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ABSTRACT: Lithium aluminum layered double hydroxide chlorides
(LADH-Cl) have been widely used for lithium extraction from brine.
Elevation of the performances of LADH-Cl sorbents urgently requires
knowledge of the composition−structure−property relationship of LADH-
Cl in lithium extraction applications, but these are still unclear. Herein,
combining the phase equilibrium experiments, advanced solid character-
ization methods, and theoretical calculations, we constructed a cyclic work
diagram of LADH-Cl for lithium capture from aqueous solution, where the
reversible (de)hydration and (de)intercalation induced phase evolution of
LADH-Cl dominates the apparent lithium “adsorption−desorption”
behavior. It is found that the real active ingredient in LADH-Cl type
lithium sorbents is a dihydrated LADH-Cl with an Al:Li molar ratio varying from 2 to 3. This reversible process indicates an ultimate
reversible lithium (de)intercalation capacity of ∼10 mg of Li per g of LADH-Cl. Excessive lithium deintercalation results in the
phase structure collapse of dihydrated LADH-Cl to form gibbsite. When interacting with a concentrated LiCl aqueous solution,
gibbsite is easily converted into lithium saturated intercalated LADH-Cl phases. By further hydration with a diluted LiCl aqueous
solution, this phase again converts to the active dihydrated LADH-Cl. In the whole cyclic progress, lithium ions thermodynamically
favor staying in the Al−OH octahedral cavities, but the (de)intercalation of lithium has kinetic factors deriving from the variation of
the Al−OH hydroxyl orientation. The present results provide fundamental knowledge for the rational design and application of
LADH-Cl type lithium sorbents.
KEYWORDS: lithium, sorbent, LADH-Cl, phase evolution, hydration, intercalation, deintercalation

■ INTRODUCTION
Lithium aluminum layered double hydroxide chlorides
(LADH-Cl) have been successfully used as industrial lithium
sorbents, supporting a lithium carbonate productivity over
decade thousand tons.1−5 Technology based on the LADH-Cl
sorbents makes it possible to extract lithium from low grade
brine resources, mitigating the lithium pressure at least in this
century.6 For decades, the interaction between LADH-Cl and
aqueous lithium ion has been labeled as ”adsorption−
desorption”. However, excessive desorption of lithium from
LADH-Cl results in the decomposition of LADH-Cl and the
formation of crystalline aluminum hydroxide, e.g., gibbsite or
bayerite.7,8 This indicates that phase evolution is very likely
behind the apparent adsorption−desorption behavior. How-
ever, to date, the fundamental phase chemistry, especially
phase composition, structure, evolution, thermodynamics, and
transition kinetics, of the LADH-Cl is far from clear.

The chemical formula of LADH-Cl is usually written as
mLiCl·2Al(OH)3·nH2O, in which the stoichiometric factors m
and n have not been constrained.2,9−11 Anhydrous phase LiCl·
2Al(OH)3 and hydrated phases LiCl·2Al(OH)3·H2O, LiCl·
2Al(OH)3·1.5H2O, and LiCl·2Al(OH)3·2H2O have been
reported as stoichiometric compounds. Their structures have

been determined from powder or single crystal diffraction and
solid-state magic-angle-spinning NMR (ssNMR) technics.12−16

More extensively, the nonstoichiometric nature of LADH-Cl
has been invoked. First, the hydration number in LADH-Cl is
volatile. Even though it is usually reported as an integer, it is
actually an approximation of the experimental determination.16

In most cases, the determined hydration number is far from
the integer, and varies from ∼0 to 3.5.2,7,9,10,16−19 Up until
now, when LADH-Cl is used as a lithium sorbent, if the
hydration number of LADH-Cl will change, how it changes
and to what extent it can change are still blind spots. Second,
the Al:Li molar ratio in LADH-Cl is also volatile and varies
from ∼2 to 3.5. To avoid the question of the real composition
of LADH-Cl sorbent, some researchers even described their
samples using nominal Al:Li, that is, the whole Al:Li of the raw
materials.18 However, this makes our understanding of active
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ingredients in the so-called LADH-Cl sorbent more confusing.
Besides, in usual adsorption−desorption studies, only the
concentration of lithium in aqueous solution is of interest,
while the composition and structure variations of the sorbent
are overlooked, unless the sorbent is destroyed or loses its
function.

LADH-Cl is synthesized from and used in an aqueous
environment. Mother liquid adhesion makes it very difficult to
determine the composition of the “pure solid LADH-Cl”.9,10

Washing and drying procedures are useful for removing most
adhesions and have been widely adopted in careful
composition and structure investigations of LADH-
Cl.12,14,16,17,20,21 However, the washing procedure can easily
change the LiCl and water contents, and even the structure of
LADH-Cl.22 Morever, the water content of LADH-Cl is very
sensitive to the drying conditions, e.g., temperature, humidity,
and time.23 Consequently, the determined composition of the
“cleaned” LADH-Cl sample is likely different from the raw one
that equilibrated with its mother liquid. As a result, the
composition, structure, and evolution of LADH-Cl in lithium
extraction application are still unknown. This knowledge gap
has become the biggest obstacle for the rational design and
application of LADH-Cl type lithium sorbents.

Herein, we experimentally determined phase diagrams of the
Al(OH)3-LiCl-H2O system at 348.15 K, using well structured
gibbsite and gibbsite-derived LADH-Cl as initial reactants,
respectively. The composition and structure of LADH-Cl are
closely related to the concentration of LiCl aqueous solution,
and all of the produced LADH-Cl is hydrated. Whether we
used gibbsite or gibbsite-derived LADH-Cl as the initial
material, lithium saturated LADH-Cl with n(Al):n(Li) = 2, in
which all the Al−OH octahedral cavities are filled with lithium
(Phase I), formed in LiCl aqueous solution with concen-
trations higher than 9 wt %. The hydration number of Phase I
was found to increase from ∼0.25 to 2, when the LiCl
concentration varied from nearly saturated to about 9 wt %.
Dihydrated LADH-Cl deintercalated LiCl when it interacted
with pure water or dilute LiCl aqueous solution with
concentration lower than 9 wt %, resulting in a lithium
unsaturated LADH-Cl phase (Phase II). This suggests that the
real active ingredient in LADH-Cl type lithium sorbents is
Phase II. Other phases play their roles by first hydrating to
dihydrate. Moreover, our results confirmed that the ultimate
Al:Li molar ratio that preserves the crystal structure of Phase II
is 3. Further deintercalation of LiCl from the ultimate Al:Li
Phase II resulted in structure collapse and the formation of
gibbsite. Our experiments also suggested that the full
production of lithium unsaturated from gibbsite and dilute
LiCl aqueous solution is hard, despite the thermodynamic
support. Altogether, this evidence unambiguously suggested
that the interaction between LADH-Cl sorbent and aqueous
lithium is controlled by phase evolution, which results from the
synergistic lithium-chloride-water deintercalation and inter-
calation. Powder X-ray diffraction (PXRD), ssNMR, Fourier
transform infrared (FTIR), and Raman characterizations of the
LADH-Cl samples gave refined structure variation of the two
types of hydrated LADH-Cl phases. Thermodynamically, ab
initio molecular dynamics (AIMD) and density functional
theory (DFT) simulations showed that lithium atoms located
in the Al−OH octahedral cavities of LADH-Cl are more stable
than those located in the interlayer.

■ METHODS

Experimental Section
The raw materials used in this study are gibbsite (γ-Al(OH)3, CAS:
21645-51-2, Shanghai Macklin Biochemical Co., Ltd., <20 μm,
99.8%), synthesized LADH-Cl Raw1 and Raw2, anhydrous lithium
chloride (CAS: 7447-41-8, Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd., 98%), and ultrapure water (UPT-II-20T, Chengdu
Ultrapure Technology Co., Ltd., 18.2 MΩ·cm). Detailed preparation
and characterization of these raw materials are summarized in
Supplementary Section 1.

An isothermal method was used to determine the solid−liquid
phase equilibria in the ternary system Al(OH)3-LiCl-H2O. The
experiments were conducted at 348.15 K. A Lauda Command
thermostatic water bath was used to create a constant temperature
environment. Temperature uncertainty of the whole thermostat
system was controlled within 0.05 K. Penicillin bottles (20 mL) with a
butyl rubber stopper and aluminum cap were used as sample
containers. The reaction mixtures were prepared by weighing gibbsite
or Raw1 (∼3 g) and an appropriate amount of lithium chloride
aqueous solution of various concentrations (∼9 mL). Magnetons
coated with PTFE were also placed into these bottles. Then, these
bottles with samples and magnetons were placed into a multichannel
magnetic stirrer with a speed of ∼300 rpm. The detailed procedure
and setup are summarized in Supplementary Section 2.

All solid samples were characterized by PXRD (Bruker D8 Advance
diffractometer, Cu Kα radiation, λ1 = 1.5406 and λ2 = 1.5444, ratio
Kα2/Kα1 = 0.5) operated in reflection geometry. Data were collected
at a continuous scan rate of 38 s per step and a step size of 0.02° 2θ.
For Rietveld refinement, data were recorded over 5−120° 2θ (step
size of 0.01° 2θ, counting time 134 s per step). The structure
determination of 0.25w LADH-Cl was carried out by Rietveld
refinement using the FullProf program (Version September-2019).24

For the refinement, a pseudo-Voigt line shape function with five
variables was used to fit the experimental profile. The background was
corrected using a 6-coefficient polynomial function. For solving the
structure of 0.25w LADH-Cl, we used the structure of 0w LADH-Cl
reported by Besserguenev et al.12 as an initial trial model. To account
for the disorder of the interlayered water molecules and chloride ions,
we gave a hexagonal space group P63/m, which differs from that of
the P63/mcm space group of 0w LADH-Cl.

ssNMR spectra were collected at room temperature on a Bruker
AVANCE NEO 400 WB spectrometer equipped with a 9.4 T magnet,
using a Bruker 4 mm MAS triple-resonance probe. All samples were
loaded into 4 mm zirconia rotors and spun at 12 kHz. For 7Li ssNMR
experiments a typical 30° pulse and recycle delay time of 5 s were
used. The 7Li chemical shift was externally referenced to a 1 M LiCl
solution and a secondary reference anhydrous LiCl. For 27Al ssNMR
experiments, the recycling delay was 2 s. The 27Al chemical shift was
externally referenced to that of solid Al2O3. The 7Li spectrum
resonates at 155.52 MHz. The 27Al resonates at 104.27 MHz. All fits
to the ssNMR spectra were made using the program DMFIT.25

FTIR spectra of the solid samples studied in this study were
obtained by using a Nexus ThermoNicolet Spectrometer equipped
with a DTGS KBr detector. All of the samples were dried at ambient
conditions for several days. The FTIR measurement was performed at
room temperature. The spectra were collected with 32 scanning times
and a resolution of 4 cm−1 over the spectral range between 400 and
4000 cm−1. Raman spectra were obtained on a laser-confocal
microspectrometer (Thermo Scientific DXR2). The laser wavelength
used is 532 nm. Raman shifts were observed in the spectral range from
50 to 4000 cm−1 with a resolution of 4 cm−1. All fits to the Raman
spectra were made using the program DMFIT.25

The scanning electron microscopy (SEM) studies were performed
on a JSM-5610LV/INCA scanning electron microscope (Oxford
Instruments, Abingdon, Oxfordshire, UK). The excitation voltage
used was 2 kV. The transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) experiments were carried
out on a JEM-F200 transmission electron microscope at an
acceleration voltage of 200 kV.
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Theoretical Section
Initial structures for 1w and 2w LADH-Cl were constructed based on
the reported 0w LADH-Cl,12 by reducing the symmetry to P1 and
adding stoichiometric water molecules. All of the added water
molecules in the initial guesses are fully ordered. These initial guesses
were further optimized by DFT calculations. These DFT optimized
structures of interlayer disorder 1w and 2w LADH-Cl (Figure 1a and
b) were then used for AIMD simulations at 300 K.

In all the AIMD simulations, the positions of all Al atoms were
fixed to avoid the twisting of layers. To generate the different initial
configurations (focusing on the position of Li atoms), the constructed
systems of “unstructured Li configuration LADH-Cl” were prerelaxed
with an equilibration run for 5 ps in unconstrained, constrained z
direction, and constrainedxyz direction of all Li atoms models (Figure
1c). Finally, for each simulation, a production run was performed for
10 ps, after an equilibration run for at least 5 ps. In the these
simulations, a time step of 0.5 fs and hexagonal boxes with a volume
of 3191.24 and 3300.53 Å3 for 1w and 2w LADH-Cl, respectively,
using periodic boundary conditions to eliminate interface effects were
employed. See Supplementary Section 7 for the parameter setup of
the AIMD simulations.

To estimate the stability of these “unstructured and structured Li
configuration LADH-Cl”, we randomly extracted 5 structures from
the last 2.5 ps dynamics trajectories of each simulation. The static
energies of these structures were further calculated. It should be noted
that the positions of the Li and Al atoms are fixed in the optimizations

to keep their original states in dynamic simulations as much as
possible.

■ RESULTS AND DISCUSSION

Phase Diagrams and Phase Evolution

Figure 2 shows the measured phase diagrams of the Al(OH)3-
LiCl-H2O system at 348.15 K. Here, we selected a temperature
of 348.15 K to study, because the reaction kinetics is too slow
to reach equilibrium at low temperature in affordable time.
Even at 348.15 K, we found that 90 days is still necessary to get
equilibrium data. Moreover, this temperature setup consists of
the usual LADH-Cl synthesis and application conditions in
laboratory experiments and industrial plants, i.e., 313−363 K.
The experimental data are summarized in Table S2. Two
reaction paths, i.e., the synthesis of LADH-Cl from gibbsite
and LiCl(aq) solution as raw materials (Figure 2a, Z series)
and the decomposition of LADH-Cl under the environment of
LiCl(aq) solution (Figure 2b, F series), were considered in our
experiments. Because the complete elimination of mother
liquid adhesion without any change on the solids is impossible,
here we adopted the Schreinemakers wet residual method26,27

to derive the solid composition from experimentally
determined liquid and wet-solid compositions. The so-called

Figure 1. DFT optimized unit cells and the initial AIMD guesses of 1w and 2w LADH-Cl. (a) DFT optimized unit cell of 1w LADH-Cl. (b) DFT
optimized unit cell of 2w LADH-Cl. (c) Initial AIMD guesses of “structured Li configuration” (I) and “unstructured Li configuration” (II and III).
Large green balls: Li atoms. Large blue balls: Al atoms. Small green balls: Cl atoms. Red balls: O atoms. White balls: H atoms.
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“wet-solid” is a mixture of coexisting solid and liquid. The
intersection point of the “wet-solid”−liquid tie line (thin black
lines in Figure 2) and solid composition line (thick red and
orange lines with arrow in Figure 2) are the determined solid
composition. Moreover, PXRD was used for detecting the
phase transition and evolution of the solids separated from the
equilibrium experiments. Wet solids were processed with filter
paper to remove most of the entrainment, and we obtained
powder samples suitable for PXRD analysis. The PXRD
patterns of these powder samples were collected as quickly as
possible, in the case of further change resulting from
(de)hydration. The PXRD results are shown in Figure 3.
Due to the negligible diffraction signal of the adhered mother

liquid, the collected PXRD pattern can be attributed to the
solid part.

The solid compositions and PXRD patterns suggested two
types of LADH-Cl in the Al(OH)3-LiCl-H2O reaction system
at 348.15 K. One is lithium saturated LADH-Cl with
n(Al):n(Li) = 2 (Phase I). Another is lithium unsaturated
LADH-Cl with n(Al):n(Li) varied from 2 to 3 (Phase II). It is
noticeable that all the LADH-Cl types are hydrated, while the
hydration number is varied. Besides, our experiments
suggested unreported lithium saturated LADH-Cl with a
hydration number close to zero (samples Z1S, F1S, and F2S).
Even the PXRD patterns of these samples are well
reproducible, but they are significantly different from the

Figure 2. Phase diagrams of the Al(OH)3-LiCl-H2O system determined at 348.15 K for 90 days equilibration time. (a) Gibbsite and LiCl(aq)
solution were used as initial materials (Z series). (b) Synthesized LADH-Cl Raw1 and LiCl(aq) solution were used as initial materials (F series).
Thin black lines: tie lines consisting of liquid and wet-solid. Dark red arrow line: composition evolution line of Phase I. Yellow arrow line:
composition evolution line of Phase II.
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widely reported anhydrous, 1w, 1.5w, and 2w phases (Figure
S14). The uncertainty for the hydration number derived from
the wet residual analysis is about 0.3, which likely exceeded the
hydration number of the new phase. Therefore, its hydration
state cannot be well constrained from merely the wet residual
analysis. Nevertheless, the hydration number can still be
restrained to 0−0.5. Interestingly, we found that the PXRD
patterns of these unreported lithium saturated LADH-Cl are
the same as those of the synthesized Raw1 and Raw2 LADH-
Cl (Figures S6 and S8). TG-DSC analysis of Raw1 and Raw2
(Figures S5 and S7) and chemical analysis of Raw1 (Table S1)
showed a hydration number of about 0.25 ± 0.05. Accordingly,
we suggest the presence of likely 0.25w LADH-Cl in our phase
diagrams. The crystal structure of 0.25w LADH-Cl (Raw1 and
Raw2) was solved using Rietveld refinement, showing
hexagonal symmetry with the P63/m space group (Table S3,
Figures S11 and S12). Like all the reported LADH-Cl, Al and
Li atoms are well ordered in the 0.25w LADH-Cl (CCDC
2271308 and 2271309). Half of the Cl atoms are ordered, and
the Cl and Li atoms line up parallel to the c-axis and form an

alternating Li−Cl−Li chain, which is similar to those in the
anhydrous phase.12 However, the other Cl atoms are dislocated
in the z = 0.25 plane. Besides, an unreported 0.5w lithium
saturated LADH-Cl was suggested by our phase diagrams. Its
structure was also solved using Rietveld refinement and
determined as a hexagonal crystal with a P63/m space group
(CCDC 2271319). Unlike the 0w and 0.25w LADH-Cl, but
like 1w, 1.5w, and 2w, all the Cl atoms in the 0.5w LADH-Cl
are disordered. Even though the anhydrous phase has been
widely reported in the literature, we assert that it is unstable in
LiCl(aq) solution at 348.15 K. Eventually, PXRD analysis of
the 0.25w phase under dry N2 atmosphere shows the same
patterns as the 0w phase (CCDC 2271025), even at ambient
temperature (Figure S6). This suggests that the formation of
the anhydrous phase needs extremely dry conditions created
by a dry N2 atmosphere as done here or a vacuum drybox as in
the literature.12

From the phase diagrams (Figure 2), one can clearly see the
phase evolutions. In concentrated LiCl(aq) solution, Phase I
generates from gibbsite (Figure 2a) or preserves itself (Figure

Figure 3. PXRD patterns of the solid samples separated from the phase diagram experiments. (a, b) Z series samples. (c, d) F series samples. *
indicates the peaks of Phase I and II with hydration number from 0.5 to 2.0, ▲ indicates the peaks of gibbsite, ● indicates the peaks of 0.25w
LADH-Cl, and ■ indicates the peaks of 0w LADH-Cl.
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2b). It changes from 0.25w to 2w, when the LiCl concentration
varies from near saturation to about 9 wt %. Even with several
scattered hydration states, i.e., 0.25w, 0.5w, 1w, 1.5w, and 2w,
we suggest that the (de)hydration of Phase I from 0.25w to 2w
is very likely continuous. This is because the symmetry of
Phase I has not changed with the variation of hydration degree.
When gibbsite reacted with dilute LiCl(aq) solution, i.e., <9 wt
%, the conversions of gibbsite to LADH-Cl were weak,
resulting in solid mixtures of gibbsite and Phase I (Figures 2a
and 3a, Z8 to Z10) or pure gibbsite (Figures 2a and 3a, Z11 to
Z14). Even though the apparent compositions of several
mixtures (Figures 2a, Z8S and Z9S) were similar to Phase II
(Figures 2b, F13S to F17S), the PXRD patterns undoubtedly
showed the presence of unconverted gibbsite (Figure 3a, Z8S
and Z9S). Usually, LADH-Cl is thought to form only when the
LiCl(aq) solution concentration is higher than 4 mol/L, when
using gibbsite as the initial material.22,28 However, our
experiments suggest a lower concentration limit, i.e., ∼0.7
mol/L (∼3 wt % as seen in Figure 2a, sample Z10L). The
inconsistency likely results from the significantly different
reaction time, indicating a very slow reaction kinetics between
gibbsite and dilute LiCl(aq) solution. By contrast, Phase II
instead of gibbsite formed when Phase I reacted with dilute
LiCl(aq) solution, due to the deintercalation of LiCl. It is
noticeable that the composition of Phase II is sensitive to the
LiCl(aq) solution concentration. With the increase in
concentration, LiCl intercalated into Phase II from aqueous
solution. When lithium rich Phase II interacted with dilute
LiCl(aq) solution, LiCl deintercalated from Phase II to an
aqueous solution. Phase II is stable even in 0.38 mol/L
LiCl(aq) solution (1.6 wt % as seen in Figure 2b, Z13L to

Z17L), and its n(Al):n(Li) reversibly varied from 2 to 3. The
LiCl (de)intercalation of Phase II shows apparent adsorption−
desorption behavior and suggests a maximum reversible
lithium adsorption−desorption capacity of ∼10 mg/g
LADH-Cl. The predicted maximum capacity from the phase
diagrams shows excellent consistency with available experi-
ences,7,8 suggesting the reasonability of the phase diagram for
understanding the mechanism of LADH-Cl based lithium
sorbents.

Sharp and strong PXRD peaks (Figure 3) indicate crystalline
LADH-Cl, whether lithium is saturated or deintercalated. As
for the solid samples separated from the phase diagram
experiments, LADH-Cl crystals were observed from SEM
images, showing similar sharpness and size as the initial
gibbsites and 0.25w LADH-Cl (Figures 4a and d, and S2, S4,
and S32−S37). The feature of intercalation products is widely
presented, and the recrystallization phenomena is also evident.
Small but regularly shaped LADH-Cl hexagonal sheet crystals
were formed on the surface of large raw material particles as
shown in the high magnification SEM (Figures 4a and d, and
S34−S37) and TEM images (Figures 4b and e, and S38−S41).
SAED images show clear single crystal diffraction spots of
LADH-Cl (Figure 4c and f).

7Li ssNMR spectra of these solid samples show a single peak
at a chemical shift of ∼0 ppm (Figures 4g and S15−S19, refer
to 1.0 M LiCl(aq) solution). However, all of these spectra can
be divided into two components (Figures S15−S20, Table S5).
One is a broad signal, and the second is a sharp signal. Both of
them can be well represented with a Lorentzian line shape.
Wimpenny et al.22 have noticed the two reservoirs for lithium
in some of their experimental samples. They attributed the

Figure 4. SEM, TEM, SAED, and 7Li and 27Al ssNMR characterizations of the F series samples. (a−c) SEM, TEM, and SAED images of sample
F11S. (d−f) SEM, TEM and SAED images of sample F17S. (g,h) 7Li and 27Al ssNMR spectra of all F series samples.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.3c00063
ACS Mater. Au 2024, 4, 45−54

50

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig4&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sharp one to crystalline LADH-Cl and the broad one to a
possible amorphous LADH-Cl. Herein, however, we attribute
the sharp signal to an entrained LiCl(aq) solution instead of
amorphous LADH-Cl, and the broad signal to crystalline
LADH-Cl. In our results, the sharp 7Li signal is centered over
0.01 ± 0.03 ppm with a width of 0.21 ± 0.02 ppm, which is
consistent with the signal of the 1.0 M LiCl(aq) solution
(centered over 0 ppm with 0.14 ppm width). The broad 7Li
signal is centered over 0.05 ± 0.03 ppm with a width of 2.04 ±
0.09 ppm, which is consistent with the signal of dried
crystalline LADH-Cl (Raw1, 0.01 ppm with a width of 2.57
ppm). Deducting the effect of the 7Li signal from LiCl(aq)

adhesion, the 7Li signals of these solid samples are all in good
agreement. This indicates no 7Li ssNMR detectable lithium
coordination environment change with the variation of the
hydration number and LiCl (de)intercalatation.

The 27Al ssNMR results (Figure 4h, Table S6, and Figure
S21) indicate that all the pure Phase I samples have only one
signal (centered over ∼11.5 ppm with quadrupole coupling
constant CQ = ∼1.5 MHz), which has nothing to do with the
variation of the hydration number. For the mixed gibbsite and
Phase I samples suggested by PXRD, the 27Al spectra
simultaneously show two quadrupole signals of gibbsite (one
is centered over 10.75 ppm with CQ = ∼2.2 MHz, another is

Figure 5. FTIR spectra of the solid samples separated from the phase diagram experiments. (a) Z series. (b) F series.

Figure 6. Raman spectra of the solid samples separated from the phase diagram experiments. (a) Z series. (b) F series.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.3c00063
ACS Mater. Au 2024, 4, 45−54

51

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00063/suppl_file/mg3c00063_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00063?fig=fig6&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


centered over 12.97 ppm with CQ = ∼4.2 MHz).29 Due to the
very low aluminum concentration (<0.0005 wt %) in the
entrained mother liquid, we omit its contribution to the 27Al
spectra. Unlike Phase I samples, we found two 27Al
components in the spectra of Phase II samples F13S to F17S
(Al:Li molar ratio = ∼3:1). One is consistent with that of
Phase I (CQ = ∼1.5 MHz). Another is consistent with one
signal of gibbsite (CQ = ∼4.2 MHz). These 27Al ssNMR
results indicate that Phase II is a new phase that differs from
Phase I and gibbsite as suggested by PXRD. This also indicates
that the lithium deintercalation from LADH-Cl can result in
the variation of an Al−OH coordination environment.

FTIR and Raman spectra of the solid samples are shown in
Figures 5 and 6. Pure Phase I samples showed similar FTIR
and Raman spectra as the synthesized Raw1 and Raw2 LADH-
Cl (Figures S24−S28 and Table S7), but different spectra to
gibbiste (Figure S23). Moreover, the Raman spectra of Phase I
and gibbsite in the ν(OH) region (3200 to 3800 cm−1) are all
consisted of four components.30 The mixed samples Z8S, Z9S
and Z10S showed instinct FTIR and Raman features of Phase I
and gibbsite, which is consistent with PXRD and ssNMR
analysis. The Raman spectra of pure Phase II samples, i.e.,
F11S to F17S, showed eight components (Figures S29−S31,
Table S7), which is very different from those of Phase I,
gibbsite, and their mixtures. Accordingly, these Raman spectra
also suggested different hydroxyl stretching between Phase II
and Phase I, even though they have nearly the same crystal
stacking structure. In the short-range structure scale, the
Raman results, together with 27Al ssNMR, strongly indicated
that the deintercalation of lithium in Phase II has resulted in
extensive OH reorientation, which further promoted diverse
hydrogen bonds and deformed Al−OH octahedrons.
AIMD and DFT Phase Stability Analysis

Extensive unbiased AIMD simulations were carried out to test
the stability of various hydrated LADH-Cl configurations.
Especially, we distinguished the “structured Li configuration

LADH-Cl” and “unstructured Li configuration LADH-Cl”.
With respect to the “structured Li configuration LADH-Cl”, we
supposed that all the lithium atoms in LADH-Cl are located in
the Al−OH octahedral cavities of the laminate. We supposed
that some of the lithium atoms in LADH-Cl are located in the
interlayer when the “unstructured Li configuration LADH-Cl”
is mentioned. Due to the anhydrous LADH-Cl being well
accepted as “structured Li configuration LADH-Cl” without a
doubt, here we only studied hydrated LADH-Cl using 1w and
2w as examples.

The calculated static energies of these structures are shown
in Figure 7a and b. The calculated average static energies for
several systems indicate that the more structured Li is located
in LADH-Cl the more stable it is, no matter for 1w or 2w
LADH-Cl. Exactly, the formation energies should be used for
comparing the thermodynamic phase stability. Here, however,
the relation between phase stability and position of Li atoms is
of interest for the same chemical formula. The relative phase
stability of different formula, i.e. 1w and 2w LADH-Cl, was not
discussed. As such, the reference static energy of the
components that formed 1w and 2w LADH-Cl is the same
all the time, respectively. Therefore, it is also reasonable to
compare the thermodynamic phase stability using static
energies. The simulations indicated that lithium atoms can
not escape from the Al−OH octahedral cavities if they were
placed there initially (Supplementary movies 1w-I-AIMD and
2w-I-AIMD). However, lithium atoms placed in the interlayer
can spontaneously enter into the Al−OH octahedral lattice
(Supplementary movies 1w-II-AIMD, 1w-III-AIMD, 2w-II-
AIMD, and 2w-III-AIMD). These AIMD and DFT simulations
enhance our conclusion drawn from experiments that all the
lithium atoms in LADH-Cl are stable in the Al−OH octahedral
lattice.

However, from these simulations, we noticed that not all
interlayered lithium atoms spontaneously entered the Al−OH
octahedral lattice in 15 ps. Figure 7c and d shows 1w and 2w
frames after 15 ps. The number of lithium atoms that moved to

Figure 7. Theoretical simulation results of various 1w and 2w “structured Li configuration LADH-Cl” and “unstructured Li configuration LADH-
Cl”. (a) Static DFT energies of 1w LADH-Cl with various lithium atoms in Al−OH octahedral cavities. (b) Static DFT energies of 2w LADH-Cl
with various lithium atoms in Al−OH octahedral cavities. (c, d) 1w and 2w frames after 15 ps, respectively. (e) Several typical local coordination
structures of Li, (e1) to (e5) are tetrahedral, (e6) and (e7) are five-coordination, and (e8) is six-coordination. Large green balls: Li atoms. Large
blue balls: Al atoms. Small green balls: Cl atoms. Red balls: O atoms. White balls: H atoms.
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the Al−OH octahedral lattice is highly dependent on the initial
configuration after 5 ps prerelaxation. Therefore, in our
affordable AIMD simulation time of ∼15 ps, we assert that
all the AIMD simulations give metastable results. Nevertheless,
these AIMD simulations evoke several noteworthy metastable
local coordination structures of Li atoms. They are tetrahedral
Li(OH−Al)(Cl)2(H2O) (Figure 7e1), Li(OH−Al)3(Cl) (Fig-
ure 7e2), Li(OH−Al)(Cl)(H2O)2 (Figure 7e3), Li(OH−
Al)3(H2O) (Figure 7e4), and Li(OH−Al)2(H2O)2 (Figure
7e5), five-coordination Li(OH−Al)3(H2O)(Cl) (Figure 7e6)
and Li(OH−Al)3(H2O)2 (Figure 7e7), and six-coordination
Li(OH−Al)3(H2O)2(Cl) (Figure 7e8). This suggests that the
intercalation of lithium significantly involves the transition of
tetrahedral to octahedral Li and the desolvation of Li from
water and chloride coordinations. The AIMD simulations of
“unstructured Li configuration LADH-Cl” also showed diverse
hydrogen bonds and deformed Al−OH octahedrons as
suggested from Raman and 27Al ssNMR results. Li desolvation
and the intralayer OH resulting from the deintercalation of Li
are likely barriers that hinder the return of Li to the Al−OH
octahedral cavity, resulting in a large active energy of apparent
lithium “adsorption−desorption” behavior of the LADH-Cl
sorbent.

■ CONCLUSION
In conclusion, the phase evolutions induced by reversible
(de)hydration and (de)intercalation dominate the apparent
lithium “adsorption−desorption” behavior of LADH-Cl.
Crystalline LADH-Cl can bring the “adsorption−desorption”
behavior out without the attribution of the amorphous phase.
The phase diagrams of the Al(OH)3-LiCl-H2O system account
for the physical chemistry mechanism of LADH-Cl sorbent
well. The deintercalation of lithium together with chloride and
water from lithium saturated LADH-Cl (Phase I) produces
lithium unsaturated LADH-Cl (Phase II) until Al:Li molar
ratio 3, which corresponds to an ultimate reversible lithium
“adsorption−desorption” capacity of ∼10 mg of Li per g of
LADH-Cl. Excessive lithium deintercalation results in the
phase structure collapse of LADH-Cl and the formation of
gibbsite. The majority of the lithium ions lies in the Al−OH
octahedral cavity, regardless of Phase I or II. In Phase II, even
the crystal stacking structure is well preserved during LiCl
(de)intercalation, and extensive Al-hydroxyl behaved like the
intralayer OH as in gibbsite. The Li desolvation and Al−OH
reorientation effects are crucial for understanding the relatively
high active energy of apparent lithium “adsorption−desorp-
tion” behavior in a LADH-Cl sorbent.
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