and
lower equilibrium pressure (Peq) than LTHs acting as
a hydrogen reservoir.16,17 Heat charge occurs at HTHs through
endothermic dehydrogenation, and concurrently, LTHs absorb
hydrogen from HTHs and release low-grade heat. In the case of
heat discharge, LTHs desorb hydrogen at room temperature or
slightly elevated temperature (∼40–50 °C) compared with
HTHs. Heat is discharged upon exothermic hydrogenation of
HTHs. The amount of stored heat depends on the hydride
formation enthalpy of HTHs and hydrogen content exchange
between HTHs and LTHs.18,19

Several coupled HTH–LTH thermal storage systems of Mg-
based hydrides have been reported, such as MgH2–LaNi5,19,20

MgH2–LaNiAl and MgH2–TiFeMn,21 Mg2Ni–LaNi5,22,23

Mg2FeH6–TiMn1.5,24 Mg2FeH6–Na3AlH6,25,26 MgH2, Mg2FeH6,
NaMgH3, or NaMgH2F coupled with Ti1.2Mn1.8

27 and Mg-x wt%
LaNi5 (x = 20 and 30) coupled with LaNi4.7Al0.3 or LaNi4.6Al0.4.28

These systems operate at temperatures exceeding 200 °C, which
conventional waste heat cannot provide. Thus, pairs of inter-
stitial hydrides de/absorbing hydrogen at lower temperatures
have been investigated for thermal storage systems operating at
moderate temperatures (#150 °C). Coupled LaNi4.7Al0.3–LaNi5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
absorbed heat at 30–80 °C and possessed the volumetric energy
density of 56 kW h m−3 with the peak discharge temperature of
70 °C.29 Different pairs of LaNi(5−x)Snx–MmNi4.6Al0.4 (x = 0.15–
0.45) had heat storage and recovery temperatures of 93–140 and
105–165 °C, respectively.30 The highest theoretical energy
density and coefficient of performance (COP) of 129 kJ kg−1 and
0.54, respectively, were obtained using LaNi4.65Sn0.35-MmNi4.6-
Al0.4. In the case of LaNi5, the effects of substituting (i) Ni with
Al or Sn, and (ii) La with Ce on the thermodynamics and heat
storage efficiency were studied.18 The hydrogen ab/desorption
performance during heat charge and discharge of the coupled
HTH–LTH was related to their different Peq (DPeq). At operating
temperatures up to 150 °C, the best COP and energy storage
density of 0.54 and 243.96 kJ kg−1, respectively, were achieved
using the La0.9C0.1Ni5–LaNi4.7Sn0.3 pair due to its maximum
DPeq of 6.09 bar at room temperature. To obtain a heat storage
performance with good reaction rate, high operating pressures
during energy storage and release of up to 10.37 and 73.48 bar,
respectively, were applied. Another hydride pair of LaNi4.25Al0.75
and La0.75Ce0.25Ni5 with Peq at 20–40 °C of <0.2 and 4–10 bar,
respectively, stored the waste heat at ∼150 °C with a relatively
low operating pressure (<10 bar) and produced both heating
and cooling effects during the discharge process.15 Because Peq
of HTH (LaNi4.25Al0.75) was signicantly low, at a charging
temperature of 150 °C, low hydrogen pressures of ∼6.5–7 bar
were obtained. The latter was not sufficient for effective
hydrogen absorption by LTH (La0.75Ce0.25Ni5), leading to a small
hydrogen content exchange between HTH and LTH (∼0.42 wt%
H2 with respect to HTH mass). Besides, decient heating and
Fig. 1 Schematic diagram of a cylindrical container assembled with a spi
HTH and LTH (A) and the test station for studying heat storage performa

© 2025 The Author(s). Published by the Royal Society of Chemistry
cooling effects were observed during energy discharge, for
example, the heat transfer uid temperature increased and
decreased by only 7.3 °C and 2.4 °C, respectively.

In this study, the coupled LaNi5–La0.6Ce0.4Ni5 is proposed to
operate at a charging temperature of 150 °C and moderate pres-
sure of <30 bar H2. The Peq at 20–30 °C during hydrogen
desorption and absorption on LaNi5 as HTH (2.0 and 3.0 bar,
respectively31) was greater than that of Al-substituted LaNi5 (<0.2
bar).15 The obtained hydrogen pressure during heat charge of
HTHwas enhanced, favoring hydrogen absorption by LTH. Given
that the heat charge and discharge performance likely depends
on the DPeq between HTH and LTH, La0.6Ce0.4Ni5 with a high Peq
for hydrogen desorption and absorption (10 and 30 bar, respec-
tively, at 40 °C 32) was selected as LTH. Furthermore, the thermal
conductivity and hydrogen diffusion in hydride beds during the
heat charge and discharge cycles were improved by doping with
multi-walled carbon nanotubes (MWCNTs).33,34 The thermody-
namic properties of LTH and HTH, their heat charge and
discharge performance, mechanisms, and cycling stability, as
well as the hydrogen content exchange between HTH and LTH
were investigated. Also, the heating and cooling effects obtained
during heat discharge were characterized.
2. Experiments

As-received LaNi5 and La0.6Ce0.4Ni5 (hydrogen storage grade,
Whole Win Materials Sci. & Tech. Co. Ltd, Beijing) were mixed
with 2 wt% MWCNTs (99.99%, Nano Generation Co., Ltd). The
mixtures of LaNi5-MWCNTs and La0.6Ce0.4Ni5-MWCNTs were
ral tube heat exchanger and positions of temperature sensors (TCs) for
nce (B).

RSC Adv., 2025, 15, 21678–21686 | 21679
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activated by hydrogen absorption and desorption at room
temperature (∼25 °C) under vacuum and 40 bar H2. The acti-
vated LaNi5-MWCNTs and La0.6Ce0.4Ni5-MWCNTs were used as
high- and low-temperature metal hydrides, denoted as HTH and
LTH, respectively. The powder samples of HTH (∼0.6 kg) and
LTH (∼0.6 kg) were packed tightly into stainless-steel mesh
cylinders (SS304, no. 120) and placed into cylindrical containers
(packing volume of ∼0.35 mL) equipped with a spiral tube heat
exchanger (Fig. 1(A)).

Powder X-ray diffraction (PXD) experiments were carried out
using a Bruker D2 PHASER with a Cu Ka radiation (l = 0.15406
nm). The powder sample was packed in an airtight sample
holder, covered by a poly(methyl methacrylate) (PMMA) dome
under an N2 atmosphere in a glove box. The spectra were
collected in the 2q range of 10–80° at the scanning step of 0.02°
s−1. The unit cell parameters of all the samples were analyzed
using the TOPAS soware with Le Bail structural renement.

The dehydrogenation kinetics and hydrogen capacities of
HTH and LTH were investigated using a carefully calibrated
Sievert-type apparatus automatically controlled by soware
developed in a LabVIEW® environment (Fig. S1 in ESI†).35–37 The
pressure changes during the experiments were detected by
a pressure transducer (0–3000 psig, an OMEGA Engineering
PX409-3KGI). Dehydrogenation was performed under
isothermal conditions at room temperature (∼25 °C) and
a setting hydrogen ow rate of 2.0 standard L per min (SLM)
controlled by a mass ow controller (MFC, a Bronkhorst EL-
FLOW selected F-201CV). The temperature, pressure, and
mass ow rate proles were collected and transferred to
a computer using an AI2101 module converter datalogger
(Wisco). The volume of hydrogen desorbed (standard L, SL) was
obtained by integrating the peak area under the hydrogen ow
rate (SLM) versus time (min) plot. Number of moles of the
desorbed hydrogen (nH2

) and hydrogen storage capacity were
calculated using the following equations:

VSTP ¼ PsVsTSTP

TsPSTP

(1)

nH2
¼ VSTP

22:4 L mol�1
(2)

H2 capacityðwt%Þ ¼ nH2
� 2:016 g mol�1

sample weight
� 100; (3)

where VSTP (L) and VS (SL) are the volume of hydrogen at the
standard temperature and pressure condition (STP, TSTP =

273.15 K and PSTP = 1.0133 bar) and at the standard condition
of MFC (TS = 296.15 K and PS = 1.0156 bar), respectively. The
standard molar volume is 22.4 L mol−1.

The pressure composition isotherms (PCI) during the dehy-
drogenation of HTH and LTH were recorded using a carefully
calibrated test station controlled by soware developed in the
LabVIEW® environment (Fig. S2 in ESI†).38 The temperature of
the sample holder and furnace during the experiments was
detected using K-type thermocouples (−250 °C to 1300 °C, SL
heater). The pressure changes during dehydrogenation were
recorded using an absolute pressure transducer (0–100 bar,
21680 | RSC Adv., 2025, 15, 21678–21686
a Kistler). Upon dehydrogenation, the hydrogen pressure was
stepwise reduced by 0.2–1 bar per step, and the standard devi-
ation (SD) was set in the range of 0.002–0.01 bar to approach the
equilibrium state. The pressure reduction and SD were
controlled using MFC (a Bronkhorst EL-FLOW High pressure
model F-221M-RAD-22-V). The signals of temperatures, pres-
sures, and mass ow rates were transferred to a computer using
an AI2101 module converter datalogger (Wisco). The pressure
change (DP) in each step was used to calculate number of moles
of the desorbed hydrogen (nH2

) (eqn (4)) and hydrogen capacity
(eqn (3)). The PCI experiments of HTH were performed at 30–
75 °C and 1–20 bar H2, while that of LTH at 30–60 °C and 1–40
bar H2.

(DP)V = nH2
RT (4)

where P and V are hydrogen pressure (bar) and volume of the
system (L), respectively. T, nH2

, and R indicate temperature (K),
moles of hydrogen (mol), and gas constant (0.08314 L bar K−1

mol−1), respectively.
The heat charge and discharge performance and cycling

stability of the coupled LaNi5–La0.6Ce0.4Ni5 for 8 cycles were
investigated using a laboratory test station (Fig. 1(B)). Three K-
type thermocouples were placed in the axial direction of the
HTH and LTH containers (TC1–TC3) to measure the sample
temperatures during heat charge and discharge reaction
(Fig. 1(B)). The pressure changes in HTH and LTH during the
experiments were monitored using pressure transmitters (a
Kistler) with the operating range of 0–50 and 0–35 bar, respec-
tively. The temperature and pressure signals were transferred to
a computer using module data loggers (National Instruments
NI USB-6009 and Wisco AI210). Direct-acting plunger solenoid
valves (Type 0255, a Bürkert) as well as ball and needle valves
(SS316, Swagelok) were used to control the hydrogen ow
direction between HTH and LTH during the heat storage cycles.
Heat charge was done by heating HTH to the set temperature
(Tset) of 150 °C at 1 bar H2. When heat charge was complete,
heat discharge was carried out by cooling HTH to room
temperature and conducting hydrogen desorption and absorp-
tion at LTH and HTH, respectively. Deionized water at room
temperature (25–27 °C) with the ow rate of ∼15–17 L min−1

was used as the heat transfer uid (HTF) for the HTH and LTH
containers. Hydrogen content exchange between HTH and LTH
was recorded using a mass ow meter (MFM) (0–3.0 SLM,
a Bronkhorst EL-FLOW selected F-201CV). Hydrogen volume
(Vs) was obtained by integrating the peak area under the
hydrogen ow rate (SLM) versus time (min) plot. Hydrogen
moles and storage capacities were calculated using eqn (1)–(3).
3. Results and discussion

The phase compositions of the as-prepared samples of HTH
(LaNi5-MWCNTs) and LTH (La0.6Ce0.4Ni5-MWCNTs) were char-
acterized using the PXRD technique. As shown in Fig. 2(A(a and
c)), the PXRD spectra of the as-received LaNi5 and La0.6Ce0.4Ni5
possess diffraction peaks corresponding to the CaCu5-type
hexagonal structure. The diffraction peaks of La0.6Ce0.4Ni5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PXRD patterns (A) of as-received LaNi5 (a), HTH (b), as-received
La0.6Ce0.4Ni5 (c), and LTH (d) and dehydrogenation kinetics of HTH
and LTH (B).

Table 1 Lattice parameters and unit cell volumes of as-received
samples of LaNi5 and La0.6Ce0.4Ni5 as well as HTH and LTH in as-
prepared state and after cycling

Samples

Lattice parameters

Volume (Å3)a (Å3) c (Å)

As-received LaNi5 5.019 3.979 86.797
As-received La0.6Ce0.4Ni5 4.969 3.996 85.441
As-prepared HTH 5.012 3.998 86.980
As-prepared LTH 4.961 3.997 85.190
HTH aer cycling 5.014 3.995 86.970
LTH aer cycling 4.962 3.999 85.260

Table 2 Hydrogen storage capacities and reaction enthalpy (DH) and
entropy (DS) during dehydrogenation of as-prepared HTH and LTH

Samples
H2 storage
capacity (wt% H2)

DH
(kJ mol−1)

DS
(J K−1 mol−1)

As-prepared HTH 1.23 27.3 96.7
As-prepared LTH 1.07 25.5 101.1
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shied to greater 2q values with respect to that of LaNi5, indi-
cating a reduction in its unit cell volume. This is because La in
LaNi5 is partially replaced by Ce with a smaller atomic radius.
Structural renements were carried out to investigate the
changes in lattice parameters and unit cell volumes of the
samples in different states. Fig. S3 in the ESI† reveals the La Bail
structural renements of all the samples, while the lattice
parameters and unit cell volumes are summarized in Table 1.
The renement results show that the unit cell volume of La0.6-
Ce0.4Ni5 (85.441 Å3) is smaller than that of LaNi5 (86.797 Å3)
(Table 1). In the case of the as-prepared HTH and LTH, broader
diffractions than that of the original hydrides (as-received LaNi5
and La0.6Ce0.4Ni5) were observed (Fig. 2(A(b and d))), respec-
tively. This can be explained by the increase in the number of
defects and/or microstrain due to the unit cell expansion and
contraction regularly found aer de-/rehydrogenation upon
activation.37,39 In the structural renement, the unit cell
volumes of the as-prepared HTH and LTH (86.980 and 85.190
Å3) slightly changed with respect to that of the as-received LaNi5
and La0.6Ce0.4Ni5, respectively (Table 1). Moreover, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen capacities and kinetics of HTH and LTH were char-
acterized. Under ambient conditions (T ∼ 25 °C and p(H2)∼1
bar), HTH and LTH released 1.23 and 1.07 wt% H2, respectively,
within 140 min (Fig. 2(B) and Table 2).

According to the de-/rehydrogenation mechanisms (eqn (5)
and (6)), the theoretical hydrogen capacities of LaNi5 and
La0.6Ce0.4Ni5 are comparable at 1.37 wt% H2 and those of the
HTH and LTH containing 2 wt%MWCNTs are 1.34 wt%H2. The
lower hydrogen capacities of HTH and LTH with respect to the
theoretical values might be due to their incomplete activation.
In the case of kinetic properties, the dehydrogenation rate of
LTH is signicantly faster than HTH during 0–60 min
(Fig. 2(B)). Given that the hydrogen capacities of HTH and LTH
are in the comparable range of 1.1–1.2 wt% H2 (Fig. 2(B)), the
weights of the HTH and LTH powder samples packed in the
cylindrical containers are equal (0.6 kg per container).

LaNi5(s)+ 3H2(g) 4 LaNi5H6(s) (5)

La0.6Ce0.4Ni5(s)+ 3H2(g) 4 La0.6Ce0.4Ni5H6(s) (6)

The pressure composition isotherms (PCI) during the dehy-
drogenation of HTH were investigated at 30–75 °C in the pres-
sure range of 1–20 bar H2, while that of LTH was done at 30–60 °
C in the pressure range of 1–40 bar H2. According to Fig. 3, the
equilibrium pressures (Peq) during hydrogen desorption of HTH
are in the range of 2.2–8.9 bar at 30–75 °C, while those of LTH
are 7.7–19.3 bar at 30–60 °C. The reversible hydrogen capacities
of HTH and LTH are in the range of 0.40–1.10 and 0.50–
1.05 wt% H2, respectively (Fig. 3). The obtained Peq of HTH
(LaNi5-MWCNTs) and LTH (La0.6Ce0.4Ni5-MWCNTs) in this
study are in accordance with the Peq of LaNi5 and La0.6Ce0.4Ni5
reported in previous investigations.40,41 Given that the Peq of
LTH is greater than that of HTH, the dehydrogenation kinetics
RSC Adv., 2025, 15, 21678–21686 | 21681
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Fig. 3 Pressure composition isotherms (PCI) during dehydrogenation of HTH and LTH.
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under ambient conditions (T ∼ 25 °C and p(H2)∼1 bar) of LTH
is signicantly faster than that of HTH (Fig. 2(B)). According to
the van't Hoff equation (eqn (7)), the reaction enthalpy (DH) and
entropy (DS) of hydridematerials can be derived from the plot of
ln Peq versus 1/T.42 DH and DS upon the dehydrogenation of
HTH are 27.3 kJ mol−1 and 96.7 J K−1 mol−1, respectively, while
that of LTH are 25.5 kJ mol−1 and 101.1 J K−1 mol−1, respec-
tively (Fig. 4 and Table 2).

ln Peq ¼ �DH

RT
þ DS

R
(7)

where R and T are the gas constant (8.314 J mol−1 K−1) and
temperature (K), respectively.

Furthermore, the heat charge and discharge performance
and cycling stability of the coupled LaNi5–La0.6Ce0.4Ni5 during 8
cycles were investigated. Two cylindrical tanks were packed with
the HTH and LTH powder samples and three temperature
Fig. 4 Van't Hoff plots during dehydrogenation of HTH and LTH.

21682 | RSC Adv., 2025, 15, 21678–21686
sensors (TC1-TC3) were placed in the axial direction of each
tank (Fig. 1(A)). The HTH and LTH-based tanks were assembled
with the test station (Fig. 1(B)). Heat charge was carried out by
dehydrogenating HTH at 150 °C with the hydrogen ow direc-
tion of HTH / LTH. The released hydrogen was absorbed by
LTH at room temperature. When the heat charge at HTH and
hydrogen absorption at LTH were complete, HTH was cooled to
room temperature. Heat discharge was continued by switching
the hydrogen ow direction to LTH / HTH. Both hydrogen
desorption from LTH and hydrogen absorption on HTH were
performed at room temperature. Heating and cooling effects
were obtained from exothermic hydrogenation of HTH and
endothermic dehydrogenation of LTH. The heat charge and
discharge performance as well as cycling stability were charac-
terized by tracking the changes in (i) temperature and pressure
of the HTH and LTH tanks (THTH, TLTH, PH2

-HTH, and PH2-LTH),
(ii) temperature of the heat transfer uid (THTF, deionized water
at 25–27 °C with the ow rate of∼15–17 L min−1), and (iii) mass
ow rate of hydrogen gas (FR-H2) exchange between HTH and
LTH. Fig. 5 shows consistent patterns of temperature, pressure,
and H2-FR upon 8 heat charge and discharge cycles, indicating
the cycling stability of the coupled LaNi5–La0.6Ce0.4Ni5 thermal
storage system. The results during the 5th cycle were selected to
thoroughly study the heat charge and discharge performance
and mechanisms.

During heat charge at 150 °C, the temperature of the powder
at all positions in the HTH tank (TC1–TC3) increased to 109–
150 °C (Fig. 6(A)). The different temperatures observed at TC1–
TC3 of HTH can probably be explained by the temperature
gradient inside the cylindrical tank due to the poor thermal
conductivity of the hydride material. The ne powder of metal
hydrides obtained from mechanical forces due to the lattice
expansion during the hydrogen ab/desorption cycles led to
a dramatic decrease in effective thermal conductivity.43,44

According to Fig. 6(A), the heat charge (or endothermic dehy-
drogenation) of HTH was observed from the slight interruption
during the increase in temperature at TC1 and TC2 (t = 31–31.5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperatures and pressures of the HTH, LTH, and HTF as well
as the hydrogen mass flow rate upon 8 heat charging and discharging
cycles of coupled LaNi5–La0.6Ce0.4Ni5.

Fig. 6 Temperatures of HTH and LTH (A) and pressures, hydrogen
mass flow rate, and temperature of HTF (B) during the 5th heat
charging and discharging cycle of coupled LaNi5–La0.6Ce0.4Ni5.
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h) and reduction in temperature at TC1 and TC3 (t= 31.5–32 h).
The hydrogen gas desorbed from HTH migrates to LTH, in
accordance with the enhancement in H2-FR to 2.5 SLM as well
as PH2-HTH and PH2-LTH to 21–28 and 18–25 bar H2, respectively
(Fig. 6(B)). Exothermic hydrogenation of LTH results in an
increase in the sample temperature in the LTH tank (TC1–TC3)
from room temperature (25–27 °C) to 37–44 °C (Fig. 6(A)).
Meanwhile, deionized water used as the heat transfer uid
(HTF) delivered the heat generated during the hydrogenation of
LTH (THTF-out(LTH) = 35 °C). The heat charge process was
complete within ∼2 h (t = 33 h), as conrmed by the temper-
ature reduction of LTH (TC1–TC3) and HTF (THTF-out(LTH)) to
room temperature. According to the dehydrogenation enthalpy
and entropy of HTH of 27.3 kJ mol−1 and 96.5 J K−1 mol−1,
respectively (Fig. 4) and the Van't Hoff equation (eqn (6)), the
calculated Peq upon hydrogen desorption from HTH at 109–
150 °C detected at TC-TC3 (Fig. 6(A)) is 20.0–46.7 bar H2. In the
case of LTH, Peq upon hydrogen absorption on La0.4Ce0.6Ni5 at
40 °C was∼30 bar H2.32 These values are in accordance with our
results that dehydrogenation of HTH leads to PH2-HTH of up to 28
bar H2, and hydrogenation of LTH (La0.6Ce0.4Ni5-2wt%
MWCNTs) at room temperature (∼25–27 °C) can be accom-
plished at PH2-LTH = 25 bar H2 (Fig. 6(B)). During t = 31–32 h,
exothermic hydrogenation of LTH proceeded rapidly due to the
sufficient pressure, resulting in a signicant enhancement in
© 2025 The Author(s). Published by the Royal Society of Chemistry
FR-H2 = 2.5 SLM, TC1-TC3 of LTH = 37–44 °C, and THTF-out(LTH)

= 35 °C (Fig. 6). Aerward (t = 32–34 h), FR-H2, TC1–TC3 of
LTH, and THTF-out(LTH) decreased drastically. These results
indicate that hydrogen absorption at LTH is impeded due to the
reduction in supplied pressure (PH2-LTH = 18 bar H2). Mean-
while, the high back pressure at HTH (PH2-HTH = 21 bar H2)
probably slows down its hydrogen desorption.

When heat charge nished, HTH and LTH were discon-
nected, and HTH was cooled to room temperature using HTF (t
= 34–35 h). The latter resulted in an enhanced THTF-out(HTH)

from ∼25 °C to 90 °C and reduced PH2-HTH from 21.0 to∼1.0 bar
H2 (Fig. 6(B)). Heat discharge begins with the release of
hydrogen from LTH at room temperature to HTH, corre-
sponding to an increase in FR-H2 to 3.0 SLM. Endothermic
dehydrogenation occurs at LTH, shown as the temperature
reduction of LTH (TC1–TC3) and HTF from room temperature
(∼25 °C) to 14–18 °C and 18 °C, respectively (Fig. 6). Meanwhile,
exothermic hydrogenation at HTH leads to the elevated
temperatures of HTH and HTF to 43–48 °C and 41 °C, respec-
tively. The heating and cooling effects detected during the heat
discharge of the coupled LaNi5–La0.6Ce0.4Ni5 were revealed as
an increase and decrease in the HTF temperatures at HTH (DT
= 16 °C) and LTH (DT = 7 °C), respectively. At ∼25–30 °C, Peq
during dehydrogenation of LTH was 7.7 bar H2 (Fig. 3), and Peq
RSC Adv., 2025, 15, 21678–21686 | 21683
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Fig. 7 Hydrogen contents exchange between HTH and LTH upon 8
heat storage cycles (A) and PXD patterns of HTH (a) and LTH (b) after
cycling (B) of coupled LaNi5–La0.6Ce0.4Ni5.
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during the hydrogenation of LaNi5 was about 3 bar H2.31

According to Fig. 6(B), PH2-HTH and PH2-LTH of 4.0 bar H2 are
comparable and between Peq during the dehydrogenation of
LTH and hydrogenation of HTH (LaNi5-2 wt% MWCNTs). This
encourages their hydrogen exchange reaction. It should be
noted that during heat discharge, not only heat from HTH up to
41 °C (DT = 16 °C) is delivered by HTF but also coolness from
LTH at the lowest temperature of 18 °C (DT= 7 °C) (Fig. 6(B)). At
the comparable charging temperature of 150 °C, the heating
and cooling effects obtained from our study are signicantly
superior to that of the LaNi4.25Al0.75-La0.75Ce0.25Ni5 pair (DT =

7.3 °C and 2.4 °C, respectively).15 Heat discharge was completed
within about 2 h (t ∼ 37.5 h). Given that the thermodynamics
and hydrogen ab/desorption kinetics of HTH and LTH are
compatible, the time for the heat charge and discharge
processes was equal (∼2 h). This probably favors the design of
the coupled LaNi5–La0.4Ce0.6Ni5 thermal storage system for
practical utilization given that an extra unit of HTH or LTH is
not required to optimize the heat charge and discharge rates.

Furthermore, the gravimetric and volumetric energy densi-
ties (Qg and Qv, respectively) during heat charge and discharge
of the coupled LaNi5–La0.4Ce0.6Ni5 were calculated using the
reaction enthalpy and the moles of hydrogen exchanged
between HTH and LTH (eqn (8) and (9), respectively).19,45,46

According to Fig. 7(A) and Table 3, the moles of hydrogen
exchanged between HTH and LTH upon 8 heat charge and
discharge cycles are 2.69 ± 0.03 and 2.65 ± 0.05 mol H2,
respectively. With respect to the weight of the powder samples
in the HTH or LTH container (0.6 kg), these moles of hydrogen
correspond to the storage capacities of 0.90 ± 0.01 and 0.89 ±

0.02 wt% H2, respectively. These hydrogen capacities are
considerably greater than that of the coupled LaNi4.25Al0.75-
La0.75Ce0.25Ni5 (0.42 wt% H2) at the comparable charging
temperature of 150 °C.15 The calculated gravimetric and volu-
metric energy densities during heat charge are 122.40 ± 1.37 kJ
kg−1 and 60.00 ± 0.65 kW h m−3, while that during heat
discharge are 120.60 ± 2.30 kJ kg−1 and 57.10 ± 1.10 kW hm−3,
respectively (Table 3). The consistent moles of hydrogen
exchanged between HTH and LTH indicate the cycling stability
of the coupled LaNi5–La0.6Ce0.4Ni5 upon cycling. The obtained
volumetric and gravimetric energy densities of the coupled
LaNi5–La0.6Ce0.4Ni5 from our study (up to 122 kJ kg−1 and 60
kW h m−3, respectively) are comparable to that of the coupled
LaNi4.65Sn0.35-MmNi4.6Al0.4 (129 kJ kg−1)30 and LaNi4.7Al0.3-
LaNi5 (56 kW h m−3).29

Qg ¼ nH2
DHR

mHTH

(8)

Qv ¼ nH2
DHR

Vp

(9)

where nH2
, DHR, and mHTMH are moles of hydrogen exchanged

between HTH and LTH during heat charge and discharge,
reaction enthalpy of HTH (27.3 kJ per mol H2 or 7.58 W h
per mol H2 according to Fig. 4 and Table 2), and mass of HTH
powder sample (0.60 kg), respectively. Vp is a packing volume of
the HTH container (3.5 × 10−4 m3).
21684 | RSC Adv., 2025, 15, 21678–21686
Compared to the full hydrogen capacities of HTH and LTH of
1.23 and 1.07 wt% H2, respectively (Fig. 2(B) and Table 2), the
hydrogen content participating in the heat exchange reaction is
up to 73% and 84% of the full capacities of HTH and LTH,
respectively. This decient hydrogen capacity might be attrib-
uted to the limited hydrogen content released from HTH and
absorbed by LTH during heat charge due to the saturation of
hydrogen pressure at t = 32.5–34 h (Fig. 6(B)). This can be
explained by the fact that PH2-HTH (21 bar H2) is likely greater
than Peq for the dehydrogenation of HTH, while PH2-LTH (18 bar
H2) is probably lower than Peq for the hydrogenation of LTH.
Thus, the dehydrogenation of HTH and hydrogenation of LTH
are limited. The performance and energy densities during heat
charge and discharge of the coupled HTH–LTH can be
enhanced by selecting hydride pairs with greater DPeq. Never-
theless, the latter might lead to the elevated charging temper-
ature of HTH to provide sufficient pressure for hydrogen
absorption on LTH. Further studies based on multiple-stage
hydrides with compatible Peq and hydrogen de/absorption
kinetics should be considered to reduce the charging temper-
ature. Aer 8 heat charge and discharge cycles, the phase
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydrogen flow direction and hydrogen contents exchange between the HTH and LTH as well as gravimetric and volumetric energy
densities during heat charge and discharge

Reactions H2 ow direction

Hydrogen moles and
capacities exchange between
HTH and LTH

Gravimetric energy
density (kJ kg−1)

Volumetric energy
density (kW h m−3)

Heat charge HTH / LTH 2.69 � 0.03 mol H2 (0.90 �
0.10 wt% H2)

122.40 � 1.37 60.00 � 0.65

Heat discharge HTH ) LTH 2.65 � 0.05 mol H2 (0.89 �
0.02 wt% H2)

120.60 � 2.30 57.10 � 1.10
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compositions of HTH and LTH were investigated. According to
Fig. 7(B), the diffraction patterns of HTH and LTH show the
characteristic peaks of LaNi5 and La0.6Ce0.4Ni5, respectively.
Concurrently, the unit cell volumes of HTH and LTH aer
cycling (86.970 and 85.260 Å3, respectively) were comparable to
that of the as-prepared HTH and LTH (Table 1). The maintained
diffraction results upon cycling of the HTH and LTH powder
samples indicate the stability of these hydrides upon heat
charge and discharge cycles. This is in accordance with their
preserved hydrogen contents and energy densities upon cycling
(Fig. 7(A)).
4. Conclusions

The heat charge and charge performance, mechanisms, and
reversibility as well as energy densities of the coupled LaNi5–
La0.6Ce0.4Ni5 were investigated. LaNi5 with a lower equilibrium
pressure and higher reaction enthalpy was used as a high-
temperature hydride (HTH) for heat storage, while La0.6Ce0.4-
Ni5 acted a low-temperature hydride (LTH) and hydrogen
reservoir. MWCNTs (2 wt%) were added to HTH and LTH for
enhancing the thermal conductivity and hydrogen diffusion in
the hydride beds. The powder samples were packed into the two
connected cylindrical containers mounted with a spiral heat
exchanger. The sample mass and the packing volume of each
container were 0.6 kg and 0.35 L, respectively. During heat
charge at 150 °C, the obtained hydrogen pressure at HTH of up
to 28 bar was sufficient to accelerate hydrogen absorption on
LTH. In the case of discharge, LTH with a higher Peq released
hydrogen up to 4 bar at room temperature and HTH concur-
rently reabsorbed the hydrogen. The heating and cooling effects
achieved during energy discharge were observed from the
elevated and reduced temperatures of the heat transfer uid at
HTH (DT = 16 °C) and LTH (DT = 7 °C), respectively. According
to the compatible thermodynamics and kinetics of these
hydrides, the reaction times during heat charge and discharge
were comparable at ∼2 h. The gravimetric and volumetric
energy densities during heat charge were 122.40 ± 1.37 kJ kg−1

and 60.0 ± 0.65 k Wh m−3, while that during heat discharge
were 120.60 ± 2.30 kJ kg−1 and 57.10 ± 1.10 kW h m−3,
respectively. The phase compositions of both hydrides were
preserved upon 8 heat storage cycles, and the hydrogen
contents exchanged between HTH and LTH of ∼2.70 mol H2 or
0.9 wt% H2 were consistent. These results indicated the cycling
© 2025 The Author(s). Published by the Royal Society of Chemistry
stability of the coupled LaNi5–La0.6Ce0.4Ni5 thermal storage
system.
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