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Abstract

The high-pressure behavior of Li,CO; is studied up to 25 GPa with synchrotron angle-dispersive powder X-ray diffraction in
diamond anvil cells and synthesis using a multi-anvil apparatus. A new non-quenchable hexagonal polymorph (P63 /mcm, Z = 2)
occurs above 10 GPa with carbonate groups in a staggered configuration along the c-axis—a = 4.4568(2) Aand ¢ = 5.1254(6) A at
10 GPa. Two columns of face-shared distorted octahedra around the Li atoms are linked through octahedral edges. The oxygen
atoms are coordinated to one carbon atom and four lithium atoms to form a distorted square pyramid. Splittings of X-ray
reflections for the new polymorph observed above about 22 GPa under non-hydrostatic conditions arise from orthorhombic or
monoclinic distortions of the hexagonal lattice. The results of this study are discussed in relation to the structural features found
in other Me,CO; carbonates (Me: Na, K, Rb, Cs) at atmospheric conditions.

© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Alkali metal carbonates are used as non-metallic
catalysts for a synthesis of diamonds [1-3]. Unlike in
traditional metal-carbon systems, in which the synthesis
is carried out under highly reducing conditions in the
presence of a methane—hydrogen fluid, crystallization of
diamond in carbonate—carbon systems occurs in the
presence of a H,O—CO,-rich fluid [4]. The catalytic
activity of the carbonates diminishes in the sequence
Li2CO3>Na2CO3>K2CO3>C52C03 [5] The rate of
synthesis reaction and the number of diamond nuclei
decrease with the increase of cation radii, Li" > Na ™ —
K* —>Cs™. The carbonate catalysts offer a possibility
of diamond formation in a wide range of redox
conditions [4].

One of the basic issues in the efficient use of the non-
metallic catalysts is whether their activity is influenced
by their chemical and structural instabilities [6]. For
instance, it is known that the rate of decomposition for
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lithium and sodium carbonates is greatly enhanced when
carbon black is added [7]. No such information is
available in the literature regarding this phenomenon
occurring under compression. There is also no data
on the pressure-induced phase transitions in any of the
alkali metal carbonates. This study reports on the high-
pressure behavior of lithium carbonate, Li,COs, up to
25GPa as studied with synchrotron angle-dispersive
powder X-ray diffraction in diamond anvil cells and
synthesis using a multi-anvil apparatus. The results are
discussed in relation to the structural features found in
other Me,CO5; carbonates (Me: Na, K, Rb, Cs) at
atmospheric conditions.

2. Experimental

The Li,CO;, Li,O, and black Pt materials were
obtained from Aldrich. Angle-dispersive powder X-ray
diffractograms (4 = 0.3738 A) at high pressures were
measured on the ID30 beamline at the European
Synchrotron Radiation Facility, Grenoble. Patterns
were collected using the MAR 345 image plate detector.
The images were integrated using the program FIT2D
[8] to yield intensity versus 26 diagrams. The powder
sample of pure Li,CO; was loaded into diamond anvil
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cells either with no pressure medium or with paraffin oil.
For laser annealing experiments, the stoichiometric
mixture of Li,CO3 and Li,O was loaded into a diamond
anvil cell together with black Pt (about 1wt%). The
mixture of the oxides, that have low IR absorption, was
indirectly heated by irradiating black Pt with a YAG
laser. After off-line laser annealing with estimated
temperatures below 1273 K, X-ray diffraction patterns
of the samples quenched to room temperature were
collected at different pressures. The ruby luminescence
method [9] was used for pressure calibration.

The high-pressure high-temperature syntheses were
performed with a Walker-type multi-anvil apparatus
[10]. The pressure medium consisted of a MgO(95wt% )—
Cr,053(5wt%) octahedron (18 mm), and pressure was
applied by eight tungsten carbide cubes with corners
truncated to triangular faces (11 mm). The samples of
pure Li;CO;, loaded into Pt ampoules (2mm in
diameter and 3.5mm in height), were pressurized to
11 GPa and then heated at different temperatures. The
heaters, isolated from the ampoules by MgO sleeves,
were made of LaCrOj; ceramics. Temperatures at the
samples were measured with W-26%Re/W-5%Re ther-
mocouples. Pressure calibration is discussed in detail in
Ref. [10]. The recovered products to ambient conditions
were examined by powder X-ray diffraction with the
STOE-STADI diffractometer (equipped with a PSD
detector) in Debye—Scherrer scan mode using CuKuo,
radiation.

3. Crystal structures of alkali metal carbonates at
ambient pressure

The crystal structure of Li,CO3 (C2/c, Z = 4) is built
of planar CO3~ anions and lithium atoms tetrahedrally
coordinated to oxygens [l11]. All the atoms of the
Li,CO3; formula unit lie in the same plane. The
carbonate ions are nearly staggered with the carbon
atoms in a zigzag configuration along the c-axis. Pairs
of LiO,4 tetrahedra sharing their edges are connected
by vertices to the carbonate anions. One of the oxygen
atoms (O1) is coordinated to the carbon atom and two
lithium atoms, while the second oxygen (0O2) is
coordinated by the carbon atom and three lithium
atoms. The C-O1 and C-O2 bond lengths are 1.270 and
1.286 (2 X)A, respectively, and the Li—O distances
are 1.887 (Li-02), 1.952 (Li-02), 1.975 (Li-02), and
2.025 (Li-02) A.

The monoclinic space groups of y-K,CO3, Rb,CO3,
Cs,CO; (all P2y /¢, Z = 4), B-K,CO3 (C2/¢, Z = 4), and
p-Ip-Na,CO3 (C2/m, Z =4) are subgroups of the
common supergroup Cmcm (Z = 4) [12]. The aristotype
of all these structures is represented by 2-Na,CO3z and
a-K,COj5 crystallizing in space group P63/mmc (Z = 2).
The phase transition P63/mmc— C2/m (x—f) in

Na,CO; at 754K is second-order proper ferroelastic
with the order parameter being the shear strain s [13].
In the crystal structure of the high-temperature hex-
agonal « phase, one of the sodium atoms is octahedrally
coordinated to the oxygen atoms, and the NaOg
octahedra form face-sharing columns along [001]. The
columns are interconnected by the carbonate groups.
The second sodium atom is located in a site directly
above the carbon atom along the c-axis. The individual
columns of the NaOg octahedra do not distort
significantly as a result of the o — § phase transition,
but neighboring columns, hinged by the carbonate
groups which rotate in phase with the shear strain,
move along [001] with respect to each other. The vy
modification (C2/m, Z = 4) is incommensurate with a
periodic bending of the octahedral columns and with the
carbonate anions acting as freely hinging connections
[14]. The main difference between the structures of
p-K>CO5 (C2/¢, Z = 4) and of the hexagonal aristotype
is that the CO3~ anions are rotated around one of the
C-O bonds in f-K,CO; to lower the symmetry of
the crystal lattice [15]. The P2,/c (Z = 4) modifications
of y-K,CO3, Rb,CO3, and Cs,CO;3 are superstructures
of ﬁ-KzCO:;.

4. Results and discussion

Selected powder X-ray patterns of Li,CO; upon
compression with paraffin oil as a pressure medium
are shown in Fig. 1. Up to about 6 GPa, the number of
observed reflections decreases, possibly as a result of
continuous structural transformations. Above 10 GPa,
new peaks appear indicating the presence of an
additional polymorph. The low- and high-pressure
phases coexist in the range 10—18 GPa. Similar patterns
were collected with no pressure medium to about
22 GPa (Fig. 2). Unlike in the paraffin oil, splittings of
some reflections are noticeable at higher pressures. All
the transformations are reversible upon decompression
with large hysteresis (Fig. 3). Broadening of the ob-
served peaks due to non-hydrostatic effects precluded
any reliable structural analysis of the pressure-induced
phases of lithium carbonate.

The sample of Li,CO3 was annealed at 10 GPa in a
diamond anvil cell loaded with Li,O as a mineralizer
using a YAG laser in order to obtain better quality
powder X-ray patterns for structural analysis. Fig. 4
shows selected powder X-ray diffraction patterns of the
Li,O + Li,CO5 + Pt mixture at different pressures before
and after laser annealing. In the pattern collected at
10 GPa before the annealing, both the low- and high-
pressure polymorphs of Li,CO; can be observed
(compare Figs. 1 and 2). After the annealing, there is
no evidence for any products of the reaction between
Li,O and Li,COj; at these pressure conditions and all
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Fig. 1. Selected powder X-ray patterns of Li,COj; collected in a
diamond anvil cell upon compression at room temperature with
paraffin oil as a pressure medium, 4 = 0.3738 A.

X-ray reflections could be assigned to Li,O antifluorite,
black Pt, and the high-pressure modification of Li,COj3
that was previously mixed with the C2/c¢ polymorph
above 10GPa in diamond cells loaded either with
paraffin oil or with no pressure medium (compare
Figs. 1-3). The pattern of the decompressed sample
again shows the low-pressure phase of lithium carbonate
(compare Figs. 1-3). Synthesis runs on pure Li,COj3
at different pressure, temperature, and time conditions
using the multi-anvil apparatus also demonstrate that
the new pressure-induced phase is not quenchable
(Fig. 5). No decomposition products of lithium carbo-
nate are detected in all our diamond cell and multi-anvil
experiments carried out for this study.

After close inspection of the pattern for the Li,O+
Li,CO;+ Pt mixture annealed at 10 GPa (Fig. 4), 12
X-ray reflections were assigned to the new high-pressure
polymorph of lithium carbonate. They were indexed by
the program Treor [16,17] on a hexagonal cell with a =
4.475(1) and ¢=5.140(4) A, M(12)=40 (av. eps.
0.0000132), F(12) =72.0 (0.004919,34). The volume
of the unit cell, ¥ =89.08A3, suggested that the Z
parameter is equal to 2 with a calculated density
d =2.76 g/em>. This hexagonal cell was used in the
program Endeavour [18] for structure solution with the
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Fig. 2. Selected powder X-ray patterns of Li,COj; collected in a
diamond anvil cell upon compression at room temperature with no
pressure medium, 4 = 0.3738 A.

global minimization method without any bias towards
fitting the diffraction pattern or potential functions. The
program was run in space group Pl and the unit cell
contained four Li" cations and two rigid planar CO3~
bodies, for which the molecular internal coordinates
were taken from Ref. [11]. The evidence for a presence
of undistorted CO3~ anions was provided by infrared
spectroscopy measurements at high pressures [19]
showing that internal vibrational modes of the planar
carbonate group are unperturbed in the new pressure-
induced phase of Li,CO;5. The space group search and
assignment [20] for the obtained solutions with the
program Endeavour [18] yielded the crystal structure in
space group P63 /mcm (Z = 2). In this structural model,
the Li, C, and O atoms occupy the 4d, 2a, and 6g sites,
respectively. The only variable positional parameter is
the x coordinate for the oxygen atom at the site 6g
(x,0,1/4). The calculated x parameter was equal to
0.28763.

Fig. 6 shows the Rietveld refined pattern with the
three Li,CO3, Li,O, and Pt phases using the program
GSAS [21]. The background was fitted with the shifted
Chebyshev function (18 points) and not refined [22]. The
isotropic U;/U.100 thermal parameters for the Li, C,
and O atoms in the high-pressure phase of Li,CO3 were
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Fig. 3. Selected powder X-ray patterns of Li,COjs collected in diamond anvil cells upon decompression at room temperature with paraffin oil
as a pressure medium (left) or with no pressure medium (right), 2 = 0.3738 A.

all set to 1.5. The refined parameters were: the fractional
x atomic coordinate of the O atom in Li,CO;3
(P63/mcm, Z = 2), the Stephens profile functions for
each of the three phases with terms to account for the
reflection anisotropic broadening, an overall intensity
scaling factor, three parameters for phase fractions,
three sets of cell parameters, and a zero shift. The
atomic coordinates and selected interatomic distances
for the high-pressure polymorph of Li,COj5 are given in
Table 1. The calculated pattern [23] with the Endeavour
structural model for Li,COj5 (the fractional coordinate
for the O atom is xp = 0.288) is compared with the
measured one at 25.0 GPa (paraffin oil as a pressure
medium) in Fig. 7.

The crystal structure of the pressure-induced poly-
morph of Li,CO3 (P63/mem, Z = 2) is shown in Fig. 8.
The carbonate groups are in a staggered configuration
along the c-axis, reminiscent of the parent C2/c
structure [11]. The C-C shortest distance is 2.563 A at
10 GPa (Table 1), while it is 3.167 A in the monoclinic
modification (C2/¢, Z = 4) at ambient pressure [11].
Unlike in CaMg(COs),, aragonite CaCO;, and BaMg
(COs), for which density functional theory calculations
indicated that the aplanarity of CO3™ anions is a ground
state property [24], no aplanar deformation of this anion
is noticeable in hexagonal Li,COs. In fact, no distortion
of the CO3  group is allowed by symmetry. A
characteristic feature of this new structure is that the
carbonate anions are stacked alternating with the

lithium atoms in a distorted octahedral coordination
(Table 1, Figs. 8 and 9). Two columns of face-shared
octahedra around the Li atoms along the c-axis are
linked through octahedral edges. The oxygen atoms are
coordinated to one carbon atom and four lithium atoms
to form a distorted square pyramid (Table 1, Fig. 10).
The major difference between this structure and the
hexagonal aristotype (P63/mmc, Z = 2) of other alkali
metal carbonates Me,CO5; (Me: Na, K, Rb, Cs) is that in
the Ilatter the columns of face-shared octahedra
around the metals are interconnected by the carbonate
groups [12,13].

The tetrahedral coordination of the lithium atoms in
monoclinic Li,CO;3 (C2/¢, Z = 4) also occurs in all three
o (Pl,Z=9), p(P6,Z=09),and y (PP6, Z = 3) phases
of LiNaCOj [25]. On the other hand, the structure of the
phases in the Li,CO3;-K,COj3 system (P2,/n, Z =4) is
composed of distorted face- and edge-sharing LiOs and
KOy coordination polyhedra which are arranged in a
layered manner and are connected by carbonate anions
[26]. Four Li-O distances are between 1.962 and
2.067 A, while the additional one is 2.182A. The
omission of the latter gives a distorted oxygen tetra-
hedron, in which the Li atom occupies a position almost
on one of the tetrahedron faces. Thus, the pressure-
induced tetrahedral — octahedral coordination change
around the Li atoms in Li,CO; during the C2/c—
P63 /mem transformation would correspond to a chemi-
cal Li substitution by a heavy alkali metal at ambient
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Fig. 4. Selected powder X-ray patterns of the Li,CO;+Li,O+Pt
mixture measured at different pressures and room temperature before
and after laser annealing, A = 0.3738 A. The figure at the bottom
shows the details of the pattern collected at 10 GPa after laser
annealing. The peaks due to Li,O antifluorite and Pt are explicitly
labeled. The major reflections due to a new high-pressure phase of
Li,CO; are marked with stars.
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Fig. 5. Powder X-ray diffraction patterns of Li,CO; recovered to
ambient from different pressure, temperature, and time conditions in a
multi-anvil apparatus (CuKa).
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Fig. 6. Observed, calculated, and difference powder X-ray patterns
of the Li,CO;+ Li,O+Pt mixture at 10 GPa after laser annealing,
7 =0.3738 A. The bottom, middle, and top ticks mark the positions of
Bragg reflections for Li,CO; (P63/mem, a=4.4568(2)A,
¢=5.1254(6) A), Li,0 (Fm3m, a=4.4486(2) A), and Pt (Fm3m,
a=13.8613(2) A), respectively—R(F?) = 21.2%. The residuals Ryp =
1.86% and R, = 1.38%, whose definitions are given in the GSAS
manual [23], are calculated only for the Bragg contribution to the

diffraction patterns.

Table 1

Structural data obtained for Li,CO; from a full Rietveld refinement of
the pattern collected at 10GPa after laser annealing—P63/mcm
(Z=2),a=4.4568(2) A, c = 5.1254(6) A

Atom Site X y z
Li 4d 1/3 2/3 0
C 2a 0 0 1/4
O 69 0.2911(4) 0 1/4
Selected distances (A)
Li-O 6x) 2.0403(9)
Li-Li 2x) 2.5627(3)

2x) 2.5729(1)
Li-C @2x) 2.8746(1)

@2x) 2.8743(1)
C-0 (Bx) 1.298(2)
c-C* 2.563
0-0* (Bx) 2.247

(6x) 2.751

(Bx) 2.872

(3x) 3.168

Estimated standard deviations are given in parentheses.
#Calculated with the program PowderCell [22].

pressure. A comparative study of compressibilities of
different alkali metal carbonates is in preparation [19].

The formation of the hexagonal phase of Li,COj
above 10GPa could explain the observation that at
lower pressures the number of observed X-ray reflec-
tions for the C2/c¢ polymorph decreases (Fig. 1). As
inferred from vibrational spectroscopy investigations
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[19], the transition associated with the increase of the
coordination around the Li atoms involves in fact a
sequence of intermediate stages with different distribu-
tion of the Li atoms in the available sites of the
(pseudo)hexagonal lattice and different relative orienta-
tions of the CO3~ groups. The resulting structure
(P63/mcm, Z =2) with the carbonate groups in a

calculated
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Li,CO, at 25.0 GPa (paraffin oil) i
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Fig. 7. Comparison of the measured and calculated (with the program
PowderCell [22]) powder patterns of Li,COj; at 25.0 GPa in paraffin

oil as a pressure medium—P63/mcm, a:4.338A, c=4.835A,
xo = 0.288.
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staggered configuration and with two columns of face-
shared octahedra around the Li atoms along the c-axis
linked through octahedral edges is not stable upon
decompression so that the low-pressure polymorph of
Li,COs; is recovered at ambient conditions (Figs. 3-5).
On the other hand, the peak splittings observed above
about 22 GPa under non-hydrostatic conditions (Fig. 2)

Fig. 9. Distorted octahedron around the Li atom (the light gray
symbol). Two sets of long distances among the O atoms (the dark gray
symbols) are indicated—2.872 and 3.168 A (see Table 1).

Fig. 8. Crystal structure of the high-pressure phase of Li,COj (P63/mcm, Z = 2) in different projections. Light gray, black, and medium gray
symbols represent the Li, C, and O atoms, respectively. A distorted octahedron around one of the lithium atoms is drawn.
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2.573A

2.563 A

Fig. 10. Square pyramid around the O atom (the dark gray symbol).
Two non-equivalent distances among the Li atoms (the light gray
symbols) are indicated (see Table 1). The black symbol stands for
the C atom.

could result from orthorhombic or monoclinic distor-
tions of the hexagonal lattice, for instance, to accom-
modate deformations of the carbonate groups and/or
repulsive interactions between the neighboring anions,
e.g. the simplest translationengleiche subgroup of
P63 /mcm is space group Cmcem. The conclusion of this
study is that upon compression up to about 25GPa
lithium carbonate does not transform to any crystal
structures derived from the hexagonal aristotype
(P63/mmc, Z =2) of other alkali metal carbonates
Me>,CO; (Me: Na, K, Rb, Cs) at ambient conditions
[12,13].
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