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ABSTRACT: Layered α-LiAlO2 matrix often suﬀers from detrimental
structural and morphological changes during its lifetime, especially
under H2-containing fuel inlet environments of molten carbonate fuel
cell systems. However, the underlying mechanism of this phase and the
morphological transformations has rarely been explored. In this study,
transmission electron microscopy (TEM) techniques were used to
determine the changes in structure and morphology of LiAlO2 samples
lifted by a focused ion beam. In accordance with X-ray diﬀraction
analysis, TEM images show that under H-rich conditions the
rhombohedral α-LiAlO2 transforms to tetragonal γ-LiAlO2 phase
with the appearance of the (101)-terminated octahedral-shaped γ-LiAlO2 crystallites. We further support, and plausibly
rationalize, the observed transformations using density functional theory (DFT) calculation. The DFT computed surface
energies of γ-LiAlO2 reveal that the {101} surface becomes the lowest energy surface upon H-adsorption, thus leading to
formation of observed octahedral geometry. Contrary to stabilization of γ-LiAlO2 surfaces upon H passivation, DFT revealed H
adsorption on α-LiAlO2 surfaces to be energetically unfavorable. This contrasting behavior of α-LiAlO2 and γ-LiAlO2 under Hrich environments could be a potential driving force for the observed α-LiAlO2 to γ-LiAlO2 phase transformation.

■

INTRODUCTION
LiAlO2 is one of the most widely used electrode and electrolyte
matrix materials for lithium-ion batteries and fuel cells because
of its high energy and power densities, low cost, and physical
and chemical stability at elevated temperature.1,2 In the molten
carbonate fuel cells (MCFC), LiAlO2 plays an important role
in retaining the liquid electrolyte and preventing gas crossover
with its suﬃciently stable ﬁne-pore structure.3,4 However,
irreversible surface reconstruction of LiAlO2 linked to particle
coarsening and phase transition could occur during long-term
exposure to the MCFC environment, which permanently
deteriorates the cell performance.5,6
Extensive studies have been carried out to discover the
origins of the degradation phenomena. For example, our
previous studies7 explained that LiAlO2 could suﬀer from
structural instability in reducing atmospheres containing excess
hydrogen. Takizawa and Hagiwara8 reported that the structure
of LiAlO2 became unstable at higher temperature and lower
CO2 partial pressures, leading to dissolution of LiAlO2 into the
electrolyte and consecutive structural reconstruction.9 Furthermore, such dissolution of LiAlO2 can induce the electrolyte
decomposition, which causes the electrolyte depletion and thus
results in degradation of cell performance.10,11 However,
studies detailing the atomic level structural (re)arrangements/transformation and the underlying mechanisms
have not been explored yet.
Bulk LiAlO2 typically exists in two diﬀerent allotropic forms:
the rhombohedral α-LiAlO2 and tetragonal γ-LiAlO2. The α© 2018 American Chemical Society

LiAlO2 crystallizes in the trigonal system (R3̅m, space group
166) adopting the α-NaFeO2 structure.12 This structure can be
interpreted as an ordered rock salt with consecutive alternating
[AlO2]− and Li+ layers; the Al3+ and Li+ ions are octahedrally
coordinated in a cubic close-packed (ccp) O2− lattice, resulting
in a rhombohedral structure. Several materials such as LiCoO2,
LiNiO2, and NaMnO2 have the same crystal structure as αLiAlO2.13−16 While past density functional theory (DFT)
surface studies predicted LiCoO2 and LiNiO2 to adopt crystal
shapes with (104), (003), and (012) surfaces, the (104)
surface was found to be lowest in energy among the nonpolar
surfaces, in agreement with the experimental ﬁndings.17,18
Nonetheless, empirical and theoretical studies on α-LiAlO2
remain absent.
The γ-LiAlO2 structure consists of LiO4 tetrahedra with Li+
ions on corner-sharing octahedral positions and Li+ ions on
edge-sharing octahedral positions, the latter running parallel to
the crystallographic b axis in the tetragonal symmetry with the
space group P41212 structure.19 The γ-LiAlO2 has been
extensively explored as a substrate material for epitaxial growth
of III−V semiconductors,20 and as a tritium-breeder material in
fusion reactors.21,22 Despite widespread use of LiAlO2, there
are only a few theoretical studies on this material, with little
understanding of its surface structure and crystal morphology.
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LiAlO2 samples, TEM measurements were performed using a
JEOL JEM-2010 FasTEM with an accelerating voltage of 200
kV. Focused ion beam (FEI Strata 400s Dual Beam FIB) was
applied to obtain samples for TEM analysis. A platinum layer
was initially deposited on the LiAlO2 sample surface by
electron beam to protect the samples from further ion beam
damage.
First-Principles Calculations. Electronic structure DFT
calculations were performed to study the role of surface
energies on the crystal shape, and the possible phase
transformation empirically observed in LiAlO2 under diﬀerent
conditions. DFT calculations were performed using the Vienna
Ab Initio Simulation Package (VASP) employing the Perdew−
Burke−Ernzerhof exchange-correlation functional and the
projector-augmented wave methodology. The basis set
includes all the plane waves with kinetic energies up to 600 eV.
Starting from the structural parameters obtained from
Rietveld reﬁnement results on XRD analysis for both α- and
γ-LiAlO2, the bulk structures corresponding to the two
allotropic forms of rhombohedral α-LiAlO2 and tetragonal γLiAlO2, were ﬁrst optimized using DFT. The optimized
parameters were as follows: α-LiAlO2 (R3̅m; a = 2.82 Å and c =
14.39 Å) and γ-LiAlO2 (P41212; a = 5.21 Å and c = 6.29 Å).
With use of these DFT relaxed bulk structures, slabs with
orientations (001), (012), (104), and (110) for the α-LiAlO2
and (001), (100), (110), (102), and (101) for the γ-LiAlO2
phase were constructed with a vacuum layer of 12 Å. The
choice of the surfaces considered in each phase was guided
from the peaks observed in the XRD pattern, the scanning
electron microscopy (SEM) and high-resolution TEM
(HRTEM) observations made in the present work, past
works on structurally similar LiMO2 (M: Ni, Mn, Co)
systems,24,25 and the expected low energy associated with
stoichiometry surfaces with low Miller index. In particular,
besides the low Miller index surfaces, (104) for α-LiAlO2 and
(102) for γ-LiAlO2 were chosen because of XRD and HRTEM
analysis. Furthermore, all of the surface slabs considered were
stoichiometric. While in most cases the stoichiometric surfaces
could only be terminated in a unique manner, there were a few
cases wherein the surface termination had multiple possibilities. Such cases will be discussed in detail later. All atoms were
relaxed until the components of forces were smaller than 0.01
and 0.05 eV/Å in the case of bulk and slab geometries,
respectively.
The free surface energy (σ) was computed using the
formulation

To the best of our knowledge, comprehensive experimental
and theoretical studies on LiAlO2 particle morphologies and
surface energetics are missing, although they are highly desired
because of their many potential applications.
In this work, we ﬁrst test the structural and morphological
stability of α-LiAlO2 under varying gas environments (reducing
and oxidizing) expected during the operation of the fuel cells.
We ﬁnd that the rhombohedral α-phase transforms to the
tetragonal γ-phase under H-rich environments, with the γLiAlO2 phase appearing as microsized octahedral crystallites.
Transmission electron microscopy (TEM) techniques were
used to reveal the underlying surface arrangement and its
structure, which are the key factors aﬀecting the morphology of
the sample. Furthermore, the empirical results are corroborated with simpliﬁed, yet informative, ﬁrst-principles theoretical studies. Using DFT, we examine the surface energetics and
morphological change of α- and γ-LiAlO2 phases under H-free
and H-rich conditions. The theoretical studies reveal that H
adsorption is preferred on γ-LiAlO2 surfaces, especially on
(101), while its energetically unfavorable for α-LiAlO2 surfaces.
The DFT results not only provide support for observation of
octahedral-shaped γ-LiAlO 2 particles but also hint at
stabilization of γ-LiAlO2 surfaces (relative to α-LiAlO2) as
the thermodynamic force driving empirically observed phase
transformation. The combined empirical and theoretical study
presented here provides a design of electrolyte matrix materials
for more stable phase and particle morphologies in fuel cell
environments as well as establishes a foundation for future
mechanistic studies on LiAlO2 surface instabilities.

■

EXPERIMENTAL AND THEORETICAL METHODS
Experimental Section. LiAlO2 was prepared by solid-state
synthesis method as reported in a previous study from our
group.23 The LiAlO2 was immersed in a mixture of eutectic
melt of composition 52:48 Li2CO3:Na2CO3 (mol %). The
mixture of Li2CO3 (>99.0% pure, Sigma-Aldrich) and Na2CO3
(>99% pure, Sigma-Aldrich) were premelted at 500 °C. Both
LiAlO2 powder and Li/Na carbonate were put in a platinum
crucible (99% pure, 30 mL, Sigma-Aldrich) and placed within
a sealed closed one-end alumina reactor. The alumina reactor
was subsequently heated to 650 °C at 3 °C/min. The
immersion tests were conducted at 650 °C under controlled
atmospheres (100 cm3/min) comprised of air with PCO2 = 0.3
atm, H2 with PH2O = 0.3 atm and PCO2 = 0.3 atm, and H2 with
PH2O = 0.3 atm (dictated by air/CO2, H2/CO2, and H2,
respectively). After the completion of the experiments, LiAlO2
powder was washed with a mixture solution of glacial acetic
acid (>99.5%, Sigma-Aldrich) and acetic anhydride (>99%,
Sigma-Aldrich) to dissolve the remaining carbonate electrolyte.
Subsequently, LiAlO2 powder was ﬁltered through ﬁlter paper
(0.1 μm diameter pore) and then dried at 120 °C for 4 h for
characterization.
Characterization. XRD patterns were obtained using a
Bruker D8 Advance system with Cu Kα radiation (λ = 1.5406
Å) to identify the phase structure of LiAlO2 samples. The data
were acquired over an angular range of 10° < 2θ < 70° with a
scan step of 0.02°. Surface morphologies were obtained using
an FEI Quanta 250 FEG high-resolution scanning electron
microscope with a ﬁeld emission source and images using an
Everhart-Thornley SE (secondary electron) detector with an
electron accelerating voltage of 10 kV and a sample height of
10 mm. To investigate the morphologies and structures of the

σ=

1
[Eslab − nεb]
2A

(1)

where Eslab is the energy of the stoichiometric slab, εb is the per
formula-unit energy of the bulk LiAlO2, and n denotes the
number of formula units of LiAlO2. Convergence studies of
surface energies with respect to number of LiAlO2 layers were
also performed, details of which have been provided in Tables
S1 and S2, Supporting Information.
To capture the eﬀect of various conditions studied
empirically, relevant low-energy surfaces were further passivated with diﬀerent concentrations of H atoms. Initial
structures in such cases were built by placing H atoms (in
form of a monolayer) directly on top or below the O atoms at
a distance of roughly 1 Å. Furthermore, the concentration of H
atoms was computed in terms of the percentage of surface O
atoms that were passivated by H atoms. The surface energy of
28798
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Figure 1. XRD patterns (a) and SEM images (b−f) of LiAlO2 under diﬀerent chemical environments; (b) as-prepared, (c) air/CO2, (d) H2/CO2,
and (e,f) H2. (g) Schematic illustration of LiAlO2 with the {101} surface planes. In (a), the XRD patterns of rhombohedra α-LiAlO2 (JCPDS No.
74-2232) and tetragonal γ-LiAlO2 (JCPDS No. 73-1338) phases are indexed. For clarity, the XRD intensity of the sample exposure to H2 has been
reduced to one-third.

Figure 2. H2-exposed LiAlO2 as observed by SEM (a and b). FIB image is shown in (c) after the sample is cut along the dotted line in (a). (d)
TEM image and SAED showing γ-LiAlO2 terminated with {101} surfaces. Corresponding schematic illustration of γ-LiAlO2 with the {101} surface
planes is shown in (e).

■

a H-passivated surface as a function of μH was computed using
the formulation
Ä
É
1 ÅÅÅÅ
1
ij
yzÑÑÑÑ
σ=
ÅEslab − nεb − nHjjμH − μH2 zzÑÑ
2A ÅÅÅÇ
2
(2)
k
{ÑÑÖ

RESULTS AND DISCUSSION
Structural and Morphological Transformations. To
investigate the structural and morphological stability of LiAlO2
under diﬀerent environments, we expose the prepared LiAlO2
samples to air/CO2, H2/CO2, and H2 atmospheres. The
crystallinity and morphology of the products were studied
using XRD and SEM, respectively. The top panel in Figure 1a
shows the XRD patterns of the as-prepared a-LiAlO2. Two
dominant diﬀraction peaks at 18.7 and 45.2 correspond to the
(003) and (104) planes of rhombohedra α-LiAlO2 phase.26

where nH is the number of H atoms, μH2 is the DFT computed
potential energy of H2 molecule, and μH is the variable
chemical potential of H. The remaining terms are as described
earlier.
28799
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whereas the {110} surfaces are rough because of the presence
of relatively smaller particles. This further suggests that most
likely {110} surfaces are outgrown to form large γ-LiAlO2
particles with a near-perfect octahedral morphology and {101}
terminations. We note that crystal facets evolve to have the
lowest surface energy during the crystal growth process while
the higher energy facets tend to disappear.29,30 Therefore, ﬁrstprinciples theoretical studies can help us understand these
observations of octahedral-shaped particles and formation of γLiAlO2 phase upon exposure to H2 gas.
Morphology of γ-LiAlO2 from DFT Computations. To
understand the aforementioned empirical observations of
phase transformation and crystal growth in LiAlO2, ﬁrstprinciples DFT calculations were performed. Because empirically much of the structural and morphological changes were
observed under varying H2 atmospheres, we studied only the
eﬀect of H concentration by modeling both free and Hpassivated α- and γ-LiAlO2 surfaces. The free surface energies
for the low Miller index surfaces of γ-LiAlO2 under
stoichiometric orientations are summarized in Table 1. We

The high-resolution SEM images (Figure 1b) show that the asprepared pure α-LiAlO2 powders contained agglomerated
nanospherical particles. Even for the products collected from
exposed air/CO2 and H2/CO2 atmospheres, the structure and
morphology of α-LiAlO2 remained unchanged (Figure 1a,c,d).
This is in agreement with reports that show oxidizing
atmospheres with a suﬃcient amount of CO2 gas prevent
dissociation of LiAlO2.27 However, under H-rich environment
and in the absence of CO2 gas, the peak intensities of α-LiAlO2
were found to signiﬁcantly decrease, while the γ-LiAlO2
phase28 with distinctly strong peaks for (101), (102), and
(200) planes were detected (see bottom panel in Figure 1a).
Furthermore, the γ-LiAlO2 particles were found to crystallize
with a clean octahedral morphology (see Figure 1e−g).
The octahedral LiAlO2 particle obtained after exposure to
H2 atmosphere is cut with a FIB to closely examine its cross
section (Figure 2a,c). The dotted yellow lines in Figure 2a,c
correspond to the same position in the LiAlO2 particle. The
TEM results and corresponding selected area electron
diﬀraction (SAED) patterns taken from three regions indicated
by I, II, and III (Figure 2d) suggest that the octahedral particle
has a single γ-LiAlO 2 crystal with [010] zone axis.
Furthermore, the diﬀraction patterns indicate that the particle
surface is predominately terminated by (101), (100), and
(102) planes, which is in good agreement with the XRD results
shown in Figure 1a. The TEM (Figure 2d) and SEM (Figure
2b) images also show the presence of relatively smaller
particles forming rough surface regions. On the basis of these
images, it appears that these smaller particles could grow and
coalesce together to result in near-perfect octahedral geometry
terminated by {101} surfaces, as illustrated in Figure 2e. This
result is also in concordance with XRD results (Figure 1a) of
the strongest peak for the (101) plane and relatively weak
peaks for (102) and (100) planes.
The SEM images (Figure 3) also prove that γ-LiAlO2
particles exhibit a truncated octahedral morphology with
{101} and {110} planes. The magniﬁed micrographs (Figure
3a3, b3, and c3) reveal that the {101} surfaces are quite smooth,

Table 1. DFT Computed Free Surface Energies (J/m2) of
Diﬀerent Stoichiometric Orientations of γ-LiAlO2
facet
(100)
(110)
(101)
(001)
(102)

γ-LiAlO2
1.279
1.502
1.551
1.568
1.692

J/m2
J/m2
J/m2
J/m2
J/m2

note that stoichiometric (100), (001), and (102) slabs can
only be terminated in a unique manner with an equal number
of broken Li−O and Al−O bonds, while the (101) and (110)
surfaces have three possible terminations with varying ratios of
broken Li−O and Al−O bonds. For the latter cases, all three
combinations were studied and the terminations with a smaller
ratio of broken Al−O/Li−O bonds were found to have lower
surface energies, suggesting that the Al−O bond breakage has
higher energy cost. Thus, for the case of (101) and (110) only
the lowest energy terminations have been reported in Table 1.
Overall, the (100) surface was found to have the lowest free
surface energy, which is in agreement with the aforementioned
XRD and TEM analysis on γ-LiAlO2 particles (under H2-rich
conditions). However, TEM analysis revealed (101), (110),
and (102) surfaces to be more dominant, with {101} being the
most prevailing surface plane. This seems to be in contradiction with the DFT predictions of these surfaces having
relatively higher free surface energies because of the higher
number of broken Al−O and Li−O bonds, as captured in
Figure 4a,c. However, we note that the experimental
conditions correspond to H-rich conditions, and thus there
is a strong possibility that such “dangling” Al−O or Li−O
bonds are passivated with H, thereby leading to reduced (101),
(110), and (102) surface energies. Bader charge analysis31 on
diﬀerent surfaces of γ-LiAlO2 also suggests the occurrence of
Al in reduced oxidation state at the surface as compared to that
in the bulk (Table S3).
To test this hypothesis, we studied the surface energetics of
the γ-LiAlO2 as a function of H chemical potential (Δμ(H)),
with the results presented in Figure 5 and Figures S1−S5. For
(101) and (110) surfaces that display many possible
terminations, only the cases with lowest free surface energy,

Figure 3. Schematic illustration (a1−c1) and SEM images (a2−c2) of
γ-LiAlO2 with the {101} and {110} surface planes. Magniﬁed SEM
images (a3−c3) show truncated octahedral crystals with rough {110}
surface planes.
28800
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We can recast the surface energy data in Figure 5 to ﬁnd
lowest energy facets of γ-LiAlO2 as a function of Δμ(H) and
construct Figure 6a. In H-poor conditions (i.e., Δμ(H) < 1.5
eV), the (100) facet has the lowest surface energy, followed by
(101), (110), (001), and (102) surfaces. However, with an
increase in H chemical potential, the surface energy of (101)
facet considerably reduces relative to the others. Thus, under
H-rich conditions, the surface energetics follow the trend
(101) < (110) < (100) < (001) ∼ (102) as captured in Figure
6a. A closer inspection of the relaxed structures revealed an
interesting eﬀect of H-passivation. Although initially the H
atoms were placed near the O atoms to assist O−H bond
formation, during the (101) slab relaxation the H atoms
moved closer to the Al atoms to form Al−O bonds (see Figure
4c). More importantly, such behavior was absent in other
surfaces considered. Thus, the formation of Al−H bond (or
passivation of broken Al−O bonds) could be critical to lower
the {101} surface energy, and perhaps lead to stabilization of
the γ-LiAlO2 phase under H-rich conditions, as corroborated
by the XRD, SEM, and TEM observations presented earlier.
The DFT computed surface energy data of γ-LiAlO2 could
further be used to estimate the plausible morphology of γLiAlO2 particles under varying H environment, and compared
with the previously discussed SEM and TEM analysis. Thus, in
Figure 6b we present the DFT predicted equilibrium particle
shape of γ-LiAlO2 at ﬁve diﬀerent values of H chemical
potential. The particle shapes are obtained using Wulﬀ
construction, which is based on minimization of total surface
energy for a given volume of material.32 As evident for Figure
6b, under H-poor conditions, the {100} surfaces have the
lowest surface energy and accordingly the largest face area.
However, with increasing H potential, the {101} surface
energy reduces, and the {100} surfaces are superseded by
{101} surfaces. Thus, DFT predicts a truncated octahedral
morphology with exposed {101} and {110} surfaces at Δμ(H)
= −0.4 eV and ﬁnally a near-perfect octahedral shape with
{101} surfaces at Δμ(H) ∼ 0 eV, both of which are in excellent

Figure 4. Surface geometries of the H-free (a, c) and the H-adsorbed
(b, d) (101) and (110) surfaces, respectively. Blue, Li; purple, Al;
orange, O; cyan, H.

that is, the surface terminations reported in Table 1, were
considered for H-passivation studies. Furthermore, it should be
noted that, in Figure 5, higher H chemical potential
corresponds to H-rich conditions, with chemical potential of
H2 gas taken as reference. As can be seen from eq 2, the slope
in Figure 5 is dependent on the number of passivating H
atoms. Thus, for the case with zero passivating H atoms (or a
free surface), the surface energy is independent of Δμ(H).
Clearly, (001) and (100) facets do not prefer H passivation as
their free surface energies are lower than the respective Hpassivated surfaces, suggesting that these surfaces do not form
stronger bonds with H atoms. In contrast, the (110) and (102)
facets with partial H-passivation (0.5H) have lower surface
energies in H-rich conditions, indicating that these surfaces
become stabilized at higher H partial pressure. More
importantly, the (101) facet with 0.66H (66% of H on the
surface) is found to have the lowest surface energy for almost
the entire range of Δμ(H) considered here.

Figure 5. DFT computed surface energies of (001), (100), (110), (101), and (102) facets of γ-LiAlO2 as functions of H chemical potential
(Δμ(H)) using eq 2. While 0H represents the H-free surface, 0.33H, 0.5H, 0.66H, and 1.0H correspond to 33%, 50%, 66%, and 100% surface
coverage with H, respectively.
28801
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Figure 6. (a) DFT computed lowest value of surface energies for (100), (001), (110), (101), and (102) facets of γ-LiAlO2 as a function of Δμ(H).
(b) Side (up) and top (down) view of crystal morphologies of γ-LiAlO2 particle as obtained from Wulﬀ construction at ﬁve diﬀerent values of
Δμ(H).

agreement with the TEM and SEM observations presented
earlier.
First-Principles Calculation: Phase Transformation of
LiAlO2. To further explore the potential role of H-passivation
in transformation of rhombohedral α-LiAlO2 to tetragonal γLiAlO2 phase, we next performed similar DFT computations
on α-LiAlO2 surfaces. The free surface energies of four
stoichiometric α-LiAlO2 surfaces considered in this work are
presented in Table 2. The relative ordering of surface energies
Table 2. DFT Computed Surface Energies (J/m2) of αLiAlO2, LiMO2 (M: Ni1/3, Mn1/3, Co1/3),24 and LiNiO225
Systems
facet
(104)
(001)
(110)
(012)

α-LiAlO2
0.901
1.126
1.951
2.018

LiMO2
2

J/m
J/m2
J/m2
J/m2

0.76
0.89
1.32
1.97

Figure 7. Surface geometries of the H-free (104), (001), (110), and
(012) surfaces of α-LiAlO2. Blue, Li; purple, Al; orange, O.

LiNiO2
2

J/m
J/m2
J/m2
J/m2

0.53
0.71
1.22
0.99

J/m2
J/m2
J/m2
J/m2

match well with past works on LiMO2 (M: Ni, Mn, Co)24 and
LiNiO225 systems which are chemically and structurally
(rhombohedral phase) similar to α-LiAlO2 with the exception
of ordering of (110) and (012) surface energies in LiNiO2.
Similar to the case of γ-LiAlO2, we note that (104) and (110)
surfaces of α-LiAlO2 have a unique termination possibility,
while (001) and (012) surfaces can be cleaved in many
possible ways. However, inspired from past works33 and our
work on γ-LiAlO2, we report here energies for only the cases
with the least number of broken Al−O bonds, while
maintaining the stoichiometry of the slab. Among all the
surfaces considered, the (104) facet has the lowest surface
energy because of the small number of broken Li−O and Al−
O bonds (see Figure 7). The (001) surface follows next. These
DFT predictions are in good agreement with the XRD pattern
in Figure 1a, wherein the (001) and (104) planes were indexed
in high intensity.
Figure 8 presents the eﬀect of H passivation on α-LiAlO2
surfaces. As evident from the ﬁgure, for all cases H passivation
results in higher surface energies than their respective free

Figure 8. Surface energies of the H-free and the H-adsorbed (104),
(001), (110), and (012) surfaces of α-LiAlO2 as a function of
hydrogen chemical potential. 0H represents the H-free on the surface
and 0.25H, 0.33H, 0.5H, 0.66H, and 1.0H is 25%, 33%, 50%, 66%,
and 100% of H-adsorption on the surfaces, respectively.

surface counterparts over the entire range of Δμ(H). This
suggests that H passivation is energetically unfavorable in the
case of α-LiAlO2. Therefore, this observation of increase in the
28802
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energy of the α-LiAlO2 surface under H-rich conditions
combined with the previous results of stabilization of γ-LiAlO2
(101) surfaces could be the driving force for the formation of
γ-LiAlO2 crystals.
Thus, putting together the empirical and the theoretical
analysis, a schematic of the structural and morphological
changes in LiAlO2 under H-rich atmospheres is presented in
Figure 9. The as-prepared LiAlO2 powder consisted of small

truncated octahedral crystals suggested growth of {110}
surfaces into {101}, resulting in perfect octahedral γ-LiAlO2
crystals.
To understand these experimental observations, ﬁrstprinciples DFT computations were performed to examine
surface energetics of both α-LiAlO2 and γ-LiAlO2 phases with
and without H passivation. The DFT computations not only
revealed the low-energy surfaces for each phase, in-line with
the X-ray diﬀraction (XRD) peak analysis, but also helped to
predict the LiAlO2 crystallite shape using Wulﬀ construction.
In agreement with empirical observations, the DFT results
suggest substantial reduction in {101} surface energy of γLiAlO2 under H-rich conditions, leading to near-perfect
octahedral geometry of LiAlO2 particles. The DFT predicted
surface energy ordering of {110} having higher energy than
{101} surfaces in γ-LiAlO2 also provides a possible explanation
of the observed truncated octahedral particles. Furthermore,
the opposite trend of increase and decrease in the surface
energy of α-LiAlO2 and γ-LiAlO2, respectively, under H-rich
conditions could be a plausible driving force for α-LiAlO2 to γLiAlO2 phase transformation. Structurally, the formation of
Al−H bonds on {101} surfaces of γ-LiAlO2 were found to be
responsible for lowered surface energies. These results provide
a fundamental understanding of the morphology and phase of
matrix materials and a new approach to examine and select
layered and other matrix materials.

Figure 9. Schematic representation of proposed morphological and
phase transformation processes.

particles in the rhombohedral α-LiAlO2 phase, as suggested
clearly by the XRD analysis. However, upon exposure to
reducing atmospheres, that is, H2 gas, a phase transformation
to the γ-LiAlO2 phase along with a distinct morphological
preference to formation of {101}-terminated octahedral
crystallites was observed. Some crystallites with truncated
octahedral morphology (preferentially along (110)) were also
observed, most likely representing cases with incomplete
particle growth. A combination of XRD, SEM, and TEM
analysis was adopted to deduce these structural and
morphological ﬁndings. However, to develop a fundamental
understanding of the observed transformations, we performed
ﬁrst-principles DFT calculations of various α-LiAlO2 and γLiAlO2 surfaces under H-rich and H-poor conditions.
Although the DFT models are much simpler than the
synthesized empirical LiAlO2 system, the computations clearly
revealed that the {101} and {110} surfaces of γ-LiAlO2 are
energetically stabilized under H-rich conditions, with {101}
being lowest in energy. Interestingly, an opposite trend of the
increase in energy of α-LiAlO2 surface upon H passivation was
also found using DFT computations. Thus, the DFT surface
energy predictions are in excellent agreement with empirical
observations conﬁrmed using XRD, SEM, and TEM analysis
and provide a plausible explanation of the increase in the
volume fraction of γ-LiAlO2 under H-rich conditions in terms
of thermodynamic considerations of stabilization of γ-LiAlO2
surfaces as opposed to that of α-LiAlO2.
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