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The magnetic properties of a series of Ln(OH)s (where Ln = Gd—-Er) coordination polymer materials have
been examined to evaluate their potential as magnetocaloric materials. Dy(OH)s was found to exhibit an
impressive magnetic entropy change of 33.4 J kg™* K™ at 12 K for a magnetic field change of 5-0 T,

based on magnetisation measurements. Further magnetic heat capacity analysis indicated a maximum
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Accepted 17th November 2023 adiabatic temperature change of 8.4 K at 22.7 K. The favourable magnetocaloric parameters obtained for
Dy(OH)s demonstrated its effectiveness to act as a magnetic cooling material for hydrogen liquefaction,

DOI: 10.1035/d3ta05358) since the boiling point of hydrogen aligns well with the temperature for peak magnetocaloric
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Introduction

Low temperature cooling capabilities are essential for a number
of diverse applications such as quantum computing, spin-
tronics and medical imaging techniques that require cooling to
temperatures well below 80 K.'* Underlying these applications
is the dependence on liquid cryogens, particularly liquid
helium, an expensive and finite resource.* One specific appli-
cation that requires cooling to these temperatures is hydrogen
liquefaction, in which gaseous hydrogen is condensed to its
liquid state by cooling to 20.15 K before the resulting liquid
hydrogen is stored in pressurised, thermally insulated
containers. This greatly increases the storage density of the fuel
key to employing the hydrogen economy to decarbonise modern
society, enabling more efficient hydrogen storage and trans-
port.>® Due to the very low boiling point of hydrogen, lique-
faction processes typically require the use of cryogens and
a series of heat exchangers to condense the gas to its liquid
state, the end result being an extended and energy-intensive
process.”

An alternative to cryogen-assisted hydrogen liquefaction is
that of a magnetocaloric-based liquefaction system in which
magnetic materials utilising the magnetocaloric effect cool the
feed gas to below the boiling point of liquid hydrogen; this
would involve either using a sequence of magnetocalorics to
cool from 77 K to 20 K or combining magnetocalorics with
a cryocooler, whose efficiencies increase significantly towards
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performance of Dy(OH)s for high field changes.

the higher part of this temperature range.*** This avoids the
need for using liquid helium for low-temperature cooling and is
more efficient than using a purely cryocooler-based system. The
magnetocaloric effect refers to low temperature cooling ob-
tained by placing paramagnetic materials in a cycled magnetic
field to facilitate an entropically driven solid-state cooling
process.”” The advantage of such magnetic refrigeration is the
renewable and recyclable nature of the working material and
elimination of the need for expensive and non-renewable
helium as a refrigerant leading to much interest in magneto-
caloric materials from both fundamental**® and applied
perspectives.'®” Previously reported magnetocaloric materials
have attained 60% of the ideal (Carnot) efficiency,'® but further
improvements are required in the design and development of
magnetocaloric materials before they can be employed as
a practical alternative to conventional cryogen-based cooling
methods. In order to maximise cooling efficiency, magneto-
caloric materials must satisfy a number of design parameters,
namely a dense structure with a high concentration of magnetic
cations and large increases in magnetisation at low applied
fields.

One class of materials capable of satisfying these require-
ments are coordination polymer materials in which small
inorganic ligands, such as carbonates™ or hydroxides,* or
simple organic ligands such as formate® or oxalate** can be
used to synthesise structurally dense materials with a high
concentration of magnetic ions.**** Gd-based materials are the
most heavily studied among magnetocalorics due to their high
S = 7/2 spin number that leads to large magnetic entropy
changes with the predicted maximum change given by nR In(2S
+1). Despite this, the majority of Gd-based magnetocalorics are
optimised for operation at ~2 K where, although magnetic
entropy changes of 42.8-66.4 ] kg~ ' K~ ' have been reported,>’

This journal is © The Royal Society of Chemistry 2023
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increases in temperature lead to rapid decreases in magneto-
caloric efficiency. Recently however, a number of materials have
been reported that retain promising magnetocaloric properties
up to 10 K through exploiting magnetic frustration arising from
1D chains of Ising spins within the crystal structure.'*$-*

Currently, materials that maintain favourable magneto-
caloric properties at temperatures above 10 K are much less
common. In most cases, magnetic entropy changes and hence,
magnetocaloric performance, decrease with increasing
temperature. Despite this, several examples of favourable
magnetocaloric performance at higher temperatures have been
reported, such as GdCrO, which shows a maximum magnetic
entropy change of 29.0 ] kg™ K™ ' at 22 K for a field change of 9-
0 T (ref. 36 and 37) and GdCo,B, which undergoes a maximum
change of 21.5 ] kg™ K" at 25 K for a field change of 7-0 T,*®
while entropy changes of between 15 and 20 J kg ' K" at ~20 K
have been observed for similarly large field changes in other
materials.***> Several classes of materials such as various high
entropy transition metal alloys and intermetallic RECo,,Bs
(where RE = Ce, Pr, Nd) materials have also achieved more
modest magnetic entropy changes at temperatures ranging
from 210 to 420 K (ref. 43 and 44) and 50-200 K (ref. 45)
respectively. Compared to the high performance achieved at
lower temperatures using more modest applied fields, this still
leaves great scope for new magnetocaloric materials develop-
ment at higher temperatures.

Ln(OH); coordination polymer materials are ideal candi-
dates for high temperature magnetocaloric studies. They form
in well characterised 3D hexagonal structures,*® in which simple
hydroxide ligands enable high magnetic density, and they have
magnetic properties*’~*° that are favourable to magnetocaloric
performance at higher temperatures. The Ln(OH); series is
known to crystallise as dense, 3D structures with hexagonal 1D
channels (Fig. 1b). The nine-coordinate Ln(m) ions (Fig. 1a) are
bridged by p;-OH™ ligands to form chains of face-sharing
polyhedra (Fig. 1c) along the c-axis that are connected in an
edge-sharing fashion within the ab-plane.

a)

Fig. 1 Crystal structure of Gd(OH)s showing (a) the nonacoordinate
Gd(m) ion, (b) the hexagonal channels viewed down the c-axis and (c)
1D chains of Gd(i) face-sharing polyhedra. Atom labelling: Gd =
purple and O = red. The hydrogen atoms have been omitted for clarity.
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Ln-O bonds range from 2.437(8) and 2.452(14) A in Gd(OH);
to 2.402(4) and 2.439(6) A in Er(OH); with the associated
magnetic superexchange angles (Table S17) similarly ranging
from 95.4(4)° and 112.4(4)° in Gd(OH); to 94.45(17)° and
111.94(11)° in Er(OH);, which gives the possibility of ferro-
magnetic coupling for the heavier lanthanides with Ising like-
spins.*® Consistent with this, while Gd(OH); is known to order
antiferromagnetically at 1.7 K (ref. 20) and Er(OH); to remain
paramagnetic down to 1.2 K,* the Tb, Dy and Ho analogues
demonstrate ferromagnetic ordering with reported ordering
temperatures of 3.7, 3.5 and 2.5 K,* respectively. These
previous studies have also described the Ising-like spin behav-
iour of the Tb, Dy and Ho materials in which the spins are
aligned along the c-axis with dominant interactions between
adjacent Ln chains, properties favourable to the design of
magnetocaloric materials.

Here, we examine the magnetocaloric properties of the
Ln(OH); (Ln = Gd-Er) series of materials, using magnetisation
and magnetic heat capacity methods to calculate the magnetic
entropy and adiabatic temperature changes. Notably, while
Tb(OH); and Ho(OH); maintain respectable performance over
a 4-20 K temperature range, Dy(OH); shows an even larger
magnetic entropy change of 28.0 J kg™ K" at 20 K for a 5-0 T
field change. To the best of our knowledge, this material
displays the largest entropy change reported for a magneto-
caloric per weight at 20 K for this field change. The material also
demonstrates an excellent adiabatic temperature change,
—AT,q, of 8.4 Kat 22.7 K for a 5-0 T field change, which is higher
than those reported for other magnetocaloric materials such as
ErCo,Nig 1,Alj o3 (ref. 51) and GdCrO,.*” Given its performance,
Dy(OH); is a viable magnetocaloric cooling material for cooling
at the relatively high temperature of 20 K for use in applications
such as the final stage of a magnetocaloric based hydrogen
liquefaction system.

Results and discussion
Synthesis and structure

Polycrystalline samples of the five Ln(OH); materials were syn-
thesised using a hydrothermal reaction of the chosen
Ln(NO);-xH,0 and 20 M NaOH solution which was heated at
200 °C in a sealed reaction vessel for 72 h. Powder X-ray
diffraction analysis (Fig. S1-S51) of the resulting solids
confirmed the Gd, Tb, Dy, Ho and Er phases were all consistent
with the previously reported hexagonal P6;/m Ln(OH);
structures.**

Magnetic susceptibility and magnetisation

The magnetic susceptibility properties of the Ln(OH); series
were characterised using SQUID magnetometry over a 1.8-300 K
temperature range under an applied field 1000 Oe (see ESIf for
experimental details). The magnetic susceptibility of the Gd and
Er materials did not show any indications of long-range
magnetic ordering down to 1.8 K while field cooled and zero
field cooled susceptibility measurements of the Tb, Dy and Ho
phases diverge at low temperatures, consistent with the
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Table 1 Magnetic properties of the Ln(OH)s series where high
temperature Curie—Weiss fits were performed over a temperature
range of 100-300 K

Expected werr High-T  High-T  Low-T  Low-T Low-T
Ln  (us) Ocw (K)  perr (up)  fit (K)  Oew (K)  pesr (1)
Gd 7.94 —1.10 7.62 10-50 —1.83 7.63
Tb 9.72 20.15 9.51 10-50 0.97 10.75
Dy  10.65 19.60 10.62 10-50  5.08 11.33
Ho 10.60 —2.55 10.40 20-50 —1.69 10.26
Er 9.58 3.67 9.58 18-50  —8.95 10.32

ferromagnetic ordering previously reported for these materials
(Fig. S6-5101).**° In order to identify the type of magnetic
interactions present in these materials, the inverse suscepti-
bility was fitted using the Curie-Weiss law (Fig. S11-S15%). The
data was not fitted over the full 1.8-300 K temperature range, as
the inverse susceptibility of the Tb-Er containing materials
began to deviate from linearity at lower temperatures, likely in
part due to crystal field effects. Instead, fits were carried out over
both a high temperature range, where quenching of the orbital
angular momentum by the weak crystal field of the lanthanides
should not be significant, and a narrow low temperature range
in which local linearity of the inverse susceptibility was main-
tained, which might be expected to give a better indication of
the strength of magnetic interactions at these temperatures.
The resulting Weiss temperatures, fcw, obtained from fitting
the Curie-Weiss law (Table 1), indicated the presence of ferro-
magnetic interactions in the Tb(OH); and Dy(OH); materials
while the Weiss temperature of Gd(OH); was consistent with
antiferromagnetic interactions; the results obtained for the Gd,
Tb and Dy phases are consistent with their ordered states at low
temperatures.*’*° Surprisingly the fcw of Ho(OH); is weakly
negative over both temperature ranges, despite its ferromag-
netic ordered state,’® while the fcw of Er(OH); changes from
3.67 K for the higher temperature fit to —8.95 K for the lower
temperature fit. This may be a result of these materials having
the highest orbital angular moments of the series and therefore
being the most strongly influenced by crystal field effects.>
Isothermal magnetisation measurements at 4 K (Fig. 2)
revealed that the Tb, Dy and Ho materials underwent rapid
magnetisation at low fields with only minor increases in mag-
netisation observed beyond an applied field of 20 kOe. In
contrast, the Gd and Er phases displayed much more gradual
magnetisation behaviour with saturation unobserved even at
the maximum applied field of 50 kOe, consistent with strong
antiferromagnetic interactions. The rapid increases in the
Tb(OH);, Dy(OH); and Ho(OH); magnetisation with magnetic
field at low temperature (Fig. S16-S201) were attributed to
ferromagnetic interactions allowing easy alignment with the
applied field. This is supported by the y\T data (Fig. S21-S257)
which all show sustained increases in xy7 on cooling to near 4
K before decreasing below about 3 K. This indicates the onset of
a ferromagnetic transition near 4 K, consistent with previous
reports.””** The influence of strong antiferromagnetic interac-
tions contributing to the gradual magnetisation of the Gd(OH);
and Er(OH); is also consistent with the temperature
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Fig. 2 Isothermal magnetisation curves of the Ln(OH)s series at 4 K.

dependence of xyT, which decreases monotonically below 100
K in these materials.

Previous single crystal studies of the magnetic properties of
lanthanide hydroxide materials have characterised the
magnetic interactions of the Tb, Dy and Ho phases as indicative
of anisotropic Ising-type systems, with spins aligned parallel to
the c-axis and the dominant interactions found between linear
chains of Ln nearest-neighbours.*””*>** In comparison, the
magnetic interactions of the Gd material are more consistent
with a Heisenberg spin system characterised primarily by
nearest-neighbour interactions within Gd chains and weak
coupling between the chains, although non-trivial magnetic
dipole interactions are also suggested to be present.*®

Using the Maxwell relation, AS,,,(T) = [[0M(T, B)/dT]dB, the
magnetocaloric properties of the Ln(OH); series were evaluated
by their magnetic entropy changes (Table 2) between 4 and 20 K
and magnetic field changes of 1-0 and 5-0 T. The maximum
entropy change, —ASH** of the series at 4 K for a 1-0 T field
change (Fig. 3a) was 20.3 kg~ ' K" measured in Tb(OH);, while
Gd(OH); showed the smallest —ASm™ of the series at 3.9 J kg™
K~ '. The magnetic entropy changes for the Tb, Dy and Ho
materials were characterised by rapid decreases with increasing
temperature, consistent with the loss of spin alignment with the
applied field due to increasing thermal fluctuations. The
magnetic entropy changes for a 2-0 T field change (Fig. S26,
Table S21) for Tb and Ho also began decreasing with increasing
temperature after 4 K while the Dy phase only underwent an
incremental increase of 0.7 ] kg~' K '. Notably Dy(OH);
underwent a slight increase to reach a —ASp ™ of 23.8 J kg™ K"
at 7 K before reaching a minimum of 9.1 J kg~" K" at 20 K,
substantially higher than that observed at 20 K for AB=1-0 T
(¢f 2.7 kg ' K.

In contrast to the performance at low fields, at high fields
(Fig. 3b) the Gd(OH); material displayed the largest magnetic
entropy change of the series, with a —ASp™ of 43.7 J kg™ K" at
4 K followed by sustained decreases with increasing tempera-
ture. This is consistent with previous studies that reported

This journal is © The Royal Society of Chemistry 2023
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Table 2 Maximum entropy changes (—ASm™) and peak temperatures (Tmax) of the Ln(OH)s series at different field changes

AB=10T AB=50T
Ln Tinax (K) —ASE™ (J kg ' KT —ASE™ (mJ em P KY) Trnax (K) —ASE™ (J kg 'K —ASE™ (mJ em P KY)
Gd 4 3.9 21.1 4 43.7 239.9
Tb 4 20.3 113.4 5 26.8 150.0
Dy 4 19.4 112.4 12 33.4 193.4
Ho 4 17.5 103.8 9 28.7 170.5
Er 4 5.5 33.3 4 26.5 161.6

a maximum magnetic entropy change of 50.1 ] kg™ ' K™ * for the
Gd(OH); phase at 2 K and AB = 7-0 T.*° The Er(OH); material
showed similar decreases with temperature in its magnetic
entropy change with a maximum of 26.5 J kg™ K ' at 4 K fol-
lowed by continued decreases with increasing temperature.

Unusually, the magnetic entropy changes for AB = 5-0 T of
Dy(OH); and Ho(OH); initially rise with increasing temperature,
reaching a maximum of 33.4 J kg™ ' K~ "and 28.7 J kg™ ' K " at 12
and 9 K respectively. Tb(OH); also showed a gradual decrease in
entropy change up to 20 K such that its values for 5-0 T field
changes at this temperature are comparable to Dy(OH); and
Ho(OH);, with all of these above 20 J kg™ K™'. We anticipate
that this likely stems from the ferromagnetic correlations
within the paramagnetic phase of these materials as previously
established for the ferromagnetic Ising chains in A(HCO,); (A =
Tb and Ho) and BOHCO; (B = Tb and Dy) with the higher
temperature scale in these hydroxides resulting from the
stronger magnetic interactions within them.'*?!3%47:49,5054
Future studies of the hydroxides using modern neutron
diffractometers to establish if they have magnetic diffuse scat-
tering at these temperatures are needed to confirm this
hypothesis.

Of the Ln(OH); phases, Dy(OH); has the most significant
performance at temperatures that could be used for hydrogen
liquefaction, retaining a value of 28.0 J kg~ ' K~ ' (162.0 mJ cm >
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Fig. 3 Magnetic entropy changes of the Ln(OH)s series for (a) AB = 1-

volumetric entropy units respectively.

This journal is © The Royal Society of Chemistry 2023

K ') at 20 K. Additional measurements were made to higher
temperatures, which showed that a magnetic entropy change of
16.0 J kg~ K~' was obtained even at 28 K. To the best of our
knowledge, the highest performing magnetocaloric materials at
around 20 K that have previously been reported are GdCrO, and
GdCo,B,, which for a field change of 5-0 T have a —AS,** of 18.8
Jkg 'K ' (101.0 mJ em * K ')*** and 17.1J kg™ K~ ' (138.3 m]
em® K')*® at 22 K and 25 K, respectively. In terms of volu-
metric entropy changes, the (Er,R; ,)Co, (R = Dy, Ho) series of
materials® are also known to undergo large changes of >200 m]J
em™® K, the magnitude and temperature range (20-80 K) of
which can be further tuned via transition metal doping.>* It
should be noted, however, that while these materials have very
large volumetric entropy changes due to their high densities,
their mass entropy changes are considerably smaller than
Dy(OH); due to their much heavier formula unit.

Heat capacity and adiabatic temperature change

To investigate the entropy change of the Dy(OH); material
further, heat capacity measurements of the polycrystalline
sample were obtained over an applied field range of 5-0 T (see
ESIT for further details). At zero applied field, a large spike is
observed in the specific heat capacity, Cp, at 3.41 K (Fig. 4a)
which was attributed to a ferromagnetic phase transition in line

50 Gd 276
- 260
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Fig. 4
capacity data for field changes up to AB=5-0T.

with previously reported data.*® Consistent with this, increases
in applied field strength led to a broadening of the transition
peak while the transition temperature remains approximately
constant. Integration of the heat capacity data, combined with
a direct magnetocaloric measurement performed at 3 K (see
ESIT), allowed the derivation of the total entropy from the
thermodynamic measurements (Fig. S27t) and the magnetic
entropy changes up to AB = 5-0 T (Fig. 4b).

The temperature dependence of the magnetic entropy
change obtained directly from the thermodynamic measure-
ments is in line with that calculated indirectly from the mag-
netisation data, such that the maximum entropy change is
shifted to higher temperatures with increasing magnetic field
strength (Table S31). For AB=1-0T,a —ASm™ 0of 15.6 kg ' K"
(90.6 mJ em > K~ ') was calculated at 3.6 K while, for AB=5-0T,
a much higher —AS|™ of 28.4 J kg™ ' K" (164.3 mJ cm > K ")
was obtained at 11.2 K. Despite the magnitude of the magnetic
entropy changes calculated from both the magnetisation and
heat capacity being consistent, a reduction of ~15% was
observed in entropy changes determined from the heat capacity
measurements relative to those determined from the magnet-
isation data (28.4 vs. 33.4] kg~ ' K" respectively for AB = 5-0 T).
This apparent discrepancy may be attributed to the crystallites
of the heat capacity sample deviating from 100% alignment
with the magnetic easy axis (the c-axis), thus leading to the
observed decrease in magnetic entropy change due to the
higher fields required to magnetise the crystallites that deviate
from alignment with the easy axis. This assumption is not
unreasonable given the polycrystalline nature of the sample and
known magnetic anisotropy of Ln(OH); materials. Correlations
between magnetic entropy changes, sample alignment and
applied magnetic field directions have previously been reported
in materials with strong magnetic anisotropy.”**® Regardless of
the field change applied —AS,, decreases rapidly below 3.5 K, as
would be anticipated since the emergence of long range
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(a) Specific heat capacity of Dy(OH)s at applied fields of between 0 and 5 T and (b) magnetic entropy changes determined from heat

ferromagnetic order will greatly decrease the entropy change
under applied fields.

The thermodynamic data also allowed the adiabatic
temperature change (—AT,q) of Dy(OH); the temperature
change the material experiences when switching off the applied
magnetic field under adiabatic conditions, to be calculated.
This is determined directly from Fig. S277 as the temperature
change at constant entropy between difference field curves. As
with the magnetic entropy change, —AT,q was found to have
a strong magnetic field dependence (Fig. 5) with the maximum
—AT,q shifting to higher temperatures with increasing
magnetic field strength (Table S4%). At a low field change of AB
= 1-0 T, the maximum —AT,q4 of 3.1 K was obtained at 6.8 K,
while for a high field change of AB = 5-0 T, the maximum —ATyq
of 8.4 K was shifted to the far higher temperature of 22.7 K. In
principle, this means that when held under a 5 T field at 22.7 K,

—1-0T

-AT_, (K)

0 T T T T T
5 10 15 20 25 30

Temperature (K)

Fig. 5 Adiabatic temperature changes of Dy(OH)s for magnetic field
change up to AB=5-0T.

This journal is © The Royal Society of Chemistry 2023
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removing the field will cause the material to cool by 8.4 K to 14.3
K. The —AT,q4 of Dy(OH); is particularly promising compared to
other materials that exhibit high AT,4 near 20 K for a similar 5-
0 T field change e.g. about 6.5 K for ErCo; gNig 17Alp 03,* 7 K for
GdCo,B, (ref. 38) and 8 K for GdCrO,4,*” amongst others (Table
S57).

This result again demonstrates the potential for the Dy(OH);
material to act as a viable magnetocaloric at elevated tempera-
tures, particularly for hydrogen liquefaction applications as
both the Dy(OH); —AT,q and —ASy** parameters at high field
changes show favourable performance near the boiling point of
hydrogen.

Conclusions

This study has examined the magnetic and magnetocaloric
properties of five Ln(OH); materials (where Ln = Gd-Er) over
a temperature range from 2 to 25 K. For low magnetic field
changes, AB = 1-0 T, the magnetic entropy changes calculated
from magnetisation measurements show Tb(OH); and Dy(OH);
to be far superior than Gd(OH); despite their fewer unpaired
spins, with the —AS™ of 20.3 J kg™! K™ calculated for the Tb
material at 4 K which is over five times greater than the
—ASY™ of 3.9 ] kg™ ' K for GA(OH); at the same temperature.
At high field changes, AB = 5-0 T, however, Dy(OH); demon-
strated superior performance over a much wider temperature
range compared to the other members of the series with
a —ASqH™ that first increases with increasing temperature from
249] kg 'K 'at4 Kto33.4]kg 'K 'at12 K then gradually
decreases beyond this such that a —AS,, of 16.0 J kg~" K" is
retained at 28 K.

The magnetocaloric properties of the Dy(OH); material were
examined further using thermodynamic measurements with
a high field —AS,,™* of 28.4 J kg™ K™ " at 11.2 K recorded. The
adiabatic temperature change was also determined from the
heat capacity analysis with an —AT,q of 8.4 K at 22.7 K deter-
mined for a AB = 5-0 T field change, significantly higher than
the —AT,q4 of 3.1 K obtained for a field change of AB = 1-0 T.
This demonstrates Dy(OH); as a promising magnetocaloric that
can achieve a large temperature change around 20 K.

Given the favourable magnetocaloric properties, determined
from both direct and indirect measurements, the potential for
the Dy(OH); material to be employed as a magnetic cooling
material for moderate temperature applications has been
demonstrated. One such application is in the hydrogen lique-
faction process, as the boiling point of hydrogen (20.15 K) aligns
well with the optimum magnetocaloric parameters determined
for Dy(OH); in this study making it very promising for the final
stage of a magnetocaloric based liquefaction system.
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