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Abstract
Lithium aluminum chloride layered double hydroxide ([Li-Al-Cl] LDH) sorbents selectively re-

cover lithium from geothermal brines, paving the way for increased domestic production of lithium 
for rechargeable batteries. In this work, cryogenic heat capacity measurements (CP) were performed 
from 1.8 to 300 K on several undoped and Fe-doped [Li-Al-Cl] LDH samples with a generalized 
compositions Li1–xAl2(OH)6Cl1–x (undoped) and LixFeyAl2–y(OH)6Clx (Fe-doped). Thermodynamic 
functions were generated from these measurements, and values of S°298.15 are reported based on both 
the CP measurements and configurational entropy (S°config) arising from positional disorder in the lay-
ered structure. These results are combined with previous enthalpy of formation (ΔH°f ) measurements 
to calculate the Gibbs energy of formation (ΔG°f ) for the samples. In these samples, a higher water 
content results in a less negative ΔG°f  when doped and undoped samples are considered separately. 
Limited iron substitution for aluminum results in the most negative ΔG°f , but a larger dopant amount 
destabilizes the LDH structure. One of the samples had an anomaly in the heat capacity from 210 to 
300 K, which is likely related to the movement of water in the structure due to the large H2O/Cl− ratio 
and the presence of vacancies in the interlayer where H2O resides. This indicates that the interactions 
between these species in the interlayer play an important role in stabilizing the LDH structure, and 
this effect should be further studied using different water/anion ratios.
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Introduction
As lithium-ion batteries become increasingly prevalent in 

technology, novel methods of lithium extraction are needed to 
meet the increasing demand for lithium (Grosjean et al. 2012). 
Lithium has typically been obtained through mining lithium ores, 
and there are continuing efforts to develop simple and inexpen-
sive methods for the recovery of lithium from natural sources. 
Researchers are beginning to explore the possible extraction of 
lithium from aqueous sources such as geothermal brines because 
these natural sources contain an almost unlimited supply of 
lithium, albeit in low concentrations (Li et al. 2018). A variety 
of sorbent materials with ion exchange properties are currently 
under investigation for use in lithium extraction (Ventura et al. 
2018). Any viable sorbent must show a high selectivity for Li+ 
over Na+ and K+, as both are more abundant than Li+ in these 
brines (Paranthaman et al. 2017). Layered double hydroxides 
containing lithium and chloride, denoted as [Li-Al-Cl] LDHs, 
are potential materials for Li+ ion capture because of their strong 
preference for lithium over larger alkali ions, low cost, environ-
mental friendliness, potential scalability, and easy regeneration 
(Paranthaman et al. 2017).

LDHs are anionic clays with a structure derived from alu-
minum hydroxide Al(OH)3. The Al(OH)3 structure comprises 

closely packed hydroxyl ions in which 2⁄3 of the octahedral 
sites in alternating layers are occupied by Al3+ ions, resulting 
in a stacking of charge neutral layers having the composition 
[Al2/31/3(OH)2] ( = cation vacancy). In [Li-Al-Cl] LDHs, 
Li+ fills these vacancies and gives rise to positively charged 
layers having the composition [Al2/3Li1/3(OH)2]1/3+ (Poeppel-
meier and Hwu 1987). To restore charge neutrality, anions are 
incorporated in between these metal-hydroxide layers into an 
interlayer along with water. This yields a class of Al(OH)3-based 
LDHs with general formula [LixAl2(OH)6][An−]x/n·mH2O (x ≤ 1), 
where the An− may be OH−, Cl−, Br−, CO3

2−, NO3
−, SO4

2−, and so 
on (Paranthaman et al. 2019; Serna et al. 1982). Unlike in II-III 
LDHs, where cation ordering was corroborated only recently by 
experimental evidence and structure refinements (Jayanthi and 
Kamath 2013, 2016; Jayanthi et al. 2015; Radha et al. 2014), there 
is abundant evidence from laboratory and synchrotron powder 
X-ray diffraction (Thiel et al. 1993), neutron powder diffraction 
(Besserguenev et al. 1997), and 14Al MAS NMR spectra (Hou 
and Kirkpatrick 2001) indicating that [LiAl2(OH)6]+ units have an 
ordered array of cations in the metal-hydroxide layer. [Li-Al-Cl] 
LDHs have, therefore, a generalized formula of LixAl2(OH)6Clx 
where 0 < x < 1. [Li-Al-Cl] LDHs can also be doped with Fe3+ if 
they are synthesized in the presence of goethite. The generalized 
formula of these doped LDHs is LixFeyAl2-y(OH)6Clx.

[Li-Al-Cl] LDH is the only material in the LDH family 
in which delithiation was found to occur (Hou and Kirkpat-
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