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The discovery of nonmolecular carbon dioxide under high-pressure
conditions shows that there are remarkable analogies between
this important substance and other group IV oxides. A natural and
long-standing question is whether compounds between CO, and
SiO, are possible. Under ambient conditions, CO, and SiO, are ther-
modynamically stable and do not react with each other. We show
that reactions occur at high pressures indicating that silica can
behave in a manner similar to ionic metal oxides that form carbo-
nates at room pressure. A silicon carbonate phase was synthesized
by reacting silicalite, a microporous SiO, zeolite, and molecular
CO, that fills the pores, in diamond anvil cells at 18-26 GPa and
600-980 K; the compound was then temperature quenched. The
material was characterized by Raman and IR spectroscopy, and
synchrotron X-ray diffraction. The experiments reveal unique oxide
chemistry at high pressures and the potential for synthesis of a
class of previously uncharacterized materials. There are also poten-
tial implications for CO, segregation in planetary interiors and
for CO, storage.

high-pressure chemistry | material science | optical spectroscopy

arbon dioxide and silicon dioxide are two archetypal, group

IV oxides of paramount importance for fundamental and
applied chemistry and planetary sciences. CO, is the dominant
component of the atmosphere of Earth-like planets, exists in
icy forms in outer planets and asteroids, plays an important role
in volcanic and seismic processes, is used as a supercritical solvent
for chemical reactions, and its anthropogenic production is a ma-
jor environmental issue. SiO, is also one of the most abundant
components of terrestrial planets, and an important technological
material. The chemical relationship between CO, and SiO,, in
particular their reactivity, is thus of interest. Although the two
systems are both group IV oxides, they are remarkably different
under ambient conditions, because CO, is molecular and is held
together by C=0O double bonds, whereas SiO, forms network
structures involving single Si—O bonds. These bonding patterns
radically change under pressure. Two nonmolecular CO, crystal-
line phases and a glassy form have been discovered above 30 GPa
that bear similarities to SiO, (1-14). The crystalline phases con-
tain carbon in fourfold coordination by oxygen (1-10, 13, 14), and
mixtures of CO4 and CO; units have been found in a glassy form
that has been named carbonia (13).

A possible approach to favor the chemical reaction between
CO, and SiO;, is to select a microporous silica polymorph, such
as silicalite. At ambient conditions, silicalite is characterized by a
framework of four-, five-, six-, and ten-membered rings of SiO,4
tetrahedra with 5.5-A pores (15) (Fig. 1, Left Inset). Recently, it
has been found that the pores can be completely filled by simple
molecules such as CO, and Ar under pressure, which prevents
pressure-induced amorphization (PIA) and stabilizes the crystal-
line framework up to at least 25 GPa at room temperature (16). It
is well known that pressure can strongly modify the character of
materials, and possible SiO, /CO, alloys have been predicted by
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density functional theory (DFT) simulations (17). The choice of
silicalite is motivated by the large effective surface exposed to the
CO, in the pores (all of the SiO, tetrahedra are on the surface of
the micropores), which is likely to be a crucial factor for enhan-
cing the chemical reaction.

Results and Discussion

We examined chemical reactions between silicalite SiO, and
CO,. We conducted nine experiments at 18-26 GPa and 296-
980 K, far from the pressure-temperature (P-T) transformation
boundary of molecular to nonmolecular CO, (18) in the pure sys-
tem. In Fig. 1, we present the IR (v3 + v;v3 + 21,) and Raman
(v.) spectra of a typical sample. About half of the total sample
thickness (20 pm) was taken by silicalite powder with CO, com-
pletely filling the pores, whereas the residual space was occupied
by bulk, free CO,. The sample was compressed up to 18 GPa
before heating, and the spectra show the peaks of confined and
bulk (1, 19) CO,, split with each other by at most 1% in fre-
quency. This indicates that the interaction between CO, and the
silicalite surface is still in the range of van der Waals forces. De-
spite the weak interaction at room temperature, high-tempera-
ture annealing to 600 K was effective in enhancing the chemical
reaction. In fact, the IR peak of confined CO, disappears after
the temperature annealing, which indicates evidence of a chemi-
cal reaction between silicalite and the confined CO,. Also, the
reaction is reversible: The IR peak of confined CO, appears
again upon decreasing pressure below 15 GPa. The Raman spec-
trum of the transformed material was completely overwhelmed
by a large fluorescence background that also indicates a major
transformation leading to a compound with a large number of
defects.

The full picture of the reaction was obtained by a special set of
measurements (see Methods) on very thin samples, approximately
1 pm, which avoided saturation of the IR absorption (Fig. 2). A
very small amount of bulk CO, was left in this case. The sample
was compressed to 20.8 GPa, then heated to 740 K. In the IR
spectrum of the temperature-quenched material (Fig. 2 Upper)
the peaks of silicalite are reduced by about 0% of the original
intensity, and the peaks of confined CO, almost completely
vanished. In parallel, two strong peaks A and B appeared, which
belong neither to molecular CO, nor to silicalite. Therefore, the
most fundamental aspect of a binary chemical reaction is demon-
strated: Two reactant substances, silicalite and CO,, react with
each other, and a product substance is formed, identified by
peaks A and B. Upon lowering the pressure, the peaks shift to
lower frequencies and gradually disappear below 15 GPa, and
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Fig. 1. IR and Raman (Right Inset) spectra of mixed silicalite and CO,, show-
ing evidence of the chemical reaction. The main figure shows IR spectra in
the frequency region of the (v3 + vq;v3 + 21,) combination band of CO,.
(Right Inset) Raman spectrum in the frequency region of the v, line of
CO,, measured before the heating. Asterisks indicate peaks of CO, confined
in the micropores of silicalite. The stronger peaks are from bulk, free CO,
(see text). The sample was heated to 600 K for about 1 h. IR spectra before
(after) the heating were measured upon increasing (decreasing) pressure.
Changes in the line-shape of the band of bulk CO, are related to phase
transitions among phases |, Il, 1ll, and IV of molecular CO, (1, 18). (Left Inset)
Schematic representation of the crystal structure of silicalite.

a nonmolecular peak, C, emerges at about 1,780 cm™!. In paral-
lel, we observe the formation of confined CO, and the intensifi-
cation of the silicalite peaks again (Fig. 2 Lower). Finally, at room
pressure, peak C disappears after a few days along with the peak
of residual confined CO,, thereby showing the overall reversibil-
ity of the transformation.

The assignment of peaks A, B, and C to C—O stretching modes
of silicon carbonates is very straightforward. We note that in
covalent, nonmolecular CO,, the stretching modes of C=0O
double and C—O single bonds exhibit IR absorption around
1,900-2,000 cm~" and below 1,400 cm™!, respectively (13). These
frequency ranges are far away from the region of interest here,
proving that covalent double and single bonds are too strong and
too weak, respectively, to explain the nature of the present ma-
terial. Peaks A, B, and C can be assigned to stretching modes of
C—O bonds with intermediate strength as those involved in car-
bonates in ionic compounds. It has been well known for several
decades that CO, can be adsorbed at ambient pressure on the
surface of basic metal oxides and a variety of zeolites that contain
transition, alkali, or alkaline earth metals (20-27). The adsorp-
tion results in the formation of unidentate and bidentate carbo-
nates (see Fig. 2), where the double degenerate IR stretching
mode of the free COj; ion splits in two bands on either side of
the unperturbed frequency [1,415 cm™! (24)]. Remarkably, the
high-frequency components of unidentate and bidentate carbo-
nates fit fairly well the frequencies of peaks A and B, respectively,
thereby showing that the reaction of confined CO, with silicalite
results indeed in the formation of unidentate and bidentate
carbonates, each one involving a single framework silicon atom.

We note that the presence of carbonate groups has been
reported from IR studies on CO,-bearing, high silica, alumino-
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Fig. 2. IR spectra of mixed silicalite and CO, (thin sample, approximately
1 pm), showing the formation of silicon carbonate. The compound is identi-
fied by the A, B, and C peaks, assigned to unidentate, bidentate, and bridged
silicon carbonate species, respectively. (Upper) IR spectra before and after the
heating to 740 K. Heating lasted for about 1 h. Gray dashed line indicates
spectrum of carbonia (13). The peak at 2,400 cm~' and the high-frequency
shoulder at 2,450 cm~" are assigned to the v3 mode of confined and bulk
CO,, respectively. After heating, the confined CO, has almost vanished,
and the v3 peak is dominated by the component of bulk CO,, which did
not react. (Left Inset) IR spectra of a thick (20 pm) sample, before and after
temperature annealing, showing the formation of the strong A and B peaks.
(Right Inset) Raman spectrum of the v, line of CO, on the 1-pm-thick sample,
before annealing. Peaks of confined (asterisk) and bulk CO, have an inte-
grated intensity ratio of about 3. (Lower) IR spectra measured upon decreas-
ing pressure, after annealing. The behavior of the 13 peak shows that
confined CO, forms again (sharp component), starting at about 16 GPa; in-
stead, bulk CO, (broad component) vanishes, indicating that this material
progressively extrudes from the sample chamber. Vertical black sticks (Upper
and Lower) indicate frequency of the IR stretching mode of the free CO; ion
(24). Blue, green, and orange bars (Upper and Lower) indicate spectral
ranges, at ambient pressure, of the split high- and low-frequency compo-
nents of the IR stretching mode of the free CO;3 ion, as found in unidentate
(blue), bidentate (green), and bridging, T-CO3-T (orange) carbonates, ob-
tained from CO, adsorption on metal oxides and dissolution in silicate melts
(see text). The two components correspond to the antisymmetric and the
symmetric C—O stretching modes, respectively, involving the two equivalent
oxygen atoms. Pink bar (Lower) indicates spectral range, at ambient pressure,
for the highest-frequency IR stretching mode of bridging carbonates also ob-
tained from adsorption of CO, on some metal oxides (see text). Vertical,
dashed lines (Upper and Lower) indicate room pressure extrapolated fre-
quencies of the A and B peaks.

silicate glasses (28-30). A number of different carbonates have
been identified in these materials containing various cations,
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among which T-COs-T groups (where T is silicon or aluminum in
a tetrahedral coordination by oxygen) exhibit large splitting of the
IR stretching mode of CO; (orange bars in Fig. 2). The high-
frequency component of these doublets is definitely compatible
with peak B. These bridging carbonates would involve two frame-
work silicon atoms in the case of silicalite, which is pure silica, in
our study. Bridging CO; groups were also found in some carbo-
nates obtained by CO, adsorption on metal oxides (23), whose
highest frequency C—O stretching mode fits fairly well to peak
C. The high frequency of peak C indicates that these bridging
carbonates have more covalent character than the CO; species
discussed above; in a sense, their nature is closer to that of CO,.

A clear picture thus emerges. Confined CO, and silicalite react
with each other at high P-T conditions, above 18 GPa, forming a
silicon carbonate compound. Silicalite behaves similarly to ionic
metal oxides under these conditions. The material decomposes
upon reducing pressure below 15 GPa into silicalite, silicon
carbonate with only bridged CO; groups, and molecular CO,.
Finally, the recovered material releases the CO, and the residual
carbonate.

As an additional test of the chemical reaction and of the nature
of the compound, we measured the X-ray diffraction (XRD) pat-
terns (Fig. 3) in situ on a sample compressed to 21.4 GPa and
then heated to 723 K. The Bragg peaks of silicalite progressively
broaden upon increasing temperature. This is a clear indication
of the chemical reaction, as diffraction peaks should instead
sharpen because of the usual temperature enhancement of the
crystal quality and relaxation of any deviatoric stress present. The
broad peaks observed upon heating are centered on the sharp
reflections observed for orthorhombic silicalite at 298 K before
heating, for which the cell parameters were a = 18.000(1) A,

silicalite/
silicon carbonate 002

15.0 GPa, 298 K

A
© 26.0GPa, 298 K

19.7 GPa, 723 K

NGNS U A

intensity (a.u.)

18.0 GPa, 573K
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21.4 GPa, 298 K
 upon heating

20 (deg)

Fig. 3. High P-T, XRD patterns of silicalite-CO, mixture, showing the forma-
tion of a highly strained, disordered crystal. From the bottom to the top: The
sample was heated to 723 K at 18-26 GPa, for about 1 h. The temperature-
quenched material was then decompressed to 15 GPa. The sample thickness is
about 20 pm, as in Fig. 1. At angles higher than the vertical dotted line the
diffraction pattern is dominated by the peaks of bulk, molecular CO,, which
undergoes phase transitions between phases |, Il, lll, and IV. The intensity of
the patterns has been normalized to the same acquisition time and X-ray
beam intensity.
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b =18.000(1) A, and ¢ =12.203 A. Based on the estimated
error of the positions of these broad peaks, the cell parameters
at 723 K lie within +1% of these values. This quantitatively in-
dicates that the CO, remains in this poorly crystallized material
and that the reduction in crystallinity is not due to loss of CO,
followed by the reported collapse of the structure (15) (PIA) to
form dense amorphous SiO,, but is a result of the chemical
reaction with CO,. Loss of CO, followed by PIA is also ruled
out by the observation that the broadening of Bragg peaks is
reversible (see below), whereas PIA is irreversible.

It is then shown that the chemical reaction takes place progres-
sively, ending up in a product that is a highly strained crystal still
exhibiting the structure of the original silicalite. This is not un-
expected, because the carbonates form at the pore surface, which
in turn does not alter the pore arrangement within the unit
cell, but does affect the long-range periodicity of the structure.
In fact, the solid is strained, and the coherence length is reduced
to 8-10 nm, at the maximum temperature, as deduced from the
peak width. This is evidence that the carbonate groups form in
a random manner without any long-range order. They can also
be expected to induce local geometrical distortions to the
framework.

Surprisingly, no peaks of stishovite, the sixfold coordinated
cristalline silica, are observed. Stishovite is the thermodynamic
stable phase of silica above 9 GPa (31), and it easily forms upon
heating cristobalite to 570 K, at similar pressures (32). The fact
that we are left with silicon carbonate instead of stishovite and
molecular CO, is evidence of the high chemical stability of this
compound. In the temperature-quenched material, several weak
peaks of silicalite emerge again from the background below 6°
and the two peaks between 1.8° and 2.6° are sharpened. Never-
theless, the crystal is still severely strained. Finally, the sample
was decompressed, and the two low-angle peaks sharpened more
at 15 GPa, which indicates the reversibility of the reaction, in very
good agreement with the IR study.

All of the data presented here consistently show that SiO, and
CO, undergo high P-T chemical reactions of the type xSiO,+
yCO, < Si,G,O(zy2y), Which results in the formation of one or
more silicon carbonate compounds. Although the reaction occurs
at the surface of the silicalite micropores, the final product has
the nature of a real bulk compound due to the particular structure
of zeolitic silicalite. In fact, all of the tetrahedra in silicalite are
on the surface of the micropores; thus, a surface reaction can in-
volve, in principle, all the SiO, as would be the case in a bulk
reaction. This is quantitatively shown by the fact that about 50%
of the original tetrahedra are indeed transformed (see the discus-
sion on IR spectra). However, the silicalite framework is retained,
although highly strained, and the product is thus a nonstoichio-
metric silicon carbonate. The chemical stability of this compound
is surprising. It forms in a large variety of P-T conditions. In sev-
eral measurements we have found that silicon carbonate forms
and is chemically stable up to at least 1,000 K and 60 GPa, which
covers the P-T range where stishovite or dense poststishovite
phases and nonmolecular CO, form in pure silica and CO, sam-
ples, respectively (1, 11, 13, 18, 32). Preliminary results show that
silicon carbonate is also obtained by a pressure-induced (38 GPa,
296 K) reaction of CO, with a different precursor material (amor-
phous silicic acid [SiO,(OH),_,,],,), Which supports the evidence
for chemical stability of this compound. Therefore, we found that
the reactions between CO, and silicalite, and CO, and silica, both
yield chemically stable silicon carbonate as compared to dense
CO, and stishovite. However, both of these silicon carbonate
materials are disordered and almost certainly metastable with re-
spect to a crystalline, ordered counterpart of these compounds,
which could possibly be thermodynamically stable and is likely to
exist. This crystal could be rather similar to those predicted by
DFT studies: cristobalite-type Si;_,C,O, mixed oxides, which
are expected to be stable with respect to the end members above
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6 GPa (17). It is probable that more extreme P-T conditions
than those employed here would allow the high energy barriers
preventing the crystallization of these solids to be overcome.

In conclusion, the discovery of the pressure-induced chemical
reaction between SiO, and CO, shows a remarkable affinity
between these two important substances, which was completely
unexpected from the ambient pressure point of view. We thus
show that a unique oxide chemistry exists at high pressures. In
fact, the broad class of carbonate compounds has to be extended
to include silicon carbonate. More generally, we think that the
potential for the synthesis of a whole class of previously unchar-
acterized materials could be in sight, along with unique opportu-
nities for the storage of CO,. It is also remarkable that our
thermodynamic conditions are not very far from those of terres-
trial planetary interiors, and future investigations on such plane-
tary interiors should definitely consider possible chemical
reactions between silica and CO,.

Methods

IR spectra were measured using Fourier transform infrared spectrometers:
Bruker IFS-120 HR and Bruker IFS66V. In the case of Bruker 120 HR, an optical
beam condenser based on ellipsoidal mirrors was used. Raman spectra were
performed by using the 752.5-, 785-, and 633-nm lines of a Kr*, a diode, and
an HeNe laser, respectively, as the excitation sources. Backscattering geome-
try was used, with 20x and 50x Mitutoyo microobjectives, and the signal was
detected by single monochromators: Acton/SpectraPro 2500i, equipped with
a CCD detector (Princeton Instruments Spec-10:100 BR), and Horiba Jobin-
Yvon LabRam Aramis, also equipped with a CCD detector. Angle-dispersive
XRD patterns have been measured at the ID27 beam line of the European
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Synchrotron Research Facility, with monochromatic beam (1 = 0.3738 A)
and a Mar CCD detector. The nominal size of the focal spot was 2 pm.
The diffraction patterns were analyzed and integrated using the FIT2D
program (33).
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hydrogen-free silicalite-1-F were obtained from SOMEZ. Identical results
were obtained in the reaction of CO, with both types of silicalite, indicating
that hydrogen does not play a relevant role in the reaction.

A resistively heated diamond anvil cell (DAC) was used for the high-
pressure experiments. CO, was loaded in the DAC (lla diamonds for the IR
measurements) cryogenically in the liquid phase, at 25 bar, together with
powdered silicalite. A ruby chip was put in the sample chamber for pressure
measurements, using the ruby fluorescence method. A special procedure
was adopted for preparing the very thin (approximately 1 pm) samples.
The 40-um-thick sample chamber was almost completely filled by a KBr pellet,
on the top of which a thin (approximately 1 pm) silicalite pellet was slightly
pressed. In the DAC loading procedure, liquid CO, filled the pores of silicalite,
and the amount of bulk, free CO, was very small, as compared to the thick
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