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1. Methods

1.1. Sample material

Commercial Li2[CO3] powder (99.999% purity, Thermo
Fisher Scientific, Waltham, USA) was used for the high-
pressure experiments without further purification. Before
the diamond anvil cell (DAC) loading the Li2[CO3] pow-
der was dried in an oven at 573(1) K for 12 h. Afterwards,
the powder was compacted between a diamond and a
glass plate to obtain a 10–20 µm thin powder compact.
We used the CO2 gas for the gas-jet (Nippon gases, pu-
rity ≥ 99.995%) and the argon purge gas (Nippon gases,
purity ≥ 99.999%) as purchased.

1.2. High-pressure experiments

The high-pressure experiments were carried out using
Boehler-Almax type DACs with 350 µm culet size.1 Dia-
monds with 70◦ opening angle on the top and with 85◦

opening angle on the bottom were used for the experi-
ments. Re-gaskets were pre-indented to a thickness of
≈ 45 µm and placed between the top and bottom dia-
monds. Gasket-holes with 140 µm diameter were drilled
by a custom-built laser setup. In a first step the powder
compact with dimensions of ≈ 80 × 80 µm2 and a thick-
ness of 10–20 µm was placed on the culet of the bottom
diamond. Afterwards, we added a ruby chip for pressure
determination in the gasket hole on the bottom diamond.
The pressure was determined by measuring the shift of
the ruby fluorescence and we assume an error of 6% due
to non-hydrostatic conditions.2 We assume that the pres-
sure conditions in the DAC before laser-heating are very
likely non-hydrostatic as CO2-III may sustain pressure
gradients up to 0.2 GPa µm−1 at high pressures without
heating.3

The CO2 (dry-ice) was directly condensed into the gas-
ket hole using a custom-built cryogenic loading system
(see Spahr et al.4) derived from an earlier concept.5 The
DAC was slightly opened and placed on a liquid nitrogen
cooled Cu-holder and it was cooled down to ≈ 100 K.
We used a small nozzle to align the CO2 gas jet with 5 l
min−1 directly on the gap between upper diamond and
the gasket. Ar (10 l min−1) was used as a purge-gas to
avoid the precipitation of H2O ice, but we assume that
small amounts of H2O were inadvertently co-condensed

from the residual moisture in the CO2- or Ar-gas. In the
current study, the co-condensation of H2O into the DAC
occurred unintentionally. An improvement of the exper-
imental set-up is planned, but it will remain practically
impossible to co-condense specific quantities of different
gases. The precipitation of the CO2 in the gasket hole was
monitored by an optical microscope and a camera. After
a sufficient amount of CO2 was gathered in the gasket
hole, the DAC was tightly closed and compressed to the
target pressure without intermediate heating.

1.3. Raman spectroscopy and laser heating
High-pressure Raman spectroscopy and the double-

sided laser-heating in DACs were performed using
a custom-built set-up.6 Raman spectroscopy was per-
formed with an Oxxius LCX-532S Nd:YAG laser (λ =
532.14 nm) in combination with a Princeton Instruments
ACTON SpectraPro (SP-2356) spectrograph equipped
with a Pixis 256E CCD camera. Applying a laser power of
250 mW on the sample, the spot size of the Raman laser
was ≈ 6 µm. Raman maps were measured on a grid with
a step-size of 6 µm in x- and y-direction. Afterwards, the
background was corrected using the software package
Fityk.7

Double-sided laser-heating was performed using a Co-
herent Diamond K-250 pulsed CO2 laser (λ = 10600 nm).
The laser power was adjusted to achieve a coupling of
the laser to the sample using a laser power of 1 − 3 W.
Focusing on the sample results in a heating area of
≈ 40 × 40 µm2 and the highest temperature achieved
during the laser heating was Tmax ≈ 1500(200) K. The
temperatures were determined by the two-color pyrome-
ter method, employing Planck and Wien fits.8 The heat-
ing time was ≈ 30 min. It is well established that laser-
heating in DACs always suffers from large temperature
gradients and the actual temperature is strongly depen-
dent on the coupling of the laser with the sample, espe-
cially at lower temperatures. We estimate an uncertainty
of at least ±10% of the nominal temperature in the laser-
heated region depending on the focus of the laser beam,
based on typical 2D temperature-gradient determination
experiments performed in DACs.9
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1.4. Single crystal synchrotron X-ray diffraction

Single crystal synchrotron X-ray diffraction experi-
ments had been carried out on two different beam lines.
The crystal structure of Li2[C2O5] was investigated at the
synchrotron PETRA III (DESY) in Hamburg, Germany,
at the extreme conditions beamline P02.2.10 The beam
size on the sample was ≈ 2 × 2 µm2 (FWHM), focused
by Kirkpatrick Baez mirrors. The diffraction data were
collected using a Perkin Elmer XRD1621 detector, a wave-
length of 0.2900 Å (42.7 keV) and a detector to sample
distance of 402 mm. We rotated the DAC by ±33◦ around
the vertical axis perpendicular to the beam while collect-
ing frames in 0.5◦ steps with 8 s acquisition time per
frame.

Single crystal diffraction data on Li[HC2O5] were ob-
tained at the ESRF in Grenoble, France, at the high-
pressure beam line ID27.11 The beam size on the sample
was ≈ 2 × 2 µm2 (FWHM), focused by Kirkpatrick Baez
mirrors. The diffraction data were collected using an
Eiger2 X 9M CdTe detector, a wavelength of 0.3738 Å
(33.2 keV) and a detector to sample distance of 183 mm.
We rotated the DAC by ±34◦ around the vertical axis
perpendicular to the beam while collecting frames in 0.5◦

steps with 5 s acquisition time per frame.
The detector to sample distance was calibrated from

the powder diffraction of a CeO2 standard and using
the software DIOPTAS.12 The diffractometer/detector
geometry for the analysis of the single crystal diffraction
data was calibrated using diffraction data collected from
a single crystal of enstatite (MgSiO3) in a DAC at ambient
pressure. After the data collection, the reflections were
indexed and integrated employing CrysAlisPRO (version
43.67a).13 We used the Domain Auto Finder program
(DAFi) to find possible single crystal domains for the
subsequent data reduction.14 The structure solution and
refinement were performed using the software package
OLEX2 employing SHELXT and SHELXS for the crystal
structure determination and SHELXL for the structure
refinement.15–18

1.5. Density functional theory-based calculations

First-principles calculations were carried out within the
framework of density functional theory (DFT), employing
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the plane wave/pseudopotential approach
implemented in the CASTEP simulation package.19–21

“On the fly” norm-conserving or ultrasoft pseudopoten-
tials generated using the descriptors in the CASTEP data
base were employed in conjunction with plane waves
up to a kinetic energy cutoff of 1020 eV or 630 eV, for
norm-conserving and ultrasoft pseudopotentials, respec-
tively. The accuracy of the pseudopotentials is well estab-
lished.22 A Monkhorst-Pack grid was used for Brillouin
zone integrations.23 We used a distance between grid
points of <0.023 Å−1. Convergence criteria for geometry
optimization included an energy change of <5 × 10−6

eV atom−1 between steps, a maximal force of <0.008 eV
Å−1 and a maximal component of the stress tensor <0.02
GPa. Phonon frequencies were obtained from density
functional perturbation theory (DFPT) calculations.24,25

Raman intensities were computed using DFPT with the
“2n + 1” theorem approach.26 A correction scheme for
van der Waals (v.d.W.) interactions was applied for the
DFT-calculations. We employed the correction scheme
developed by Tkatchenko and Scheffler.27
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2. Results

2.1. Single crystal synchrotron X-ray diffraction on Li2[C2O5]
Due to the identification of both unknown phases by Ra-

man spectroscopy, we were able to perform synchrotron
X-ray diffraction experiments in the regions where mainly
Raman modes of one of the unknown phases have been
observed in the DAC. The experiments had been car-
ried out at the synchrotron PETRA III. We found that
the first unknown phase is a lithium pyrocarbonate with
Li2[C2O5] composition. After the data reduction the crys-
tal structure was solved in the monoclinic space group
P21/c (No. 14) with Z = 4. Due to the metallic body of
the DAC the access to the reciprocal space is very lim-
ited. Nevertheless, the displacement parameters of all
atoms could be refined anisotropically and no constraints
or restraints had to been introduced, even if only light
atoms are present. We reached a stable crystal structure
refinement with a reasonable R-value (5.8%), but the re-
flection to parameter ratio is relatively low (6.6:1). Table S
1 lists the crystallographic parameters of Li2[C2O5] valid
for 25(2) GPa in comparison to DFT calculations.

Table S 1: Structural parameters of Li2[C2O5] at 25(2) GPa
from single crystal structure solution (ambient temperature) in
comparison to theoretical data derived from DFT calculations
(athermal limit).

Single Crystal DFT

Crystal data
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Chemical formula Li2[C2O5] Li2[C2O5]
Mr 117.9 117.9
a (Å) 6.085(1) 6.0611
b (Å) 5.313(3) 5.2206
c (Å) 7.996(3) 7.8542
α (◦) 90.0 90.0
β (◦) 100.85(3) 101.02
γ (◦) 90.0 90.0
V (Å3) 253.9(2) 243.95
Z 4 4

Data collection -
F000 232 -
θ range (◦) 1.89–12.88 -
measured reflections 887 -
independent reflections 537 -
reflections I > 2σ(I) 406 -
Rint 0.033 -

-
Refinement -
R[F2 > 2σ(F2)], wR(F2) 0.058, 0.153 -
No. of reflections 537 -
No. of parameters 82 -
No. of restraints 0 -
No. of constraints 0 -
∆ρmax, ∆ρmin (e Å−3) 0.60, −0.56 -

The experimental and the theoretical structural model
of Li2[C2O5] match within the expected errors. Our DFT

calculations confirmed the centrosymmetric space group
symmetry. Due to the presence of only light elements
(lithium, oxygen and carbon) the intensity of the diffrac-
tion data is relatively low. In Li2[C2O5] both of the lithium
atoms are octahedrally coordinated by six oxygen atoms
(Fig. S 1). Both octahedra are distorted with Li–O bond
distances between 1.8 Å and 2.2 Å.

Figure S 1: Octahedral coordination of both lithium atoms in
Li2[C2O5] by six oygen atoms. The coordination polyhedra are
shown in grey.

2.2. Single crystal synchrotron X-ray diffraction on Li[HC2O5]
After the identification and structure solution of the

first unknown phase Li2[C2O5], we performed syn-
chrotron X-ray diffraction experiments in the region
where the second unknown phase was observed by Ra-
man spectroscopy. These diffraction experiments had
been performed at the synchrotron ESRF. The results from
the single crystal structure solution show that this phase
is a lithium hydrogen pyrocarbonate with Li[HC2O5] com-
position. The crystal structure was solved in the mono-
clinic space group C2/c (No. 15) with Z = 4. The hydro-
gen atom was directly recognized as a Fourier difference
peak. We assume a reasonable structure refinement due
to the relatively low R-value (4.9%) and a sufficient reflec-
tion to parameter ratio (7.5:1). The displacement parame-
ters of the lithium, carbon and oxygen atoms were refined
anisotropically, while the one from hydrogen atom was
refined isotropically. In order to reduce the amount of pa-
rameters the anisotropic displacement of the oxygen and
carbon atoms were constraint to be identical, respectively.
No constraints or restraints for the atomic positions had
been introduced.

Figure S 2: Octahedral coordination of the lithium atom in
Li[HC2O5] by six oygen atoms viewed in two different directions.
The coordination polyhedra are shown in grey.

The experimental crystallographic parameters of
Li[HC2O5] are listed in Table S 2 in comparison to DFT
calculations. The DFT calculations had been carried out
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in the non-centrosymmetric monoclinic space group Cc
(No. 9) to ensure that no symmetry restrictions were ap-
plied to the position of the hydrogen atom. Nevertheless,
the theoretical structural model of Li[HC2O5] reproduces
the experimental one within the expected errors. A sym-
metry analysis shows, that after geometry optimization,
the structural model from the DFT calculations has space
group symmetry C2/c. The space group symmetry of
geometry-optimized structures were analyzed using Ma-
terials Studio.28 The results obtained by a refinement of
the experimental diffraction data in space group Cc can-
not be distinguished from the structural model having
C2/c space group symmetry. Hence, we decided to use
the centrosymmetric structural model. In Li[HC2O5] the
lithium atom is coordinated by six oxygen atoms, similar
to Li2[C2O5] (Fig. S 2). In contrast to Li2[C2O5] the octahe-
dra in Li[HC2O5] is nearly undistorted with Li–O bond
distances between 1.9 Å and 2.0 Å.

Table S 2: Structural parameters of Li[HC2O5] at 25(2) GPa
from single crystal structure solution (ambient temperature) in
comparison to theoretical data derived from DFT calculations
(athermal limit).

Single Crystal DFT

Crystal data
Crystal system Monoclinic Monoclinic
Space group C2/c Cc∗

Chemical formula Li[HC2O5] Li[HC2O5]
Mr 111.97 111.97
a (Å) 12.085(9) 11.6312
b (Å) 4.373(1) 4.3655
c (Å) 5.231(7) 5.2071
α (◦) 90.0 90.0
β (◦) 117.5(1) 114.15
γ (◦) 90.0 90.0
V (Å3) 245.3(4) 241.27
Z 4 4

Data collection -
F000 224 -
θ range (◦) 2.65–21.48 -
measured reflections 349 -
independent reflections 231 -
reflections I > 2σ(I) 178 -
Rint 0.005 -

-
Refinement -
R[F2 > 2σ(F2)], wR(F2) 0.049, 0.149 -
No. of reflections 231 -
No. of parameters 31 -
No. of restraints 0 -
No. of constraints 2 -
∆ρmax, ∆ρmin (e Å−3) 0.34, −0.23 -

∗symmetry analysis after geometry optimization
suggests space group C2/c

It is worthwhile to note here, that the cryogenic loading
was performed with Li2[CO3] and CO2, but nevertheless
hydrogen was found in the structure solution. As men-
tioned above we think that small amounts of H2O were

inadvertently co-condensed with the CO2 gas jet during
the cryogenic loading, as Li2[CO3] is not particularly hy-
groscopic and no hydrous Li-carbonate is known.

2.3. Bulk modulus of Li[HC2O5] and Li2[C2O5]
We used DFT-based calculations to calculate the p, V

relation for Li[HC2O5]. The calculations were carried out
between 0 GPa and 50 GPa. One data-set was calculated
without a v.d.W. correction and the second data-set was
obtained using the TS-v.d.W. correction scheme.27 We
found that down to ≈ 4 GPa no significant difference be-
tween both theoretical data-sets can be observed (Fig. S 3).
Below this pressure, the unit cell volume obtained with-
out a v.d.W. correction is significantly too large.

Figure S 3: A Birch-Murnaghan EoS was fitted to the unit cell
volume obtained from the v.d.W.-corrected DFT calculations of
Li[HC2O5] between 0–50 GPa. In addition DFT data without a
v.d.W. correction are shown. The result from the single crystal
structure solution is shown for comparison.

We fitted a 3rd-order Birch-Murnaghan equation of
states (EoS) to p, V-data derived from the calculations to
obtain the theoretical bulk modulus (K0).29,30 We used the
software EOSFit7-GUI.31 First we fitted the p, V date in
the pressure range above the phase transition (10–50 GPa),
present due to the change of the hydrogen position and
the O–H··O geometry. We found that no significant dif-
ference occurs if the EoS is fitted over the whole pressure
range (0–50 GPa), see Table S 3. We obtained a bulk
modulus of K0 = 25.7(4) GPa with Kp = 5.9(1).

Table S 3: Theoretical bulk modulus of Li[HC2O5] and Li2[C2O5]
obtained by fitting a Birch-Murnaghan EoS to the p, V data from
the DFT-based calculations.

V0 (Å3) K0 (GPa) Kp

Li[HC2O5] 342.4(4) 25.6(4) 5.93(5)(0–50 GPa)
Li[HC2O5] 342.1(6) 25.7(4) 5.94(4)(10–50 GPa)
Li2[C2O5] 318.3(8) 43(1) 5.9(1)(10–50 GPa)
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In addition, we used DFT-based calculations to obtain
the p, V relation for Li2[C2O5] employing a v.d.W. correc-
tion. Again, the calculations were carried out between
0 GPa and 50 GPa, but the results show two discon-
tinuities in the behavior of the unit cell volume. We
assume that at low pressures two phase transitions oc-
cur in Li2[C2O5]. Hence we fitted the 3rd-order Birch-
Murnaghan EoS in the pressure range above these phase
transition (10–50 GPa) to the theoretical data to obtain
the bulk modulus (Fig. S 4). We obtained a bulk modulus
of K0 = 43(1) GPa with Kp = 5.9(1) for Li2[C2O5], which
is significantly larger than for hydrogen pyrocarbonate in
the same pressure range (Table S 3).

Figure S 4: A Birch-Murnaghan EoS was fitted to the unit cell
volume obtained from the v.d.W.-corrected DFT calculations of
Li2[C2O5] between 10–50 GPa. Low pressure p, V data were
not considered for the fit. The result from the single crystal
structure solution is shown for comparison.

2.4. Phase transition in Li2[C2O5]

We used the DFT calculations to investigate the phase
transitions of Li2[C2O5] at lower pressures. We found that
both low-pressure phases have monoclinic P21/c space
group symmetry and that the transitions are accompanied
by a change of the monoclinic angle β (Fig. S 5).

Figure S 5: Monoclinic angle β between 0 GPa and 50 GPa from
DFT calculations. Two phase transitions at pressures < 10 GPa
are indicated by grey bars. The result from the single crystal
structure solution is shown for comparison.

At pressures ≥ 10 GPa the monoclinic angle β is in
very good agreement with the results from the single
crystal structure solution of the high-pressure phase at
25(2) GPa, while at lower pressures β decreases strongly.
In addition, the phase transitions cause a visible change
in the geometry of the [C2O5]2–-groups (Fig. S 6).

Figure S 6: Geometry of the [C2O5]2–-groups in Li2[C2O5] at (a)
10 GPa, (b) 5 GPa and (c) 0 GPa.
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