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We report the discovery of a trigonal polymorph of the prospective Li-ion battery material Li,MnO; and
its synthesis in bulk, single-crystal form. Crystal growth of trigonal Li,MnQOj is strongly dependent upon the
quality of a polycrystalline LiMnO, precursor consumed in the synthesis process. The crystal structure of the
trigonal phase is composed of ordered honeycomb layers of LiOg and MnQOg octahedra segregated by layers
of LiOg octahedra and represents an ordered stacking variant of the known monoclinic polymorph. Diffuse
reflectance spectroscopy reveals a direct optical gap of 2.47 £ 0.11 eV and a series of charge excitations that
are well explained by the expected Mn** 34 valence. Density functional theory calculations are in excellent
agreement with the spectroscopic measurements and find a near degeneracy in the formation energies of the two
polymorphs. Our results suggest that the trigonal structure resolves the compositional and structural disorder

often manifested in the monoclinic phase.
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I. INTRODUCTION

One of the central challenges in experimental materials
synthesis lies in selecting among two or more compounds
when the differences between their energies of formation are
much smaller than the energy scale kT required to initiate
phase formation [1-3]. This issue is particularly challenging
when these compounds have the same composition, making
understanding the local energy landscape critical to control-
ling the crystallization pathways and driving the reaction to
the desired product [4]. Nonetheless, this level of control has
been experimentally realized in several systems. In the case
of TiO,, for instance, selective synthesis of various metastable
polymorphs has been achieved through direct observation of
crystallite nucleation and in sifu control of Ti coordination
environments from amorphous TiO, precursors [5,6]. Simi-
larly, the selection of crystallization pathways to form desired
CuSe, polymorphs was found to be primarily controlled by
exposure to air and humidity [7], while MnO, polymorphs
can be selected by varying K™ concentrations in hydrothermal
reactions [8].

In the overwhelming majority of multinary oxide sys-
tems, however, the temperatures required for synthesis exceed
1000 K, often precluding such a precise level of control over
synthetic pathways. A potential solution to this challenge
lies in identifying reactive intermediaries that modify the
energy landscape towards controlled stabilization of the target
compound, a technique that recently has been comprehen-
sively demonstrated in the synthesis of yttrium manganese
oxides [9,10], Mn nitrides [11], pyrite FeS, [12], and cuprate
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superconductors [13]. Along these lines, we recently showed
the in situ formation of an intermediate ternary oxide to be
critical in triggering the growth of Li;Mn;(MoQy); single
crystals [14]. Furthermore, the very technique of growing
single crystals from molten solutions provides an additional
set of levers for accessing the energy landscape, through
which synthesis temperatures, redox equilibria, coordination
environments, and even the stabilization of desirable metal
complexes can be controlled [1,15,16].

The structure of the room temperature monoclinic poly-
morph of Li;MnO; has been known for several decades [17]
and consists of honeycombed layers of Li- and Mn-centered
octahedra separated by layers of wholly Li-centered octa-
hedra. Static and fluctuating moments confirm the expected
Mn** valence configuration [18,19]. Li and Mn occupancy
mixing within the Li/Mn layer is common [20], but in the os-
tensibly unmixed case, adjacent Li/Mn honeycomb layers are
stacked neatly on top of each other along the monoclinic ¢ axis
[21]. Electron diffraction and high-resolution transmission
electron microscopy (HRTEM) measurements shed light on a
complicated defect physics, revealing intrinsic stacking faults
among the Li/Mn layers [22]. The frequency of these stacking
faults is closely tied to the method of synthesis across both sol-
gel and solid-state reaction techniques, and significant gaps
remain in our understanding of the complete relationships
among synthesis, structure, and cathode performance [23].

Density functional theory (DFT) calculations provide in-
sight into this complicated interplay, finding that nucleation
sites for impurity phases can be adjusted or eliminated by
tuning synthesis conditions [24] and that both the Li and
Mn sites are energetically favorable for various chemical
dopants [25,26]. In near-stoichiometric monoclinic Li;MnQ3,
Mn migration and O outgassing are both found to be
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thermodynamically unfavorable, while both the mixed Li/Mn
and unmixed Li structural layers permit facile delithiation
[27]. Taken together with experimental reports, these compu-
tational results suggest that monoclinic Li,MnOj is situated
at a point in the energy landscape at which many nearly
degenerate minima closely coexist and can be accessed by
minute changes in synthesis conditions.

In this light, it is not altogether surprising that a trigonal
polymorph of Li,MnOj3 was predicted in the last few years on
the basis of atom model simulations of selected-area electron
diffraction (SAED) images, yielding a hitherto unobserved
phase with the noncentrosymmetric space group P3;12 and
consisting of three stacking configurations rotated by 120°
with respect to one another [28]. Rigorous examination of
HRTEM measurements, however, showed the images lacked
conclusive evidence of the proposed phase.

We report here the experimental realization in the bulk,
single-crystal form of a polymorph of Li,MnOj3 with the trigo-
nal space group P3;12. We present the crystal structure of this
so-called trigonal Li,MnOs, as well as our procedure to grow
high-quality single crystals of this material from molten halide
and oxide polycrystalline precursors. UV /visible (Vis) opti-
cal spectroscopy measurements carried out on these crystals
show an insulating ground state with an £, = 2.47 +0.11 eV
charge gap and absorption edges consistent with octahedrally
coordinated 3d*> Mn. DFT electronic structure calculations
closely reproduce these results and find that trigonal Li, MnOs3
is nearly degenerate in formation energy with its previously
known monoclinic polymorph.

II. METHODS

We grew high-quality single crystals of trigonal Li,MnOs3
from a molten oxyhalide solution by loading an intimate mix-
ture of powders with a total mass of 0.98 g and with atomic
ratio (LiMnO;)g.06(Li20)o.11(LiCl)g g3 into a 99.9% fine Ag
silver crucible that had been flame sealed at one end. We
selected the LiO/LiCl-based solution because the solubility
of Li,O in LiCl as a function of T is so precisely known, and
the sole precipitant from a pure, molten Li,O/LiCl solution
is Li;O [29]. Because we handled the powders in air and
LiCl is known to be strongly hygroscopic, we evacuated the
filled crucible with a roughing pump to 30 mTorr for 30 min.
We then promptly crimped close the open end of the Ag
crucible, folded over the crimped portion, and recrimped and
refolded two more times. Immediately after thus sealing the
crucible, we placed it in a furnace that had been preheated to
473 K. The furnace temperature was then uniformly ramped
to 1173 K over a period of 120 min, held at this temperature
for 120 min, and gradually cooled to 873 K over a period
of 3600 min, whereupon we removed the sealed Ag crucible
from the furnace.

Upon extraction, we observed a slight bulging of the cru-
cible itself—which we presume may be due to the expansion
of remnant water vapor—as well as the formation of Ag
dendrites on the crucible exterior. Given that Ag is soluble in
HCI, we hypothesize that HCI was formed in situ by LiCl +
H,0 — LiOH + HCI. This reaction is unlikely to be enthalpy
driven at room temperature but may occur due to a steam-
driven process, and previous computational and theoretical
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FIG. 1. The powder x-ray diffraction pattern (black) and Ri-
etveld refinement (red) of a polycrystalline LiMnO, precursor. The
difference between the observed and calculated patterns is shown
below in green. Small peaks that are not indexed by the Pmmn
LiMnO, parameters correspond to remnant Mn, 03 and Li,CO3 and
are denoted by * and T, respectively.

work has found the potential for ion exchange in saturated
LiCl-LiOH-H,0 and LiCl-HCI-H,O ternary systems [30] as
well as direct hydrolysis of LiCl — LiOOH near 1073 K [31].
Accordingly, we conclude that trace H,O may play a role in
tuning the Li-rich solution central to our synthesis process.
Upon opening the crucible at ambient temperature, we
washed away the regulus with deionized water. The resulting
hundreds of crystals took the form of transparent red platelets
of hexagonal habit as large as 100 um across, an example
of which we show in Fig. 2(a) below. The phase purity of

z=1/6

FIG. 2. (a) An optical microscope image of a typical single
crystal of trigonal Li;MnOs. (b) The unit cell of trigonal Li,MnOj.
Mn and Mn-centered octahedra are colored red, Li and Li-centered
octahedra are colored light gray, and O is colored dark gray. (c) A
view along c of the three configurations of the Mn-containing layers,
centered at z =5/6, z=1/2, and z = 1/6, as indicated. Colors
are as in (b). The borders of the unit cells are marked by dashed
lines. (d) The h0¢ reciprocal space plane, showing no additional
reflections, which would arise from an additional ordering of the
stacking arrangement of the Mn-containing layers beyond that of the
unit cell.
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polycrystalline precursors to the crystal growth routine was
confirmed by powder x-ray diffraction with a Rigaku Mini-
Flex and Cu K« radiation. We determined the crystal structure
of trigonal Li;MnOj3 using an Oxford Gemini single-crystal
diffractometer with Mo K« radiation, obtaining some 49,756
reflections with 99.8% completeness over the full recipro-
cal space sphere out to a resolution of 0.55 A. Reflections
were analytically corrected for absorption by face indexing
of the crystal [32]. We solved the structure by employing
a charge-flipping algorithm [33-35]. We collected UV-Vis
diffuse reflectance spectra with photon wavelengths from A =
900 to 250 nm in a Cintra 40 double-beam spectrometer with
an integrating sphere and using BaSO, as a reference. The
resolution in A was 1.0 nm.

We carried out DFT electronic structure calculations using
the Vienna Ab initio Simulation Package (VASP) [36,37], with
projector augmented-wave potentials [38]. The spin-polarized
generalized gradient approximation (GGA) parametrized by
the Perdew-Burke-Ernzerhof functional [39] employing the
on-site Coulomb interaction approach (GGA + U) was used
for the exchange-correlation functional with U = 3.9 eV for
Mn 3d orbitals [40]. A ferromagnetic configuration was em-
ployed for both monoclinic and trigonal Li,MnOs. We also
considered an antiferromagnetic configuration along [100]
for trigonal Li;MnO; and found the total energy is only
2 meV/atom higher, which indicates that the effect of spin
ordering on the total energy is very small [41,42]. The cutoff
energy for the plane wave expansion was set to 520 eV, and all
structures were optimized using an electronic self-consistency
convergence criterion of less than 2 x 107> eV. The k-point
grids for Brillouin zone sampling were set to 6 x 6 x 6 for
monoclinic Li,MnO; and 6 x 6 x 2 for trigonal Li,MnOs3.

III. RESULTS AND DISCUSSION

Solution growth of single crystals of trigonal Li,MnOs is
highly dependent on the polycrystalline precursors dissolved
within the flux and particularly on LiMnO,, which acts as the
sole source of Mn. Because the reproducibility of the crystal
growth procedure that we describe above hinges so sensitively
on this precursor, we will devote some discussion here to our
method for its synthesis. We first formed Mn,O3 by calcining
commercially available 99% pure MnO in air at T =973 K
for 24 h. We then synthesized LiMnO, from the solid-state
reaction of a 6.35-mm-diameter pressed pellet with a mass
of 1.00 g of this Mn, O3 intimately mixed with commercially
available 99% Li,CO;3. The pellet was placed in an Al,O3
crucible and sealed in an evacuated quartz ampoule with an
outer diameter of 28 mm and length of 10 cm. The large
volume of the ampoule relative to that of the pellet is required
to accommodate outgassing of CO, from Li,COj3 during heat
treatment. The sealed ampoule was then heated to 1023 K in
120 min and held at this temperature for 960 min, whereupon
the furnace power was abruptly cut, and the sample was
removed after the furnace had cooled to 800 K. We caution
that appropriate care must be taken in removing the ampoule
from the furnace as it remains pressurized at this temperature.
The resulting powder was dark reddish brown.

We show in Fig. 1 the powder x-ray diffraction pattern of
a polycrystalline LiMnO, powder obtained from this process.

The pattern corresponds to the room temperature orthorhom-
bic polymorph with space group Pmmn (No. 59). Small
unindexed peaks at diffraction angle 20 = 29.12°, 32.54°,
and 36.29° reveal remnant unreacted Mn,Os and Li,COs5,
as indicated in Fig. 1, but do not inhibit crystal growth in
these O(1%) concentrations. On the other hand, LiMnO,
precursor powders with significantly larger concentrations of
unreacted Mn,O3 and Li,COs, as well as precursors of lower
crystallinity with larger FWHMs were unable to produce
single crystals of the desired trigonal Li,MnO3 phase and
instead resulted in polycrystalline products or dark, lustrous
single crystals of cubic LiMn;Oy.

We observed that following precisely the crystal growth
procedure as discussed above and in Sec. II is critical to ob-
taining the trigonal Li;MnOj3 single crystals. Our preliminary
experiments using LiOH as a Li source resulted in crystals of
LiMn,0,4, while introducing Lil proved to be incompatible
with Ag tubing. Attempting to reduce the maximum soak
temperature to 923 K resulted instead in poor-quality crystals
of LiMnO, as well as polycrystalline material. Increasing the
crystal growth time resulted in corrosion of the Ag tube and
formation of a brick-red polycrystalline material. Addition-
ally, growths in which we did not observe the formation of
Ag dendrites did not result in crystals of the desired phase,
implying that H,O plays an important role in this synthesis.
Altogether, these preliminary experiments underscore the nar-
row range of synthesis conditions that are capable of yielding
the trigonal Li;MnO3 phase.

Figure 2 presents a visualization of the crystal structure
of trigonal Li,MnOj3, which, like the known monoclinic
polymorph, consists of two layers with distinct compositions
stacked along the crystallographic ¢ direction. This longest
lattice parameter c is oriented normal to the hexagonal face of
the crystal shown in Fig. 2(a), as is typical. One of the two
layers is entirely composed of edge-sharing LiOg octahedra,
and the other is characterized by a honeycomb structure in
which each LiOg octahedron edge shares with six adjacent
MnOg octahedra with an overall Li:Mn ratio of 1:2 within
the layer. Individually, each of these components is identical
to the equivalent layer in the ostensibly unmixed variety of
monoclinic Li,MnOs.

On the other hand, as seen from the unit cell in Fig. 2(b),
the Li-/Mn-containing layers are stacked with three distinct
Li/Mn configurations centered at fractional ¢ axis coordinate
z=1/6,1/2, and 5/6, effectively breaking the unit cell into
thirds. Figure 2(c) depicts a top-down view of three adjacent
Li/Mn layers across a plaquette of 3 x 3 x 1/6 unit cells
within the ab plane, providing insight into the details of this
ordered stacking arrangement. In each layer, the honeycomb
pattern itself is obvious from the figure, but this configuration
is translated by —1/3 of the unit cell along a from the z = 5/6
to z =1/2 layers and again by +1/3 along a and +1/3
along b from the z = 1/2 to z = 1/6 layers. These translations
are equivalent to 120° rotations of these layers, just as pre-
dicted by previous atom model simulations [28]. The strongly
scattering Mn positions within these three distinct layers
are incompatible with inversion symmetry, and attempts to
refine our data with the most closely related centrosymmetric
space group P-3ml (No. 162) do not converge with phys-
ically reasonable solutions. If we force the structure into
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TABLE 1. The structural parameters of trigonal Li,MnO; mea-
sured at T = 294 K by single—crystal x-ray diffraction. The space
group is P3;12 (No. 151), and the lattice parameters are a =
b=14.92432) A, c = 142141(5) A, 0 = B =90°, y = 120°, V =
298.50(2) A3. Refinement was carried out on the square of the
observed structure factors F 3, with the final values for the goodness

of fit parameters, residuals, and weighted residuals for observed and
all reflections obtained as Sy, = 1.97, Sa1 = 1.79, Rops = 0.0340,

wR%, = 0.0925, Ry = 0.0476, and wR?, = 0.0975.

Atom  Site x y z U,, (A%
Mnl  3b 04447(3)  0.5553(3) 5/6 0.0039(4)
Mn2  3b 0.77659(16) 0.22341(16) 5/6 0.0040(4)
Ol 6¢c 0.1109(12) 0.2491(7)  0.90916(10) 0.0037(7)
02 6c 0.1069(14) 0.5304(8)  0.7590(4)  0.0062(9)
03 6c 0.7541(11) 0.5347(8)  0.9078(4)  0.0063(10)
Lil  3b 1.1067(17) 0.8933(17) 5/6 0.0003(9)
Li2  3a 04223)  02112(14) 1 0.012(3)
Li3  3a 0.0944)  0.5468(19) 1 0.010(3)
Li4  3a 0.1101(12) 0.220(2) 2/3 0.0127(10)

P-3m1, these Mn positions are accordingly doubled within
the threefold rotational plane to accommodate the inversion
operator, leading to irregular hexagons of Mn with unphysical
interatomic distances of 1.03 and 0.80 A between nearest
neighbors. We conclude that the data can be explained only
by the noncentrosymmetric space group, as was predicted
previously [28], or else by an extremely disordered struc-
ture that is incompatible with subsequent measurements and
calculations.

Given the preponderance of stacking faults and variations
in monoclinic Li;MnQO3, we carefully searched for evidence
of the same in our trigonal single crystals. Accordingly,
Fig. 2(d) shows an unwarped image of the h0¢ reciprocal
space plane as integrated from diffraction images. We col-
lected data out to a resolution of d = 0.55 A, corresponding
to &7 reciprocal lattice units (r.l.u.) in the ¢* direction and
425 r.l.u. in ¢*. Reflections are round and discrete even at the
limits of our resolution, indicating a high degree of crystal
uniformity over many adjacent unit cells. The average crystal
mosaicities are small, coming to 1.21°, 1.08°, and 1.25° along
each reciprocal space direction as defined locally about each
reflection. We do not observe any systematic pattern of reflec-
tions that cannot be indexed by the lattice parameters, which
might indicate a stacking-related superstructure or a structural
modulation. Nor do we observe any diffuse scattering such
as what might accompany a systematic abundance of more
or less random stacking faults. Barring more direct evidence
like what might be obtained from HRTEM images, we infer
that if stacking faults are present in our crystals of trigonal
Li,MnOs;, they occur with substantially less regularity than
the 40%—-60% faulting probabilities observed in the mono-
clinic polymorph [23].

Table I shows the crystallographic details of our solution,
including atomic positions and displacement parameters cor-
responding to the structure depicted in Fig. 2. Here we see that
the Li/Mn layers are composed of two crystallographically
inequivalent Mn sites and a single Li site, each located at a
3b Wyckoff position. Similarly, the Li layer consists of three
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FIG. 3. (a) The UV/Vis diffuse reflectance R vs the energy hv
spectrum of trigonal Li;MnQOj; (red). The green dashed vertical lines
mark the likely locations of transitions of octahedrally coordinated
Mn*" 34> from its “A, ground state to the indicated excited states.
(b) The Kubelka-Munk plot of the reflectance data (red). The solid
blue line is a linear regression to f(R)? for hv > 4.0 eV and corre-
sponds to the Tauc relation for direct optical gap E, = 2.47(11) eV.

additional crystallographically inequivalent Li sites, each at a
3a position. Bond valence sum calculations give predicted Mn
valences of 3.90(2) and 3.93(2) for the Mnl and Mn2 sites,
respectively, consistent with the Mn** 343 atomic configu-
ration expected from elementary valence counting and from
the observed similarities in local structure shared with the
monoclinic polymorph.

Although the atomic displacement parameters U,, given in
Table I are nearly all realistic and mutually consistent, one
value in the tabulated data requires additional inspection: we
note that the U,, corresponding to the Lil site—the single Li
site located within the Li/Mn layer—is unphysically small,
suggesting that the atom located at this position remains
unrealistically static in response to thermal vibrations. Such
an unphysically small thermal displacement parameter may
indicate that more charge is located at this position than
our structural model permits. Accordingly, if we unfix the
Li occupancy at this position in our refinement so that this
quantity is allowed vary freely in response to this excess
observed charge, it will refine to some 19% additional Li at
the position, which is certainly impossible. The corresponding
additional free refinement parameter leads to a very modest
~1% relative improvement in refinement statistics. This ap-
parent 19% excess of Li likely corresponds instead to an ~2%
Mn occupancy on the Lil site. Given this small percentage, we
were not able to refine any purported mixed-site occupancy
with any degree of certainty, but it is possible that a slight
nonstoichiometry just at the verge of our resolution may
be related to the stabilization of the trigonal phase, and we
speculate that its true composition may be approximately
Lij 99sMny 0o503.
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Figure 3 shows strong agreement with the expected oc-
tahedrally coordinated Mn** 343 state inferred from our
crystallographic analysis and furthermore reveals that trigonal
Li,MnOs; is a narrow-gap insulator, much like its monoclinic
polymorph. In Fig. 3(a), we plot the background-subtracted
diffuse reflectance R spectrum of a collection of single crystals
oriented so that light is incident along their crystallographic ¢
axes. R increases steeply at the low-energy hAv limit of our
measurement, indicating that the crystals are nearly transpar-
ent to infrared radiation, as expected of an insulator. R falls
sharply as hv increases through the near infrared, reaching a
minimum near hv ~ 1.75 eV, an energy consistent with tran-
sitions from the Mn ground state to the first excited doublet
state 4A2g(4F) — 2Eg(zG) in octahedrally coordinated Mn*+
oxides [43,44]. This transition corresponds to no change in
orbital character (i.e., #; — t3) and is spin forbidden but
nevertheless occurs due to spin-orbit coupling to spin-allowed
states of similar hv. A shoulder adjacent to this minimum at
hv ~ 1.86 eV then corresponds to a similarly spin forbidden
transition from the ground state to the first excited quartet
state *A»,(*F) =2 Ti,(?G). The local maximum just above
this transition at hv ~ 2.0 eV is in excellent agreement with
the observed red color of the crystals, while above this max-
imum, we observe a second local minimum at v ~ 2.25 eV
that likely is associated with a spin-allowed transition to the
second excited quartet state 4A2g(4 F)—* ng(4 F) associated
with the promotion of an electron from the Oj-stabilized #,
states to an e state (i.e., t; — t3¢). Finally, a second spin-
allowed transition associated with 4A2g(4 F)—=*T, g(4F) and
t; — t}e is expected for higher hv 3d° transitions [43-45].
The location of this transition is obscured by noise in our
BaSO, reference subtraction but may be just resolvable near
hv ~ 4 eV. As a whole, the appearance in our spectrum of
these three to four expected transitions purports that the Mn
species is tetravalent—consistent with the results of our crys-
tallographic analysis—and moreover is subject to spin-orbit
interactions.

Figure 3(b) plots the square of the Kubelka-Munk func-
tion f(R)?, the extrapolated hv intercept of which permits
estimation of the optical charge gap. For hv > E,, the Tauc
relation ahy = C(hy — Eg)5 approaches linearity, where o
signifies the absorption coefficient, C is a geometry-dependent
parameter, and the exponent § is related to the nature of the
gap. Our linear regression for hiv > 4.0 eV is clearly superior
when 8 = 1/2, suggesting a direct gap, and the intercept gives
a magnitude of E; = 2.47(11) eV. The experimental optical
gap of monoclinic Li;MnQOs3, on the other hand, is reported to
be substantially narrower with E, = 2.05-2.1 eV [46], which
is curious given the profound local structural similarities
between the two polymorphs. Consequently, we speculate
that the relative lack of site mixing and stacking faults in
trigonal Li;MnO3, as suggested by our crystallographic mea-
surements, may be the primary cause of the relatively wider
gap in this system.

Motivated by the discrepancy in the experimental charge
gaps between the two polymorphs, we further investigated the
electronic structure of trigonal Li;MnOj by carrying out DFT
calculations, which reproduce the direct experimental gap. As
we show in Fig. 4(a), the band structure of trigonal Li,MnO3

features a direct band gap of 2.01 eV and a nearly identical
indirect band gap of 1.99 eV with the conduction band min-
imum (CBM) located at the K point of the first Brillouin
zone and the valance band maximum (VBM) situated at the
H point. It is well established that DFT systematically under-
predicts band gaps, mainly due to spurious electron-electron
self-interaction, which explains the modest discrepancy we
find between observed and computed gaps.

Figure 4(b) shows the layer-resolved density of states
(DOS) for the three distinct Li/Mn layers centered at z =
5/6, z=1/2, and z =1/6, as depicted in Fig. 2(c). Our
calculations find nearly identical densities of states for each
Li/Mn layer in trigonal Li,MnO3, revealing identical Li and
Mn coordination states in each of these layer. The calcu-
lations imply that any empirically arising discrepancies be-
tween the two polymorphs, such as the extent of the gap,
are primarily caused by the previously reported preference
for chemical and/or structural disorder in the monoclinic
phase.

We plot the spin-polarized total and partial DOSs in
Fig. 4(c) to illustrate the contributions of atomic orbitals in
the states near the VBM and CBM of trigonal Li;MnOs,
which are again consistent with the results of spectroscopic
measurements. We find that the DOS near the top of the
valence band—within ~1 eV of the VBM—is predominantly
composed of nearly dispersionless O 2p states, while the
lowest ~1 eV of the conduction band above the CBM consists
of strongly hybridized Mn 3d and O 2p states. Subsequent
states deeper in the conduction band are primarily Mn 3d in
character. Thus, in addition to the excellent correspondence
between the calculated gap and experiment, the resulting pic-
ture of strongly hybridized Mn-O bands in the vicinity of the
gap is consistent with our identification of Mn** transitions
in spectroscopic measurements in a crystal field arising from
O-capped octahedra.

For purposes of comparison, we calculated the electronic
structure of the known monoclinic polymorph of Li,MnOj3
following the same procedure and with the same U = 3.9 eV.
Although chemical and structural disorders are typically ob-
served in this polymorph, we performed the calculation in
their absence. The resulting calculated direct and indirect
band gaps of monoclinic Li,MnO; are 1.94 and 2.16 eV,
respectively, in agreement with previous theoretical results
[41] and nearly the same as our calculated gap of trigonal
Li;MnOs. As expected, both structures also contain the same
atomic orbital contributions at VBM and CBM. These results
underscore the similarity of both structures, at least in the
disorder-free limit. We are left to conclude that if the elec-
tronic structures of the two polymorphs are nearly identical
when mixed site occupancies and stacking faults are absent
from the calculations, any experimentally observed narrowing
of the gap in the monoclinic polymorph is likely to stem from
these and other forms of disorder.

We furthermore evaluated the phase stability of trigonal
Li,MnOj; by building the energy convex hull in the Li-Mn-O
chemical space. We find that the energy above this hull is only
0.9 meV/atom; that is, the formation energy of the trigonal
polymorph of Li;MnOj is just 0.9 meV /atom higher than that
of its monoclinic counterpart. Such a small energy difference
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FIG. 4. (a) The calculated band structure of trigonal Li;MnO3; with GGA + U (U = 3.9 eV) as obtained from DFT calculations. The color
table inset shows the atomic contributions to each band, with bands of primarily Li character shown in blue, Mn character in red, and O
character in green, as indicated. Energies are plotted relative to the valance-band maximum. The set of high-symmetry points was generated
by PYMATGEN [47]. (b) Layer-resolved density of states for the three distinct Li/Mn configurations centered at fractional c-axis coordinate
z=1/6,1/2,and 5/6 in trigonal Li,MnOs3. The vertical dashed line represents the Fermi level. Li-derived states are shown in blue, O-derived
states are in green, and Mn-derived states are in red, as indicated. (c) The total (black) and partial densities of states per formula unit for
trigonal Li,MnOs, with s-derived states in blue, p-derived states in green, and d-derived states in red, as indicated. (d) Calculated total energy
as a function of unit cell volume for monoclinic (C2/m; blue) and trigonal (P3,12; red) Li,MnOs structures.

falls within the uncertainties and errors associated with DFT
[48], which may imply that GGA + U is not accurate enough
to resolve the energy difference between the two polymorphs.
On the other hand, a near degeneracy of the two polymorphs is
unsurprising, given that they are stacking variants—with the
trigonal phase built out of two stacking configurations of the
monoclinic phase—and host identical layers with apparently
identical local physics. In addition, we point out that we have
not observed any experimental transformation between the
two polymorphs. To explore potential transformation condi-
tions further, we calculated the total energy as a function of
unit cell volume for both the trigonal and the disorder-free
monoclinic phase, as we show in Fig. 4(d). Here we plot these
total energies across an ~5% relative volume expansion and
contraction, such as might occur if Li,MnO3; were subject
to wide temperature or pressure ranges of several hundred
kelvins or several gigapascals, respectively [49]. The total
energies of these two structures respond nearly equally to
volume change, which implies that the condition for phase
transformation is unlikely to be driven by pressure or thermal
expansion. Therefore, it appears that the apparent preference
for the monoclinic phase via most synthetic routines is pri-
marily caused by its preference for disorder. Accordingly, we
speculate that the chemistry of the crystal growth solution
could be the driving factor that discriminates which phase
ultimately forms.

IV. CONCLUSIONS

We have presented the crystal structure of a trigonal poly-
morph of Li;MnOj; as well as a detailed method for obtaining
bulk single crystals of the same. Our results verify recent pre-
dictions arising from atom model simulations of SAED data
[28] and specifically confirm the predicted space group and
the presaged 120° rotational configurations adopted by three
distinct Li- and Mn-containing honeycomb layers. What is
more, our combined crystallographic, UV /Vis spectroscopic,
and DFT analyses reveal the local Mn environment is virtually
identical to that of the monoclinic polymorph, and bond va-
lence sums and observed optical transitions together support
the expected Mn** 34> ground state in trigonal Li,MnO3. In
a word, trigonal Li,MnOj3 appears to be a relatively disorder
free analog of the monoclinic polymorph, in which energetic
preferences for stacking faults and mixed occupancy in the
latter are instead resolved through an ordered stacking ar-
rangement of three distinct Li- and Mn-containing structural
layers that together exhibit threefold rotational symmetry.

Given their similar local atomic environments, perhaps
the most significant difference to emerge between the two
polymorphs lies in the size of the optical gap, with the
trigonal stacking variant apparently increasing the width of
this feature. We surmise that this wider gap may result
from the apparent sparsity of stacking faults and mixed site
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occupancies in the trigonal polymorph. In contrast to the
prevalence of these features in the monoclinic structure
[22,23], our crystallographic characterization reveals an ap-
proximate upper limit of 0.5% mixing among Li and Mn
sites per formula unit, and moreover, we see no coherent
scattering in reciprocal space maps like what would arise from
a stacking-related superstructure or modulation, nor do we
observe diffuse scattering about these positions, which would
stem from more or less random stacking faults. This argument
is supported by DFT calculations, which find nearly the same
electronic structures and gaps between the two polymorphs
when such calculations are performed in the absence of such
forms of disorder. Even so, we caution that a thorough in-
spection of disorder and stacking in trigonal Li,MnO3 awaits
detailed HRTEM measurements that are beyond the scope of
the present work.

Moving forward, a full characterization of the suitability of
this material for battery technology applications must depend
upon the synthesis of larger samples. Oxygen stability in mon-
oclinic Li;MnOj is a critical factor limiting its performance.
Given the similarity between the two polymorphs, we expect
oxygen to be stable in fully lithiated trigonal Li;MnO3 and
thermodynamically inclined to surface oxygen release during
delithiation, as has been previously clarified for the mono-
clinic phase [50]. We do note that it has been well established
that monoclinic Li,MnO3; must first be “activated,” a process
that primes the material for electrochemical performance by
initiating chemical and structural disorder [51,52]. Indeed, the

presence of chemical disorder in the monoclinic polymorph—
and of stacking faults in particular—appears to be integral to
cathode performance [53], suggesting that the relative absence
of these features in this more perfect trigonal analog may
turn out to be detrimental to eventual battery applications. It
remains to be seen whether trigonal Li,MnOj; can likewise be
activated and how any thusly initiated structural disorder will
evolve with repeated charging and discharging.
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