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Abstract: Based on the density functional theory and crystal structure prediction approaches, we
found a novel high-pressure structure of Fe2CO4-P1̄. It is characterized by the presence of ethane-like
O3C–CO3 groups or so-called orthooxalate groups. The formation of such O3C–CO3 groups has been
proposed earlier in melts and aqueous carbonate solutions, but no such examples were known in
inorganic crystalline materials. We found that this structure is dynamically and thermally stable at
pressures of 50 GPa. Similar structures were also predicted to be dynamically stable for Mn2CO4,
Ni2CO4, and Co2CO4. In addition, FeCO3 was found to transform into a similar structure with
O3C–CO3 orthooxalate groups at a pressure above 275 GPa. Additionally, for the first time, we
describe the self-diffusion of metal atoms in carbonates at high pressure and at high temperatures.
The prediction of novel carbonate structures extends the crystal chemistry of inorganic carbonates
beyond the established ones with [CO3] triangles, [C2O5] pyro-groups, and [CO4] tetrahedra.

Keywords: orthocarbonates; high pressure; crystal structure prediction; density functional theory;
siderite

1. Introduction

Currently, theoretical methods for crystal structure predictions have proven to be an
effective approach for discovering new compounds and their structures that precede real ex-
periments. Recently, using these methods, it was shown that in the MO–CO2 systems (where
M = Mg, Ca, Sr, Ba, and Pb), in addition to the well-known MCO3 carbonates, M2CO4,
M3CO5, and MC2O5 compounds became thermodynamically stable at high pressures [1–5].
Subsequently, the formation of the Mg2CO4 [6], Ca2CO4 [7], CaC2O5 [8], Sr2CO4 [9],
Sr3CO5 [10], SrC2O5 [11], and PbC2O5 [12] phases was experimentally confirmed.

For alkaline earth metals, the thermodynamic stabilization pressures of M2CO4 struc-
tures (M = Mg, Ca, Sr, and Ba) were inversely proportional to the cation size, decreasing
from 50–75 GPa for Mg2+ [3,6] to 5 GPa for Ba2+ [4]. Ca2CO4, Sr2CO4, and Ba2CO4 have
the same structure Pnma, while Mg2CO4 has slightly different structure (P21/c) [6]. The
low-pressure thermodynamic stability limits for the crystal structures of M3CO5 (M = Ca,
Sr, and Ba) compounds vary in the range of 11–15 GPa, and these compounds are stable in
the I4/mcm structure [4].

The structures of M2CO4 and M3CO5 are characterized by the presence of orthoanion
groups of [CO4] tetrahedra and form a class of orthocarbonates and oxy-orthocarbonates.
The sp3-hybridized carbon atoms in the structures of orthocarbonates are a key difference
from the so-called “traditional” MCO3 carbonates, whose structures contain sp2-hybridized
carbon atoms only in triangular coordination at a pressure below 50 GPa. The structures of
the MC2O5 composition are characterized by the most diverse crystallochemistry, including
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[C2O5] pyro-groups (formed by two trigonal [CO3] groups), complex tetrahedra, layers,
and frameworks which consist of corner-shared [CO4] tetrahedra [1,8,13]. In addition,
at pressures above 70 GPa, traditional carbonates MgCO3 and CaCO3 are known to trans-
form into structures that consist of corner-shared [CO4] tetrahedra, forming chains or
rings [14–17].

For iron, in addition to the traditional carbonate FeCO3, Fe4C3O12 and Fe4C4O13 are
also known [18]. Both carbonates contain tetrahedrally coordinated carbon units and are
formed above ∼70 GPa [18]. However, these two carbonates contain iron in both 2+ and
3+ oxidation states and are beyond the FeO–CO2 system. Hence, to date, FeCO3 is the
only known intermediate compound in this system. It should also be noted that, unlike
MgCO3 and CaCO3, iron carbonate does not undergo polymorphic phase transitions up to
110 GPa [18–20].

The aim of the present work is to reveal the possible stable structure of Fe2CO4 and
FeCO3 using crystal structure prediction methods. The obtained results could extend
the known crystal chemistry of inorganic carbonates and motivate future experimental
studies of the FeO–CO2 system, which is complicated by the presence of iron in two
oxidation states.

2. Computational Methods

Crystal structure prediction has been performed using evolutionary algorithms imple-
mented in the USPEX package [21–24] and random structure searching implemented in the
AIRSS package [25,26] at 25, 50, 75, and 100 GPa for fixed-composition Fe2CO4 and at 100,
200, and 300 GPa for FeCO3 for 1–4 formula units per unit cell.

The first generation in the USPEX calculations consisted of 65 structures created using
a random symmetry operator. Furthermore, to obtain the next generation, 60% of the
structures with the lowest enthalpy from the previous generation were selected. In all
subsequent generations, structures were produced by heredity (35%), atomic mutation
(20%), lattice permutation (10%), and random generator (35%) operators. On average, 32–36
generations were produced and relaxed at each pressure.

All calculations were performed within the VASP 5.4.4 package [27,28] based on
density functional theory (DFT). The exchange-correlation effects were calculated via
generalized gradient approximation (GGA) in Perdew–Burke–Ernzerhof (PBE) parame-
terization [29]. To describe core-valence interactions, we used the projector augmented
wave basis set with energy cutoff of plane waves equal to 430 eV. The first Brillouin zone
was sampled according to the Monkhorst–Pack scheme with a k-point mesh of 0.5 Å−1

and Gaussian smearing with a parameter σ = 0.1 eV. The most promising predicted struc-
tures were relaxed with higher accuracy as follows: the cutoff energy was 600 eV, k-point
sampling grid of spacing was 0.25 Å−1, and σ = 0.05 eV. Pseudopotentials with 3d74s1 (Fe),
2s22p2 (C), and 2s22p4 (O) electronic configurations were used.

It is well-known that standard DFT tends to over-delocalize the electronic states for
transition metals, which prevents them from describing the systems with strongly localized
d-electrons appropriately. In order to describe the properties of considered structures more
accurately, Dudarev’s DFT+U method was used [30]. In our study, U was set to 2 eV, since
in [31], it was found to give the best agreement with the experimental values for the spin
transition pressure of iron in FeCO3.

Calculations of the phonon spectra were performed using the PHONOPY program [32].
The real space force constants were calculated using supercell and finite displacement
approaches, with 2 × 2 × 2 supercells for the considered structures. In this case, high-
quality settings were used: the cutoff energy was 800 eV, k-point sampling grid of spacing
was 0.2 Å−1, and σ = 0.05 eV.

To examine the thermal stability of Fe2CO4, ab initio molecular dynamic (AIMD)
simulations based on DFT were performed using a supercell with 255 atoms at 300, 1000,
and 2000 K. The time step was set to 1 fs. In the simulations at 300 and 1000 K, the total
simulation time was 10 ps, and in the simulations at 2000 K, it was 20 ps. The NPT ensemble
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(where N is the number of particles, P is pressure, and T is the temperature) were used.
During the simulation, the frequency of the temperature oscillations was controlled by the
Langevin thermostat.

Images of the structures were produced using VESTA software [33]. The MD simula-
tion animation was made in OVITO software [34].

3. Results

Experiments performed for Fe2CO4 crystal structure predictions have revealed the
known structures of Ca2CO4-Pnma [2] and Mg2CO4-Pnma (Olivine type) [3]. However,
these structures are not the most favorable among the predicted ones. According to
the results obtained, the structure with P1̄ symmetry had the lowest enthalpy in the
entire studied pressure range of 10–100 GPa (Figure 1a). The predicted Fe2CO4-P1̄ was
dynamically stable, as evidenced by the absence of imaginary frequencies in the calculated
phonon spectrum (Figure 1b).
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Figure 1. (a) Relative enthalpy-pressure dependencies of Fe2CO4 modifications. (b) Phonon disper-
sion curves of Fe2CO4-P1̄ at 50 GPa.

In DFT+U calculations, the total energy of a phase strongly depends on the Hubbard
correction U. Since U must vary for each compound, it makes no sense to compare the total
energies obtained from the calculations with the same values of U, and it is incorrect to
compare the energies obtained with different U values. Consequently, estimation of the
pressure at which Fe2CO4-P1̄ became stable relative to decomposition into carbonate and
oxide is currently difficult. For instance, we estimated the stability of Fe2CO4-P1̄ relative
to FeO in the wustite structure and FeCO3 in the siderite structure without consideration
of Hubbard correction (U = 0) and with U = 2 eV (Figure 2), respectively. In the first
case, Fe2CO4-P1̄ stabilizes with respect to a mechanical mixture of FeO + FeCO3 above 40
GPa. In the second case, it stabilizes at sufficiently higher pressures above 100 GPa. Thus,
the stability of Fe2CO4-P1̄ relative to FeO + FeCO3 remains an open question.

The structural data of the predicted Fe2CO4-P1̄ are given in Table 1. The structure was
characterized by the presence of ethane-like [C2O6] groups, in which two carbon atoms
were bonded together and, in addition, each of them bonded to three more oxygen atoms
(Figure S1). By analogy with orthocarbonates, we will call such a group an orthooxalate
group and label it as O3C–CO3. The found Fe2CO4-P1̄ is the first example of inorganic
compounds with the O3C–CO3 group. However, there exists one example of an organic
compound with an orthooxalate group, namely a unique orthooxalate: 2,5,7,10,11,14-
hexaoxa[4.4.4]propellane [35].
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Figure 2. The enthalpy-pressure dependency of Fe2CO4-P1̄ relative to the mechanical mixture of FeO
+ FeCO3.

At 50 GPa, the C–C distances between two neighboring carbon atoms were equal to
1.53 Å, and the C–O distances varied in the range of 1.35–1.40 Å. These distances were
almost equal to the bond lengths observed for the mentioned organic orthooxalate [35],
in which the C–C bond length was 1.55 Å and the C–C bond was 1.395 Å. As expected,
in the crystal structure of siderite FeCO3-R3̄c, the C–O distances were shorter, and they
were equal to 1.27 Å at 50 GPa.

Similar to siderite, the crystal structure of Fe2CO4-P1̄ can be described as the filling
of octahedral voids by cations in the close packing of anions. The array of oxygen atoms
in it corresponds to a slightly distorted hcp structure. Half of the octahedral voids are
filled with Fe atoms, with 1/8 of them being filled with covalently bonded carbon atoms
which are part of orthooxalate groups. In the structure, slabs A and B of the partially
filled close-packed octahedra of oxygen atoms can be distinguished (Figure 3a). In slab A,
half of the octahedra were filled with Fe atoms. The FeO6 octahedra were connected in
chains as shown in Figure 3b. In slab B, half of the octahedra were filled with Fe atoms,
and one-fourth of the octahedra were filled with C–C groups (Figure 3c). Slabs A’ and B’
were similar to A and B in atomic arrangement but shifted in one octahedron, which could
also be distinguished.

The atomic environment around the iron atoms had some similarities with the well-
known ferrioxalate anion [Fe(C2O4)3]3− [36] present in the tri-hydrated potassium tris(oxalato)
ferrate(III) K3[Fe(C2O4)3]·3H2O. Similar to this transition metal complex, in the found
Fe2CO4-P1̄ structure, iron was in octahedral coordination with an Fe–O distance nearly
equal to 2 Å. The ferrioxalate anion consisted of an [FeO6] octahedron and three [C2O4]2−

oxalate groups acting as bidentate ligands, while in the found Fe2CO4 structure, there was
an [FeO6] octahedron and two bidentate orthooxalate [C2O6] groups.

It should be noted that the second low-enthalpy phase Fe2CO4-P1 also had O3C–CO3
orthooxalate groups in its structure (Figure 1). Fe2CO4-P1 and Fe2CO4-P1̄ were similar in
the manner that they represented different fillings of octahedral voids in the hcp array of
oxygen with Fe atoms and C–C groups (Table S1 and Figure S2).



Symmetry 2023, 15, 421 5 of 10

A

B

A'

B'

A

B

A'

Slab A Slab BFe CO -P12 4

Fe
C
O

(a) (b) (c)

Figure 3. Crystal structure of predicted Fe2CO4-P1̄.

Table 1. Structural data of predicted Fe2CO4 and FeCO3 modifications with the lowest enthalpy.

Phase (#s.g.) P (GPa) Lattice Parameters (Å, deg) Atom Coordinates
x y z

Fe2CO4-P1̄ 50 a = 4.411 b = 5.038 c = 5.112 Fe 0.7775 0.3775 0.0286
(#2) α = 103.63 β = 115.32 γ = 90.81 Fe 0.4953 0.2401 0.4757

C −0.0905 −0.0435 0.3287
O 0.2903 0.2940 0.7483
O 0.2825 0.8464 0.7596
O 0.2239 0.4483 0.2571
O 0.8404 0.0695 0.7651

FeCO3-P1̄ 250 a = 3.910 b = 4.048 c = 4.157 Fe 0.6729 0.8428 0.4959
(#2) α = 91.75 β = 116.73 γ = 118.79 C 0.8665 0.4328 0.2999

O 0.5147 0.6023 0.7874
O 0.8863 0.2857 0.7919
O 0.1883 −0.0950 0.8004

In order to analyze the bonding nature, we calculated the Bader charges, the charge
density differences (crystal density minus superposition of isolated atomic densities),
and electron localization functions (ELFs) of Fe2CO4-P1̄ at 50 GPa. The obtained Bader
charge of C4+ in Fe2CO4-P1̄ was lower than that of C4+ in FeCO3-R3̄c, being +1.609 and
+2.109 for C4+ in Fe2CO4-P1̄ and in FeCO3-R3̄c, respectively. This indicates that part of the
electrons which were used for the formation of C–O bonds within the [CO3] triangle was
spent on the formation of a C – C bond. The calculated Bader charges of other atoms are
summarized in Table 2. As shown in Figure 4, the charge accumulation occurred halfway
through the C–C and C–O vectors. The maximum ELF value between two carbon atoms
was about 0.9, and between the carbon and oxygen atoms, it was about 0.7 (Figure 4b),
which is indicative of the covalent bonding between these atoms. Thus, we can argue that
there was covalent bonding between the carbon atoms, and the carbon in this structure was
in the sp3-hybridized state.

Table 2. Effective Bader charges on each atom in the relaxed FeCO3-R3̄c and Fe2CO4-P1̄ at 50 GPa.

FeCO3 Fe2CO4

Atom Bader Charge (e) Atom Bader Charge (e)

Fe +1.195 Fe1 +1.282
Fe2 +1.215

C +2.228 C +1.609
O −1.141 O1 −1.045

O2 −1.078
O3 −0.924
O4 −1.059
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Figure 4. (a) Charge density difference and (b) electron localization functions of Fe2CO4-P1̄ at 50 GPa.

To investigate the thermal stability of the predicted Fe2CO4-P1̄ structure, we per-
formed AIMD calculations at 50 GPa and different temperatures. Although small shifts
and Fe2+ cation displacements were observed during the entire 10 ps AIMD simulations at
temperatures of 300 and 1000 K, the covalent C–C and C–O bonds were not broken, and
the Fe atoms were roughly in the same position. At 1000 K, the C–C and C–O distances
varied from 1.35 to 1.74 Å and from 1.17 to 1.63 Å, respectively, confirming that there was
no breaking of these bonds. At 2000 K, there was also no observed breaking of the C–C
and C–O bonds. The C–C and C–O distances varied from 1.29 to 1.81 Å and from 1.11
to 1.72 Å through MD simulation. From Figure 5, it can clearly be seen that at 2000 K,
the structure changed. Specifically, some Fe atoms migrated from one octahedral slab to
another. Interestingly, with a more thorough analysis of the MD simulation performed
at 2000 K, we can conclude that the process of migration of Fe atoms was continuous
(Video S1). A similar self-diffusion of iron atoms was observed for the structure of bcc iron
at pressures of the Earth’s inner core and high temperatures [37]. However, nothing similar
was observed earlier for carbonate compounds, and only continuous rotation of [CO3]
groups (the so-called dynamical disorder) was described for alkaline earth carbonates [38].

In addition, the thermal stability of the second low-enthalpy phase Fe2CO4-P1 was
investigated. According to the results, it was also stable at 300 and 1000 K, and at 2000 K,
a continuous migration of Fe2+ cations was observed (Figure S3), but compared with
Fe2CO4-P1̄, it was more intense (Video S2).

Fe

C
O

300 K 1000 K 2000 K(a) (b) (c)

Figure 5. Snapshots of Fe2CO4 at the end of the AIMD simulations at 50 GPa and (a) 300, (b) 1000,
and (c) 2000 K. The migrated atoms are highlighted in yellow. The dashed line represents the
simulated cell.

In traditional carbonates, the cation can be replaced, and numerous alkaline earth and
transition metal carbonates can be formed in the same calcite structure, among which are
FeCO3, MnCO3, CoCO3, NiCO3, and ZnCO3. Based on this, we performed preliminary
calculations to examine the dynamic stability of Mn2CO4, Co2CO4, Ni2CO4, and Zn2CO4
in the P1̄ structure. No imaginary modes in the phonon spectra of Mn2CO4-P1̄, Co2CO4-
P1̄, and Ni2CO4-P1̄ were observed, and hence these orthocarbonates were dynamically
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stable (Figure 6). The relaxation of Zn2CO4-P1̄ was accompanied by the rearrangement of
atoms with the destruction of the C–C bonds (i.e., it was not stable against small atomic
displacements). Only isolated CO3 triangles were observed in the final structure of Zn2CO4.
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Figure 6. Phonon dispersion curves of (a) Mn2CO4, (b) Co2CO4, and (c) Ni2CO4 in P1̄ structure at
50 GPa.

Stable structures of CaCO3 with [CO4] tetrahedra are known to appear at pressures
above 75 GPa [16,39], while Ca2CO4 with [CO4] tetrahedra become stable starting from a
pressure of 15 GPa [2,7]. Based on this tendency, according to which the sp3 structure in
the M2CO4 composition appears at much lower pressures than in the MCO3 composition,
we assumed that there was a stable structure of FeCO3 with O3C–CO3 orthooxalate groups
at a pressure several times higher than that for Fe2CO4. To examine this assumption, we
performed crystal structure prediction calculations at pressures of 100–300 GPa. At 100
and 200 GPa, the siderite structure (FeCO3-R3̄c) was predicted to be the most favorable
one. At 300 GPa, the new structure of FeCO3 with the symmetry P1̄ was predicted to be the
most favorable one. As expected, the new FeCO3-P1̄ was characterized by the presence of
orthooxalate groups. According to our calculations, the phase transition from FeCO3-R3̄c
to this structure occurred at a pressure of 275 GPa (Figure 7a). From the calculated phonon
spectra, it is clear that FeCO3-P1̄ is dynamically stable (Figure 7b). It should be noted
that the previously known structures MgCO3-C2/m, -P1̄, -P21, and -Pna21 [15] with [CO4]
tetraherda were also considered in the calculations. However, they were energetically
unfavorable in the entire considered pressure range.
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Figure 7. (a) Relative enthalpy-pressure dependencies of FeCO3 modifications. (b) Phonon dispersion
curves of FeCO3-P1̄ with [C2O6] groups at 300 GPa.

The structural data of the new phase FeCO3-P1̄ are given in Table 1. Similar to Fe2CO4-
P1̄, it can be described as an hcp array of oxygen atoms in which half of the octahedral voids
were filled: 1/3 was filled with Fe atoms, and 1/6 was filled with C–C groups. The A, A’,
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A", and B octahedral slabs can be distinguished (Figure 8a). In slab A, all octahedral voids
were filled with Fe and C–C groups, as shown in Figure 8b, while in slab B, all octahedra
were empty. Layers A’ and A" were filled in the same way as layer A but shifted relative to
each other by one octahedron.

(a)

Fe
C
O

FeCO -P13 (b) Slab A

A

A'

A''

A

B

B

B

Figure 8. Crystal structure of predicted FeCO3-P1̄.

4. Discussion

The formation of O3C–CO3 orthooxalate groups in melts and aqueous carbonate
solutions was proposed earlier by AIMD simulations [40,41]. Solomatova et al. [40] reported
that in pyrolite melts (NaCa2Fe4Mg30Al3Si24O89) with 6.48 and 9.82 wt% of CO2 at a
pressure of 65 GPa, in addition to [CO2], [CO3], and [CO4], other species with polymerized
carbon were also formed. Among the polymerized carbon species, the most observed
one was ethane-like [C2O6] (i.e., O3C–CO3 groups). With increasing pressure, the relative
number of O3C–CO3 groups in the melts increases. This could mean that with increasing
pressure, O3C–CO3 groups become more favorable over other polymerized (CxOy) species.
Kuang and Tse [41] investigated the reactions of hydrogen and calcium carbonate melts
at high pressures. It was shown that a calcium carbonate melt contains only [CO3] and
[CO4] species, while after reaction with H2, the formation of complex oxo-carbon polymers
([CxOy]) displaying C–C bonds, including O3C–CO3 groups, can be observed. Our results
demonstrate the first example of possible solid structures with the same O3C–CO3 groups.

For Fe2CO4, several phases with a similar structure were predicted, which differed
only in the distribution of Fe and C–C atoms in the oxygen octahedrons. It is possible
that, in reality, Fe2CO4 has a structure in which the iron and C–C atoms are statistically
distributed through the octahedral voids, especially at high temperatures.

Due to the fact that both FeCO3 (1FeO*1CO2) and Fe2CO4 (2FeO*1CO2) presented
different filling of octahedral voids in the hcp array of oxygen atoms, it can be assumed
that the enthalpies of the other structure of intermediate compositions (xFeO*yCO2) will be
close to the energetic convex hull, and some of them will be thermodynamically stable.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/sym15020421/s1. Figure S1: Orthooxalate group with C–O and
C–C bond distances. Figure S2: Crystal structure of predicted Fe2CO4-P1. Figure S3: Relaxed
structure and snapshots of Fe2CO4-P1 at the end of the AIMD simulations at 50 GPa and 300, 1000,
and 2000 K. Table S1: Structural data of predicted metastable Fe2CO4-P1. Video S1: AIMD simulation
of Fe2CO4-P1̄ at 50 GPa and 2000 K. Video S2: AIMD simulation of metastable Fe2CO4-P1 at 50 GPa
and 2000 K.
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