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ABSTRACT: Gibbsite (α-Al(OH)3) transformation into lay-
ered double hydroxides, such as lithium aluminum hydroxide
dihydrate (LiAl-LDH), is generally thought to occur by solid-
state intercalation of Li+, in part because of the intrinsic
structural similarities in the quasi-2D octahedral Al3+ frameworks
of these two materials. However, in caustic environments where
gibbsite solubility is high relative to LiAl-LDH, a dissolution-
reprecipitation pathway is conceptually enabled, proceeding via
precipitation of tetrahedral (Td) aluminate anions (Al(OH)4

−)
at concentrations held below 150 mM by rapid LiAl-LDH
nucleation and growth. In this case, the relative importance of
solid-state versus solution pathways is unknown because it
requires in situ techniques that can distinguish Al3+ in solution and in the solid phase (gibbsite and LiAl-LDH), simultaneously.
Here, we examine this transformation in partially deuterated LiOH solutions, using multinuclear, magic angle spinning, and high
field nuclear magnetic resonance spectroscopy (27Al and 6Li MAS NMR), with supporting X-ray diffraction and scanning
electron microscopy. In situ 27Al MAS NMR captured the emergence and decline of metastable aluminate ions, consistent with
dissolution of gibbsite and formation of LiAl-LDH by precipitation. High field, ex situ 6Li NMR of the the progressively reacted
solids resolved an Oh Li

+ resonance that narrowed during the transformation. This is likely due to increasing local order in LiAl-
LDH, correlating well with observations in high field, ex situ 27Al MAS NMR spectra, where a comparatively narrow LiAl-LDH
Oh

27Al resonance emerges upfield of gibbsite resonances. No intermediate pentahedral Al3+ is resolvable. Quantification of
aluminate ion concentrations suggests a prominent role for the solution pathway in this system, a finding that could help
improve strategies for manipulating Al3+ concentrations in complex caustic waste streams, such as those being proposed to treat
the high-level nuclear waste stored at the U.S. Department of Energy’s Hanford Nuclear Reservation in Washington State, USA.

1. INTRODUCTION

Clay-like hydrotalcite materials, commonly known as layered
double hydroxides (LDHs), are composed of quasi two-
dimensional metal hydroxide sheets that are typically bound
together by interlayer anions. LDH materials are widely used in
ion separations,1−4 drug delivery,5 corrosion inhibition,6−8

carbon dioxide sorption,9 and catalysis.10−12 LDH materials
that cointercalate cations13 and anions14 are also possible, with
high selectivity, e.g., Li+ ≫ Ni2+ ≫ Co2+ ≈ Zn2+. Most LDH

materials can be represented by the general formula
[M1−x

z+Mx
3+(OH)2]

y+(An−)y/n·mH2O, where usually z = 2
and y = x.15 Generally, partial replacement of divalent metal
cations by trivalent ions is charge-compensated by anions in
the interlayer region, and selection of these metal ions and
interlayer anions imparts tunable properties.16,17 Distinct from
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the formation of LDH by partial replacement of divalent metal
cations, Li+ intercalation into the octahedral vacancies in
aluminum hydroxides (i.e., gibbsite and bayerite) also
corresponds with intercalation of charge balancing, hydrated
anions into the interlayer region to form lithium aluminate
based LDH.18 For example, in lithium hydroxide solutions,
gibbsite (α-Al(OH)3) transforms into lithium dialuminate
hydroxide dihydrate (LiAl-LDH, Li[Al(OH)3)]2OH·
2H2O).

19,20

LiAl-LDH is an important precursor of lithium aluminate
(LiAlO2), which is widely used in energy applications including
tritium production,21,22 fuel cells,23 and lithium batteries.24

LiAl-LDH precipitation in caustic solutions has also been
proposed as a strategy to control Al3+ concentrations in Al3+-
rich radioactive high-level nuclear wastes (HLW) for
processing into more stable glass wasteforms.25,26 Large
quantities of this waste are located at Department of Energy
(DOE) sites such as Hanford, Washington, USA, where the
predominant Al3+ phase is gibbsite (α-Al(OH)3) coexisting
with high concentrations of soluble aluminate ions (Al-
(OH)4

−).27 At such sites, the efficiency of HLW stabilization
through vitrification can be greatly improved by reducing the
concentration of Al3+ in the waste stream, enabling increased
waste loading in the glass.25,26 Li+ addition is motivated by two
factors: Al3+ solubility in Li+-rich caustic electrolytes is low
compared to NaOH solutions (e.g., ca. 10 mM in 3 M LiOH
versus ca. 200 mM in 3 M NaOH28), and the nucleation of the
solubility limiting LiAl-LDH phase is kinetically facile, relative
to the kinetic bottlenecks typically encountered with pure Al3+

hydroxide phases such as gibbsite.29 The present study is
motivated by the need to better understand the competition
between various possible pathways to LiAl-LDH in caustic
aluminum-bearing aqueous solutions.
Multiple pathways to LiAl-LDH exist in Li+ solutions where

gibbsite and aluminate ions are present simultaneously: (i)
solid-state transformation of gibbsite by intercalation of Li+

cations and (ii) precipitation via aluminate ions originating
from the dissolution of gibbsite.19,29 The dissolution/
reprecipitation process is conceptually competitive at temper-
atures lower than typical synthesis conditions (90 °C).18

Relevant dissolution/reprecipitation equilibria can be summar-
ized by the following two reactions:

+ − −Al(OH) (s) OH (aq) Al(OH) (aq)3 4F (1)

+ +

[ ] · +

− +

−

2Al(OH) (aq) Li (aq) 2H O(aq)

(Li Al(OH) OH 2H O)(s) OH (aq)
4 2

3 2 2F (2)

whereas the intercalation of Li+ and OH− ions into gibbsite
proceeds by

+ + +

[ ] ·

+ −2Al(OH) (s) Li (aq) OH (aq) 2H O(aq)

(Li Al(OH) OH 2H O)(s)
3 2

3 2 2F (3)

Intercalation is a solid-state topotactic transformation pathway
enabled by the close correspondence of gibbsite and LiAl-LDH
structures. Crystallographic cavities in the structure of gibbsite
are ideal for insertion of Li+, and interlayer domains are readily
accessible to counterions. In gibbsite (Figure 1A and B), layers
of edge-sharing Al3+(OH)6 octahedra bound to each other
through hydrogen bonding stack into a pseudohexagonal
structure.30 Within each layer, only two-thirds of the
octahedral cavities created by close-packed oxygen layers are

occupied by Al3+; the remaining unoccupied cavities have a
radius of approximately 0.7 Å, enabling insertion of Li+, which
has a radius of 0.68 Å.31 To balance the charge, Li+ insertion
occurs concurrently with incorporation of anions such as OH−,
NO3

−, Cl−, or CO3
2− into the interlayer,32 as shown in Figure

1C,D. This transformation increases the lattice constant
between octahedral sheets (along the c-axis, Figure 1) from
9.74 Å in gibbsite to, for example, 14.30 or 14.95 Å in
Li[Al(OH)3]2Cl·nH2O or Li[Al(OH)3]2Br·nH2O, respec-
tively.33,34 The mechanism of Li+ intercalation into gibbsite
has been studied13,14,18,19,35,36 but remains incompletely
characterized. More generally, in the case of complex caustic
solutions, the extent to which the transformation reaction
proceeds via solution versus solid-state pathways, or a
combination of the two, is not readily predictable over a
wide range of conditions.
To close this knowledge gap, we examined the trans-

formation pathways of gibbsite to LiAl-LDH by reaction with
LiOH. Gibbsite dissolution in 3 M LiOH at concentrations
above the equilibrium Al3+ solubility limit (ca. 10 mM) was
characterized using unique in situ MAS NMR techniques that
are capable of resolving solid and liquid species simultaneously
in alkaline solutions.37 In situ 27Al MAS NMR spectroscopy,
unlike prior synchrotron X-ray scattering studies,35,36 allows
the tetrahedral aluminate ion concentration in solution to be
determined, which can inform on the extent to which
dissolution/reprecipitation processes are involved in the
transformation (i.e., eqs 1−3). Ex situ, high field (20.0 T)
6Li and 27Al NMR measurements on the solid phases provided
insight into the evolving LiAl-LDH structure during the
transformation. NMR measurements were complemented by
ex situ solids characterization by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). In addition to probing
the transformation mechanism, understanding the aluminate
ion concentration profile also provides insight into Al3+

precipitation in alkaline media more generally, with relevance

Figure 1. Crystal structure of gibbsite, α-Al(OH)3, and LiAl-LDH,
Li[Al(OH)3)]2OH·2H2O. (A) The structure of gibbsite perpendic-
ular to the c and b axes. (B) The structure of gibbsite perpendicular to
the b and a axes. (C) The crystal structure of LiAl-LDH,
perpendicular to the a and c axes where the half-filled, red/white
spheres in the interstitial layers indicate half occupancy. (D) The
crystal structure of LiAl-LDH perpendicular to the a and b axes.
Aluminum, oxygen, lithium, and hydrogen atoms are blue, red, green,
and white, respectively.
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to applications including the preparation of catalysts, drug
delivery devices, passivation material, and ion−ion exchangers.

2. MATERIALS AND EXPERIMENTAL PROCEDURES
2.1. Synthesis of Gibbsite Nanoplates. Euhedral, hexagonal

gibbsite nanoplates were synthesized according to procedures
described elsewhere.38 A solution of 0.25 M aluminum nitrate
(Al(NO3)3·9H2O, ≥ 98%, Sigma-Aldrich) in water (18 MΩ) was
prepared and titrated using 1.0 M sodium hydroxide (NaOH ≥ 98%,
Sigma-Aldrich) until a pH of 5 was attained. The precipitated gel
dispersion was mixed for 1 h, collected by centrifugation, and
redispersed in water three times to remove Na+ and NO3

− ions. After
decanting the third wash, the pelleted gel was dispersed in water (0.3
g pelleted gel per mL of water) and transferred to a 22 mL, Teflon
lined, Parr vessel. The Parr vessel was heated in a rotary oven for 72 h
at 80 °C and 10 rpm. The product was collected and washed by
centrifugation, redispersed in water three times, and finally dried in an
oven at 80 °C overnight.
Following the synthesis of gibbsite, all sample manipulation was

conducted in a glovebox under a nitrogen (N2) atmosphere to
minimize carbon dioxide (CO2) capture by the concentrated lithium
hydroxide (LiOH) solution. A partially deuterated solution of 3 M
LiOH (≥98%, Sigma Aldarich) in deuterium oxide (D2O, ≥ 99%,
Sigma Aldarich) was prepared. Ex situ XRD and NMR samples were
prepared by dispersing gibbsite nanoplates (0.5 M Al3+) in 3 M LiOH
in D2O with vigorous mixing. At various sampling times, the solid
phase was separated by centrifugation, washed three times with D2O,
and dried at ambient temperature.
2.2. Nuclear Magnetic Resonance Spectroscopy. In situ 27Al

MAS NMR was conducted on a Varian-Inova NMR spectrometer at a
field strength of 7.0 T at a calibrated39 temperature of 25 °C using a
7.5 mm MAS probe. The temperature was controlled by air flowing
through the probe at 10 L/min. Samples were prepared by loading
gibbsite into a 7.5 mm custom designed zirconia rotor.37 A solution of
3 M LiOH in D2O was then added to create a 0.5 M Al(OH)3
dispersion; the rotor was assembled and loaded into the NMR
spectrometer. The sample spinning rate was approximately 3.8 kHz.
27Al MAS NMR spectra were collected using a single pulse of 2.5 μs
(corresponding to a liquid π/4 and solid π/2 pulse width, Supporting
Information, Figure S1) and an 80 ms acquisition time. A recycle
delay (d1) nutation experiment is shown in Figure S2. The 27Al
chemical shift was referenced externally to 1 M Al(NO3)3 in H2O (δ
= 0 ppm). Spectra at 7.0 T were analyzed in Mestrenova (v10) where
line broadening (20 Hz) was applied. In this work, due to the low
spectral resolution and large number of 27Al MAS NMR spectra at 7.0
T, Gaussian−Lorentzian lineshapes were utilized to conveniently
estimate information regarding the Oh central transition quadrupole
broadening. In the case of highly disordered solids, the Czjzek model
is typically used to analyze materials with different extents of
disorder.40

Ex situ, high field 6Li and 27Al measurements were conducted on a
Varian-Inova NMR spectrometer operating at 20.0 T at 25 °C with a
spin rate of 20 kHz using a 3.2 mm commercial probe. The
temperature was controlled by air flowing through the probe at 10 L/
min. Both 27Al and 6Li NMR pulse sequences utilized a single, solid
π/4 pulse (2.0 and 6.0 μs, respectively). A solid π/4 pulse was used
because quadrupolar second order effects are reduced at 20.0 T,
resulting in resonance behavior approaching that of spin 1/2 nuclei
and was validated by the insensitivity of the resonance line shape of a
mixture of LiAl-LDH and gibbsite to pulse width variation between
ca. π/20 and π/2 tip angles (Figure S3). 27Al chemical shifts were
reported with respect to 1 M Al(NO3)3 in H2O (δ = 0 ppm), and 6Li
chemical shifts were referenced to 1 M LiCl in H2O (δ = 0 ppm). The
recycle delay for 27Al and 6Li was 1 and 100 s, respectively. The
acquisition time for 27Al and 6Li was 0.1000 and 0.2016 s, respectively.
Typically, over 50 000 transients were collected for 27Al, while 512
transients were collected for 6Li. Spectra were processed in
Mestrenova where 50 Hz line broadening was applied for 27Al
spectra and 25 Hz line broadening for 6Li spectra at 20.0 T. DMFIT

(release #20180327) was used to evaluate quadrupolar line shape
parameters in the 27Al MAS NMR spectra collected at 20.0 T. Second
order, quadrupolar line shapes of the 27Al MAS NMR central
transitions were estimated with the Qmas 1/2 model, which assumes
an infinite spinning rate. The quadrupolar coupling parameters and
relative site distribution of the two Al sites in gibbsite were fixed, and
the fewest additional sites were introduced to fit the Oh region of the
spectra. The fit spectra and quadrupolar coupling parameters are
included in the Supporting Information. Gaussian line shape
parameters for the 6Li MAS NMR spectra were determined in
Mestrenova.

2.3. X-ray Diffraction. XRD patterns were acquired on a Philips
X’pert Multi-Purpose diffractometer (PANAlytical Almelo, The
Netherlands), equipped with a fixed Cu anode operating at 40 mA
and 50 kV. Harvested solids corresponding to ex situ 27Al MAS NMR
samples were loaded in a custom-built gas vessel equipped with a
Kapton window in a glovebox filled with N2. Phase identification was
performed in JADE (v. 9.5.1, Materials Data Inc.) utilizing the 2012
PDF4+ database (International Center for Diffraction Data). Phase
compositions were determined using a Pawley refinement in which
the intensity of the XRD pattern of LiAl-LDH was referenced to a
known mixture of LiAl-LDH and TiO2 (Standard Reference Material,
National Bureau of Standards, 674A). Refinements were conducted in
TOPAS (v5) both with and without preferential orientation included
in the refinement.

2.4. Scanning Electron Microscopy. A Helios NanoLab 600i
SEM (FEI, Hillsoboro, OR) was used to examine the harvested solids,
gibbsite and LiAl-LDH, obtained following reaction in 3 M LiOH in
D2O. The samples were sputter coated with approximately 5 nm of
carbon before imaging.

2.5. Inductively Coupled Plasma Optical Emission Spec-
troscopy. The solubility of LiAl-LDH in 3 M LiOH in D2O at room
temperature was acquired by dispersing gibbsite (500 mM) in 3 M
LiOH in D2O in a glovebox. Nine dispersions were equilibrated for
approximately one month. Each dispersion was centrifuged, and the
supernatant was acidified with nitric acid (GFS Chemicals, Inc. Cat.
621). The samples were analyzed for Al3+ using a PerkinElmer
Optima 8300 dual view inductively coupled plasma-optical emission
spectrometer (ICP-OES) and a PerkinElmer S-10 autosampler
interface.

3. RESULTS AND DISCUSSION
While the transformation of gibbsite into LiAl-LDH via
dispersion in 3 M LiOH proceeds spontaneously at ambient
temperature, comparable studies dispersing gibbsite in 3 M
LiCl or 3 M LiNO3 in D2O led to no XRD apparent
Li[Al(OH)3)]2Cl·nH2O or Li[Al(OH)3)]2NO3·nH2O phases,
respectively (Figure S4). Thus, the formation of LiAl-LDH at
room temperature, either by solid-state intercalation or
dissolution/reprecipitation pathways, likely requires caustic
hydroxide solutions.
To determine the equilibrium solubility of LiAl-LDH,

gibbsite was allowed to react with 3 M LiOH in D2O for ca.
1 month at room temperature. After this time, an Al3+

concentration of 10 mM was measured in solution by ICP-
OES. For comparison, the equilibrium solubility of gibbsite in
3 M NaOH is approximately 200 mM at room temperature.41

In situ 27Al MAS NMR studies were conducted to develop a
quantitative understanding of the transient aluminate ion
(Al(OH)4

−) concentration in solution and how this influences
the evolution of solid phases (Figure 2). Both solution Td Al

3+

species (i.e., aluminate ions) and solid Oh Al3+ species (i.e.,
gibbsite and LiAl-LDH) could be observed with this technique,
as they exhibited vastly different chemical shifts (approximately
80 ppm vs 10 ppm for solution and solid species, respectively).
Selective excitation pulse widths were used to acquire the in
situ 27Al spectra at 7.0 T to suppress the broad Oh spinning
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sidebands arising from gibbsite which overlap with the Td
aluminate resonance and to reduce the transients needed for
spectra detailing the aluminate ion concentration profile.
Determining the concentration profile of metastable Al3+ Td

species (aluminate ions, Figure 2B) during the transformation
of gibbsite to LiAl-LDH is nontrivial and was achieved using
external references (Figure S5, 2 mM Al(OH)4

− in deuterated
3 M LiOH, 2 mM Al(OH)4

− in deuterated 3 M NaOH, and
100 mM Al(OH)4

− in deuterated 3 M NaOH). Spectra
acquired during the in situ experiment indicate that the
concentration of aluminate ions in solution increases rapidly to
a maximum of over 100 mM by ca. 1 h of reaction, which can
be attributed to the dissolution of gibbsite (eq 1). Despite the
rather large supersaturation with respect to LiAl-LDH, the
concentration of aluminate ions in solution initially appears to
be driven solely by equilibration with gibbsite (eq 1). The
decrease in concentration after ca. 1 h is consistent with the
eventual emergence of LiAl-LDH as the solubility-limiting
phase.
After 4 h of reaction, the Td chemical shift increased from ca.

79.5 to 79.6 ppm (Figure 2C). Notably, the initial (t < 1 h)
positive correlation between the chemical shift and full width
half-maximum (fwhm) of the Td signal fraction is consistent

with prior observations of aluminate in NaOH systems,
although the magnitude of the change in the chemical shift
position greatly exceeded that observed in the NaOH system41

(e.g., 0.02 ppm in 3 M NaOH vs 0.1 ppm in 3 M LiOH).
While the temperature was controlled at 25 °C during the in
situ run, we also explored the sensitivity of the 27Al shift to
temperature variation by collecting 27Al-MAS NMR spectra of
2 mM Al(OH)4

− in 3 M LiOH in D2O between the
temperatures of 25 and 100 °C. The spectra (Figure S6)
demonstrate that the observed variation in 27Al chemical shift
far exceeds those which would arise from inadvertent sample
heating, and heating reduces the Td resonance’s fwhm, which is
in contrast with the observed, in situ 27Al MAS NMR results
observed at t < 1 h in Figure 2D.
We instead attribute the trend in chemical shift to strong

shielding of the Al3+ nucleus that is dependent on LiOH
concentration,28 thus a decrease in [Li+] and [OH−] in the
solution upon precipitation is consistent with the observed
deshielding. The deshielding of the Td resonance in the LiOH
system during the course of the reaction may relate to (i) the
decrease in solution concentrations of Li+ and OH− following
formation of LiAl-LDH and/or (ii) an evolving ensemble of
Li+···Al(OH)4

− ion−ion distances as aluminate concentrations
change over time. The Li+···Al(OH)4

− ion distance may be
particularly important to the formation of LiAl-LDH because
ion-pairing distorts the Al(OH)4

− tetrahedron.42 Ion pairing
between Li+ and OH− results in an increased delocalization of
protons in water molecules solvating the ion pair.43 The
delocalization is attenuated in deuterated solutions.43 How-
ever, relating this ensemble of ion−ion distances and their
corresponding solvation shells to the rapid precipitation
kinetics in LiOH solutions compared to NaOH and KOH
solutions remains an active area of research.
While the position of the Td signal exhibits a continuous

downfield trend, the trend in Td fwhm is more complex (Figure
2D). The Td fwhm initially increased from 43 to 51 Hz and
then decreased to 44 Hz at t = 1.1 h. The initial 2 Hz increase
in fwhm at t < 1 h may have been due to an increase in
viscosity of the system as a result of the increase in aluminate
ions in solution. The reduction in fwhm during later stages of
intercalation (1 h < t) is consistent with the reduction of
aluminate ion concentrations and, to a much lesser extent,
reduction in Li+ and OH− concentrations in solution, all of
which reduce the viscosity of the solution and the fwhm of the
27Al resonance.28,44

The region of the spectrum showing the Oh resonance
during the in situ 27Al MAS NMR study of gibbsite in 3 M
LiOH (Figure 2A) is shown in Figure 3A. Importantly, the low
field strength (7.0 T) and slow spinning rate (ca. 3 kHz) are
insufficient to resolve aluminum sites with large quadrupole
coupling parameters.45

Qualitatively, while there is some scatter in the Oh chemical
shift (Figure 3B), the overall trend is that the resonance
becomes shielded as the reaction proceeds. The as-synthesized
gibbsite dispersed in LiOH (3 M) exhibits an Oh

27Al fwhm
greater than 1500 Hz resonating at approximately 10 ppm
(Figure 3C). During gibbsite dissolution and formation of
LiAl-LDH, the central band Oh resonance progressively
narrows over a few hours to about 400 Hz, as estimated
with a mixed Lorentzian−Gaussian line shape. This reduction
in fwhm is likely due to the smaller 27Al quadrupolar coupling
constant (CQ) for LiAl-LDH compared to the initial gibbsite
(4.7 and 2.2 MHz for the gibbsite sites32 and 1.7 MHz for

Figure 2. (A) 27Al MAS NMR spectra during the isothermal reaction
of 0.5 M gibbsite in deuterated 3 M LiOH. The spinning side bands
are denoted * and attributed to either the Td or Oh resonance. Every
seventh spectrum is shown. (B) Variation in the integrated NMR
signal intensity of the Td resonance and the experimental
concentration of aluminate (Al(OH)4

−) ions as a function of time,
see Supporting Information for additional details. (C) Time-resolved
27Al NMR Td chemical shift and (D) Td full width half-maximum
(fwhm) estimated by Lorentzian/Gaussian line shapes.
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LiAl-LDH (Table S1)). At intermediate reaction times, the
local disorder arising from Al3+ in partially lithiated hydroxide
sheets may attenuate this narrowing.46

The field strength (7.0 T) and spinning rate (3 kHz) of the
in situ study results in better detection of LiAl-LDH than the
initial gibbsite, as is evident by the overall increase in signal in
the Oh region during the reaction. The central band fwhm and
intensity strongly correlates with fwhm and intensity of the

spinning side bands (SSB, Oh* in Figure 3A). Previous
literature suggests that the broadening of the SSB in LDH is
not only attributed to a disorder-based distribution of chemical
shifts and quadrupolar interactions but is also influenced by
changes in the hydration sphere of the intercalated anion, if the
SSB changes independently of the Oh

27Al MAS NMR central
transition.47 Given the strong correlation with the Oh

27Al
central transition intensity and fwhm, the emergence of
relatively sharp SSB is consistent with the relatively low CQ
of LiAl-LDH, likely broadened by local disorder in the
hydroxide sheet at intermediate times.32,46

Gibbsite and LiAl LDH are poorly resolved at this field
strength and spinning rate.45 To quantify the relative amounts
of gibbsite and LiAl-LDH, we conducted XRD and ex situ 27Al
studies at a field strength of 20.0 T.
XRD patterns of the solid phase as a function of reaction

time are shown in Figure 4. The XRD pattern of the product,
LiAl-LDH, contains asymmetric diffraction peaks in the region
between 2θ = 19.5 and 26° attributed to disordered stacking of
LiAl2(OH)6

+ layers, where small shifts of Li+ positions
averaged over many layers produce a pseudohexagonal unit
cell that also contains anisotropic strain.20 More recent work
on similar aluminum layered double hydroxides (albeit with
Cl− and not OH− intercalation) explored the asymmetry
between adjacent metal hydroxide sheets and polytypism of
these materials.48 In this work, intermediate compositions were
determined using a Pawley refinement with a hexagonal cell for
LiAl-LDH. The XRD patterns were analyzed both with and
without the inclusion of preferential orientation, with typical
refinements shown in Figures S7−S9.
As the reaction proceeds, the prevalence and crystal domain

size of gibbsite decrease monotonically, and after 2 h, the
gibbsite phase is below the limit of detection via XRD. We
note that the limit of detection of gibbsite in mixtures of LiAl-
LDH is approximately 3 wt % with the utilized XRD
diffractometer as shown in Figure S10. Including preferential
orientation in the Pawley refinement negligibly affected the
acquired phase composition and crystal domain size of

Figure 3. (A) 27Al MAS NMR spectra of the Oh region during the
isothermal intercalation of 0.5 M gibbsite in 3 M LiOH in D2O. The
spectra are equivalent to Figure 2A but vertically magnified by a factor
of 6. Every seventh spectrum is shown. The Oh

27Al resonance’s (B)
chemical shift and (C) fwhm as estimated with a mixed Lorentzian−
Gaussian line shape.

Figure 4. (A) Time series of powder X-ray diffraction patterns during the dispersion of 0.5 M gibbsite in 3 M LiOH. (B) Crystal domain sizes of
LiAl-LDH (Li[Al(OH)3]2OH·2H2O) and gibbsite. (C) The fraction of LiAl-LDH in the mixture as calculated via a Pawley refinement in TOPAS.
Example XRD fits are shown in Figures S7−S9.
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gibbsite. The crystal domain size of LiAl-LDH increases
insignificantly from ca. 18 to 20 nm as the reaction proceeds,
with limited influence of preferential orientation on refinement
results. In this system, concurrent dissolution of gibbsite and
precipitation of LiAl-LDH likely results in an ensemble of
crystal domain sizes, in which the distribution’s average
becomes marginally larger. Importantly, the XRD patterns
provide evidence that residual gibbsite remains throughout the
first 1.2 h of the reaction. This residual gibbsite is likely the
solubility-limiting phase, with respect to the aluminate ion
concentration, during the in situ 27Al MAS NMR experiments
at 7.0 T. To better resolve changes in the solid phase, 6Li and
27Al MAS NMR were conducted at a higher field strength
(20.0 T).

6Li MAS NMR spectra at 20.0 T are shown in Figure 5. The
6Li resonance occurs at approximately δ = −0.08 ppm (relative
to 1 M LiCl in water) and lacks spinning side bands (Figure
S11). Prior 6Li MAS NMR studies demonstrate that the
chemical shifts for Li+ in Oh coordination in lithium aluminates
vary between 0.31 and −0.4 ppm in LiAl5O8 and α-LiAlO2,
respectively, with a comparable chemical shift of −0.05 ppm
for Li2Al(OH)6Cl·nH2O.

49 The 6Li chemical shift found in this
study (δ = −0.08 ppm) did not vary significantly during the
course of the topotactic transformation of gibbsite into LiAl-
LDH, but a subtle reduction of the 6Li fwhm occurs. The
decrease from 44 to 35 Hz fwhm was estimated by fitting
Gaussian line shapes (shown in Figure S11). This fwhm
reduction is attributed to an increase in the local-range order of
the metal hydroxide sheet (Figure 1) after filling Li+ vacancies
in the hydroxide sheet predominantly present at early stages of
the reaction. However, in addition to the increase in local
order, the reduction in fwhm may also be attributed to an
increase in Li+ ion mobility. The mobility of Li+ ions50−53

implies that OH− ions are simultaneously mobile, as was found
in OH− based LDH electrolytes54 and molecular dynamics
simulations of jump diffusion in LDH materials.55 All spectra
are well fit by a single Gaussian line shape with no evidence of
a superimposed broad signal.3 The superimposed broad
resonance was previously attributed to Li+ in an amorphous
solid found after dispersing gibbsite in very concentrated LiCl
solutions.3

27Al MAS NMR spectra at 20.0 T of the solid phases are
shown in Figure 6. In the Oh Al

3+ coordination region of the
spectra, gibbsite and LiAl-LDH can be partially resolved,

consistent with recent studies of LDH materials at comparable
field strengths.32,46,56 During the course of the reaction, a
narrow Oh Al peak (CQ < 1.7 MHz) emerges upfield of the
initial 27Al resonances of gibbsite.57 This emergent peak is well
resolved in complementary 27Al MQMAS spectra (Figure
S12). Deconvolution of the signal intensity of LiAl-LDH
(Figures S13−S15) was performed in DMFIT, using fixed
quadrupolar coupling parameters for the two octahedral
gibbsite sites (site 1: δiso = 10.75 ppm, CQ = 2.2 MHz, and
ηQ = 0.7; site 2: δiso = 12.97 ppm, CQ = 4.7 MHz, and ηQ =
0.4),40,58 and regressed the single Al site quadrupolar coupling
parameters corresponding to the LiAl-LDH phase. These
parameters are listed in Table S1, and the corresponding fits to
the data are included.
In accordance with prior studies,56 spectra were fit with the

lowest number of peaks (3) required to achieve a satisfactory
fit. With the exception of the initial gibbsite, this resulted in an
unequal site distribution in the two gibbsite Al sites, which
suggests the presence of additional Al sites indistinguishable at
a field strength of 20.0 T in extreme overlap with the gibbsite
resonances. While this asymmetric broadening is attributed to
gibbsite in Figure 6B, there is no XRD apparent gibbsite in
Figure 4 at 2.2 or 4.1 h. Similar asymmetry in the Oh resonance
in ca. 20.0 T 27Al MAS NMR spectra of zinc or magnesium
aluminum layered double hydroxides was attributed to local
disorder comprising structural defects and vacancies in the
metal hydroxide sheet,46,59 which manifest in an Al3+ site
heterogeneity and a distribution of quadrupolar coupling

Figure 5. 6Li fwhm is determined via Gaussian fitting. (Inset) High
field, 20.0 T, 6Li MAS NMR spectra (spectra are offset and
normalized to the same vertical height). Additional 6Li MAS NMR
spectra are shown in Figure S11.

Figure 6. (A) High field (20.0 T) 27Al MAS NMR spectra. The
spectrum at 0 h, corresponding with the initial spectrum of gibbsite,
was published previously.57 (B) Summary of the deconvoluted 27Al
MAS NMR resonances. The quadrupolar coupling parameters are
listed and the fits are shown in Table S1 and Figures S13−S15,
respectively. Resonances of Oh Al3+ sites near defects, such as Li+

vacancies, may overlap with those of the original gibbsite.
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constants. It is possible that resonances of Al3+ Oh sites
proximal to defects and vacancies overlap with those of the
original gibbsite. The relative integral of the two sites
attributed to gibbsite, the LiAl-LDH site, and the Td sites are
shown in Figure 6B. The final spectra after the 4.1 h reaction
are dominated by a narrow resonance (CQ = ca. 1.6 MHz, ηQ =
ca. 0) but still exhibit asymmetric broadening downfield (ca.
15% of the total signal), which is well fit by resonances
assigned to gibbsite, albeit with disproportionate site
intensities.
The generation of under-coordinated Al3+ species was also

investigated with high field 27Al NMR. Previous 27Al NMR
measurements demonstrated that gibbsite crystallized from an
amorphous Al(OH)3 gel contains minor fractions of
tetrahedral (Td; <1% total signal) and penta-coordinate Al3+

(AlP; <2% total signal), likely associated with the surface,60 that
increase in prevalence following dehydration.57,60 In this study,
the signal intensity of the Td resonances associated with the
solid phase varies between 1 and 4%, far exceeding that of the
initial gibbsite. The increased prevalence of the Td species
throughout the course of the reaction compared to the starting
gibbsite may arise from (i) sorption of solution state aluminate
ions and/or (ii) generation of undercoordinated Al3+ species at
the exterior surface, or at defect-rich,61 subsurface lithiated-
delithiated boundaries, such as an interface between gibbsite
and LiAl-LDH. In a computational study, AlP sites were
suggested to be short-lived intermediates in gibbsite dis-
solution and precipitation processes.62 However, there are
negligible quantities (<0.1%) of AlP sites associated with the
solid phase in this system (Figure 6A).60 The fraction of trace
Td Al3+ was previously correlated to nanoparticle size,60

therefore SEM was conducted to evaluate whether the
increased prevalence of Td Al corresponded with a drastic
reduction in primary particle size.

SEM images of the solids harvested during the reaction of
gibbsite in deuterated LiOH are shown in Figure 7. The
coarsening of edges of euhedral nanoplates after reaction is
consistent with the dissolution of gibbsite. At intermediate
time points during the reaction, a fraction of smaller
nanoparticles is also formed, likely due to the reprecipitation
of aluminate ions that are produced from OH−-mediated
dissolution of gibbsite. A comparison of the initial gibbsite and
the Li[Al(OH)3]2OH·2H2O produced after 4.1 h of reaction
shows that the majority of particles retained the approximate
size and plate-like morphology of the starting material (Figure
S16). However, the exact extent of homogeneous and surface
mediated precipitation of aluminate ions in this transformation
remains unclear. In this regard, the emergence of metastable
aluminate ions in solution and elevated Td aluminum sites in
the harvested solids at intermediate reaction times point to
rather complicated interfacial dynamics, involving multiple
dissolution, precipitation, and intercalation steps, which clearly
deviate from the simple assumptions used in classical lithium
intercalation models.63

4. CONCLUSIONS

In situ MAS NMR and multimethod characterization enabled
new insights into pathways controlling the transformation of
gibbsite to LiAl-LDH in LiOH. In particular, relevant to the
often invoked solid-state intercalation pathway, the impor-
tance, if not dominance, of the dissolution-reprecipitation
pathway in caustic solution is now evident. The concentration
of aluminate ions in solution shows a shift of solubility control
from the dissolution of gibbsite at early reaction stages to the
emergence of much less soluble LiAl-LDH. After this shift, free
aluminate ions become increasingly subsumed into LiAl-LDH
precipitation. Despite the narrowing of SSB and the central Oh
transition at 7.0 T, the crystal domain size of LiAl-LDH, as
determined by XRD, only marginally increases during the

Figure 7. Scanning electron microscopy of the harvested solids tracking 0.5 M gibbsite dispersed in 3 M LiOH in D2O. The solids after (A) 0.2 h,
(B) 0.4 h, (C) 0.6 h, (D) 1.2 h, (E) 2.2 h, and (F) 4.1 h are shown. An SEM micrograph of as-synthesized gibbsite is shown in Figure S16.
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process. Ex situ 27Al MAS NMR spectra at 20.0 T reveal both
the increase in Td Al

3+ sites in reacted solids and the residual
asymmetry in the Oh central transition at longer reaction times,
despite no remaining gibbsite detectable by XRD.
This study highlights the unique capabilities of (i) in situ

MAS NMR to provide insight into the aluminate ion solution
concentration and the influence this has on LDH formation
mechanisms in caustic solutions and (ii) ex situ MAS NMR to
detect the local ordering in LADH before the emergence of
long-range crystalline order detectable by XRD.
Furthermore, the improved understanding of this trans-

formation mechanism hints at the potential to tune the
structure and reactivity of LDHs in this system for specific
applications through manipulation of reaction conditions. This
mechanistic understanding may enable the deployment of
LiOH to control the concentration of Al3+ in caustic solutions
of high level nuclear waste and improve waste processing
efficiency.
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