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A B S T R A C T   

Silver carbonate (Ag2CO3) is a material currently used for artificial carbon storage. In this work, we report 
synchrotron X-ray powder diffraction (XRD) experiments under high pressure and high temperature in combi-
nation with density-functional theory (DFT) calculations on silver carbonate up to 13.3 GPa. Two pressure- 
induced phase transitions were observed at room temperature: at 2.9 GPa to a high-pressure (HP1) phase and 
at 10.5 GPa to a second high-pressure phase (HP2). The facts that a) the HP2 phase can be indexed with the 
initial P21/m structure, b) our DFT calculations predict the initial structure is stable in the entire pressure range, 
and c) the HP2 phase is stable under decompression suggest that the intermediate HP1 phase is a product of the 
appearance of non-hydrostatic stresses in the sample. The observed structural transformations are associated to a 
high sensitivity of this compound to non-hydrostatic conditions. The compressibility of Ag2CO3 has also been 
determined, showing the c axis is the most compressible and that the bulk modulus increases quickly with 
applied pressure. We attribute both observations to the weak nature of the closed-shell Ag–Ag interactions in this 
material. The behavior of Ag2CO3 under heating at approximately 3 GPa was also studied. No temperature- 
induced phase transitions were found at this pressure, and the thermal expansion was determined to be rela-
tively high for a carbonate.   

1. Introduction 

World countries expressed concern about the problems of increasing 
environmental pollution and stressed the need of action [1]. One of the 
main environmental threats is the high concentration of anthropogenic 
“greenhouse” gases, especially CO2, in the Earth’s atmosphere, derived 
mainly from the combustion of fossil fuels. This is the main cause of 
global warming and the acidification of the oceans. To mitigate climate 
change, it is urgent to develop strategies for the development of stable 
carbon dioxide capture/recovery technologies. 

Natural processes occurring in the interior of the Earth suggest that 
carbon can be permanently sequestered by mineral carbonation [2–5]. 
Therefore, the understanding of the chemical reactivity of carbon di-
oxide and the determination of the stability of formed carbonate phases 
could therefore be part of the comprehensive set of solutions to address 

the aforementioned environmental problem [6–8]. This approach offers 
three main advantages: (i) Carbonation reactions are thermodynami-
cally favorable. (ii) Raw materials are abundant. (iii) The storage of CO2 
by carbonation can be considered permanent since carbonates tend to be 
chemically stable, thus minimizing environmental risks [9,10]. The 
methodology of several CO2 removal systems is based on chemisorption, 
including the silver oxide (Ag2O) carbonation system designed for life 
support applications in spacecrafts. Silver oxide reacts with carbon di-
oxide in the presence of water to yield silver carbonate and the chemi-
sorption reaction can be reversed at elevated temperature [11]. For 
instance, a thermally regenerable CO2 removal system is currently in the 
final stages of development for use in the portable life support subsystem 
housed in the extravehicular mobility unit worn by astronauts [12]. 

The carbonation product after the CO2 chemisorption reaction on 
Ag2O is silver carbonate Ag2CO3. The structure at ambient conditions of 
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this compound was firstly reported by Masse et al. from single-crystal X- 
ray diffraction (XRD) data [13]. The structure was found to be mono-
clinic, space group (S.G.) P21/m, and it was described either as built 
from (i) chains -Ag-[CO3]-Ag-Ag-[CO3]-Ag- along the b axis or (ii) stacks 
entirely composed of silver cations and carbonate anions perpendicular 
to the b axis [13,14]. Two high-temperature phases of Ag2CO3 were 
found at 423 K and 475 K, which were denoted as β (S.G. P31c) and α (S. 
G. P-62m) phases, respectively [14]. The first-order transitions to the 
high-temperature modifications roughly preserve the stacking of silver 
cations and carbonate units, but an atomic rearrangement happens 
whereby two [CO3] groups are present in the asymmetric unit, instead of 
only one, as in the room-temperature phase. The decomposition to silver 
oxide and CO2 occurs at 510 K at room pressure or at slightly higher 
temperatures when heating experiments are performed in a flow of 
carbon dioxide (increase of partial pressure) [15,16]. 

As far as we know, no study of the role of hydrostatic pressure and its 
combination with elevated temperatures has been undertaken. In order 
to give further insights into the crystal chemistry of AgCO3 silver car-
bonate, we report in this work a joint high-pressure (HP) high- 
temperature (HT) experimental and computational investigation of its 
structural properties. We have characterized our sample by synchrotron 
powder X-ray diffraction under compression at room temperature and 
found two phase transitions at 2.9 and 10.5 GPa, respectively. The initial 
phase and the second high-pressure (densest) phase have the same 
structure, while the intermediate pressure-induced phase was tenta-
tively indexed. The compressibility and anisotropy of all the phases were 
determined. HP-HT experiments allow obtaining the thermal expansion 
of the initial phase at a pressure of ~3 GPa and no high-temperature 
modifications were observed up to 512 K. Density Functional Theory 
(DFT) calculations on the AgCO3 shed light into its phase stability and 
complement the experimental results. 

2. Experimental details 

A commercial polycrystalline yellow sample of silver carbonate 
(Sigma-Aldrich, 99.9%) was crushed with mortar and pestle to uniform 
the grain size. XRD measurements at ambient conditions using a Bruker 
D8 Advance diffractometer (Cu Kα radiation) confirmed that the ground 
sample had the structure previously reported (briefly described later) 
[13]. 

High-pressure angle-dispersive XRD experiments were conducted at 
the MSPD beamline of the ALBA-CELLS Synchrotron Light Source [17] 
with an incident monochromatic wavelength of 0.4246 Å focused to 20 
× 20 μm2 (full width at half maximum). The first run was carried out 
increasing pressure in small steps up to 13.3 GPa at room temperature. 
These measurements were performed in a membrane-type diamond--
anvil cell (DAC) with diamond culets of 400 μm. Ag2CO3 powder was 
loaded in a 160 μm diameter hole of an Inconel gasket preindented to a 
thickness of 50 μm. Silicone oil was used as pressure-transmitting me-
dium, which assures quasi-hydrostaticity up to approximately 12 GPa 
[18,19]. Pressure was measured based on the Cu equation of state (EOS) 
[20]. A second run was performed by pressurizing the sample to 1.8 GPa 
and progressively increasing the temperature afterwards up to 3.1 GPa 
and 512 K. These measurements were performed in a membrane-type 
DAC with diamond culets of 300 μm. The pressure chamber has di-
mensions of 100 μm diameter and 40 μm thickness. The DAC was heated 
using a BETSA heating ring wrapped around the cell [21,22]. The 
temperature was measured using a K-type thermocouple attached to one 
of the diamond anvils, close to the gasket. The accuracy of the ther-
mocouple on the temperature range covered by the experiments is 
~0.4% [23]. In this second run, Cu powder and silicone oil were also 
included in the sample chamber to act as pressure marker [24] and 
pressure transmitting medium, respectively. 

Detector calibration, correction of distortion, and integration to 
conventional 2θ-intensity XRD data were carried out with the Dioptas 
software [25]. The indexing and refinement of the powder patterns were 

performed using the Unitcell [26], Powdercell [27] and Fullprof [28] 
program packages. 

3. Computational details 

Calculations were performed using density-functional theory with 
the projector augmented wave (PAW) method [29]. The Quantum 
ESPRESSO suite [30] (version 6.5) was used. Two functionals were 
employed, B86bPBE [31,32] and PBE [31], both incorporating disper-
sion interactions via the exchange-hole dipole moment (XDM) model 
[33–35]. The results from both functionals are very similar, so we report 
only the B86bPBE-XDM results. PAW datasets from the pslibrary [36] 
were used with valence electron numbers: 10 (Ag), 6 (O), and 4 (C). 
Plane-wave and electron density cutoffs of 100 and 1000 Ry, respec-
tively, were used. The k-point grids were chosen for each phase exam-
ined to ensure a convergence of about 0.1 mRy in the total energy and 
0.01 GPa in the pressure. The k-point grids for all phases studied were: 4 
× 2 × 7 (P21/m Ag2CO3) [13, this work], 2 × 2 × 2 (P31/c Ag2CO3-HT-I) 
[14], 3 × 3 × 6 (P-62m Ag2CO3-HT-II) [14], 4 × 4 × 3 (C2/c 
K2CO3–I-like) [37], 4 × 2 × 3 (P21/c K2CO3-II-like) [38], 4 × 4 × 3 
(C2/m Na2CO3-like) [39], and 4 × 3 × 2 (Pnma Rb2CO3-like) [40]. 

We first carried out constant-pressure structural optimizations on all 
structures at 0 and 50 GPa. Using the equilibrium geometries at these 
pressures, a uniform grid of 41 vol was set up, and constant-volume 
optimizations were performed in order to calculate the corresponding 
equations of state. The convergence thresholds for the geometry re-
laxations were 10− 5 Ry in the energies and 10− 4 Ry/Bohr in the forces. 
The calculated data was fitted with analytical polynomial strain average 
equations of state using gibbs2 [41,42] and, from these equations of 
state, the relative stability and thermodynamic properties were 
obtained. 

4. Results and discussion 

The atomic arrangement of Ag2CO3 silver carbonate at ambient 
conditions contrasts with that of other monovalent metal carbonates. 
Whereas in alkali metal carbonates (M2CO3, M = Na, K, Rb and Cs) the 
[CO3] carbonate groups and the metal atoms alternate forming chains 
(the increasing size of the cation imparts a significant deviation from 
linearity), in Ag2CO3 stacks entirely composed of silver cations are 
found. This rather distinctive structure, previously reported from single- 
crystal XRD data [13], was confirmed by our XRD measurements and 
DFT calculations. 

The Rietveld refinement of the ambient conditions XRD pattern 
shown in Fig. 1 was performed using, as initial model, the monoclinic 
P21/m (space group No. 11) structure of Ag2CO3 reported in literature 
[13]. This yielded the lattice parameters, unit-cell volume, and the 
atomic coordinates shown in Table 1. These values are in agreement 
with those previously reported [13] and compare well with our DFT 
calculation results (also in Table 1), which overestimate the β angle by 
3◦ and the unitcell volume by 4%. 

The initial Ag2CO3 structure consists of chains of Ag atoms and [CO3] 
carbonate units along the b axis in a sequence -Ag-[CO3]-Ag-Ag-[CO3]- 
Ag-, as it can be seen in Fig. 2a. Experimental (calculated) data show that 
the carbonate groups deviate 23◦ (25◦) from being perpendicular to the c 
axis. The Ag atoms, on the other hand, form interconnected corrugated 
hexagonal layers normal to the b axis with Ag–Ag distances ranging from 
2.87 to 3.61 Å (2.79–3.7 Å). Note that comparable flat hexagonal layers 
exist in face-centered cubic (fcc) elemental metallic silver, with dis-
tances of 2.88 Å. Therefore, some distances remain as in the elemental 
parent metal but others increase due to the presence of [CO3] carbonate 
groups within this metallic Ag subarray. The existence of fragments of 
the parent metal structure suggests that this carbonate could be regar-
ded as a “stuffed” silver compound, as proposed elsewhere for oxides 
[43–45]. In this particular metallic arrangement, the coordination of Ag 
by O atoms is quite irregular with two Ag–O distances of 2.24 Å (2.23 Å) 
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forming 158◦ quasi-linear O–Ag – O linkages (161◦), and three addi-
tional Ag–O contacts at 2.44 Å (x1), 2.72 Å (x1) and 2.98 Å (x1). Linear 
coordination is characteristic of silver oxides and it has been explained 
by the strong 3d-4s hybridization of the noble metal orbitals [46]. The 
characteristics of this Ag–O bonding can be finely tuned by the 
controlled application of external pressure which force electronic 
redistribution within the solid. 

The Ag2CO3 compound was compressed at room temperature up to 
13.3 GPa. Synchrotron powder XRD patterns at selected pressures are 
collected in Fig. 3. The XRD patterns could be indexed with the initial 
monoclinic P21/m structure up to 2.5 GPa. Unfortunately, high-pressure 
XRD data present intensities that do not correspond to perfect randomly 
oriented powder, so only peak positions and not relative intensities 
could be used to the structural analysis. From the diffraction patterns 
collected at different pressures and our DFT calculations we extracted 
the evolution of the lattice parametersof this initial phase with 

increasing pressure (see Table 2). The obtained evolution for the unit- 
cell parameters and the cell volume are plotted in Fig. 4a and b, 
respectively. The linear axial compressibilities, defined as κ = − 1/x(∂x/ 
∂P) (where x = a, b, c), estimated from our experimental (calculated) 
data in the 0–2.5 GPa pressure range are κa0 = 3.98 (15)⋅10− 3 GPa− 1 

(4.88 (14)⋅10− 3 GPa− 1), κb0 = 3.10 (9)⋅10− 3 GPa− 1 (2.63 (3)⋅10− 3 

GPa− 1) and κc0 = 14.7 (5)⋅10− 3 GPa− 1 (13.1 (4)⋅10− 3 GPa− 1), which 
evidence the strong anisotropy in this compound. The β angle continu-
ously decreases with pressure at a rate of 1.06 (4)◦/GPa (0.82 (2)◦/GPa) 
in this range. Fig. 4a clearly shows that the most compressible axis is the 
c-axis. This response to external pressure arises from the fact that the 
relatively incompressible [CO3] carbonate units lie approximately 
perpendicular to the c axis. The compressibility of this compound is 
directly attributable to the compression of Ag–Ag bonds (see Fig. 2). A 
third-order Birch-Murnaghan EOS [47] was fitted to our 0–2.5 GPa 
pressure-volume dataset (see Fig. 4) fixing the zero-pressure unit-cell 
volume to its measured value (V0 = 150.58 Å3), and yielding a bulk 
modulus (B0), and its first-pressure derivative (B′

0) of B0 = 37 (2) GPa, 
and B′

0 = 10 (3). These values are in good agreement with those ob-
tained from our calculations, V0 = 156.88 (3) Å3, B0 = 42.9 (2) GPa, and 
B′

0 = 7.22 (4). The high B′
0 value indicates that the bulk modulus B0 

increases considerably with increasing pressure, at a larger rate than any 
other reported carbonate [48–52]. 

Taking into account the good agreement found between experi-
mental and theoretical data in lattice parameters, atomic arrangement 
and unit-cell compressibility data, we used data from our DFT calcula-
tions to study the variation of bond distances and polyhedral geometries 
with pressure. The large compressibility of the c axis results in the rapid 
decrease of the Ag–Ag distances parallel to the [0 0 1] direction under 
pressure, forming interconnected double chains of silver atoms similar 
in topology and distances to fragments of the elemental fcc-Ag. In 
contrast, pressure does not change significantly the O–Ag–O quasi-linear 
configuration, the shortest Ag–O distances and the ∠O–Ag–O angle 
remaining almost constant at 2.237–2.236 Å and 161.7–160.9◦, 
respectively, between room pressure and 2.5 GPa. The other three Ag–O 
contacts, however, progressively decrease with pressure. As a conse-
quence of this particular atomic arrangement in a silver-rich compound, 
silver is not surrounded by just 5 oxygen atoms, but also by four other Ag 
atoms forming [Ag(Ag4O5)] polyhedra (see Fig. 2b). 

Upon further compression, at 3.2 GPa, new diffraction peaks appear 
in the X-ray diffraction pattern. Our data show that the phase transition 
starts at 2.9 (4) GPa. The transition is completed at 5.3 GPa. The stability 
of the pattern profile during several pressure points above this pressure 
clearly indicates the completion of the structural phase transition. 
Thirteen diffraction peaks of the 5.3 GPa pattern could be indexed in a 
monoclinic cell with lattice constants: a = 5.426 (8) Å, b = 9.405 (17) Å, 
c = 5.8663 (6) Å, and β = 115.97 (9) (Z = 4, V = 269.1 (5) Å3). 
Therefore, the existence of a structure with such a unit-cell would imply 
a volume change of about 2% at the transition. The reflection conditions 
in the indexed lattice planes are consistent with symmetry elements of 
space groups P2, P21, Pm, Pc, P2/m, P21/m, P2/c or P21/c. These unit- 
cell dimensions do not correspond to any of the polymorphs of 
alkaline-metal carbonates collected at the ICSD database. In Fig. 5 we 
show the energy-volume curves of the potential structural candidates 
considered: P21/m Ag2CO3 [13, this work], P31/c Ag2CO3-HT-I [14], 
P-62m Ag2CO3-HT-II [14], C2/c K2CO3–I-like [37], P21/c K2CO3-II-like 
[38], C2/m Na2CO3-like [39] and Pnma Rb2CO3-like [40]. Structural 
determination was tried using the program Endeavour [53,54], which 
seeks a combined global optimization of the difference between calcu-
lated and observed powder diffraction data and the potential energy of 
the system. Unfortunately, the structural solution process was unsuc-
cessful for this phase. Indexed lattice parameters for this phase at 
different pressures are collected in Table 3. A tentative equation of state 
of this first high-pressure phase (HP1) could be defined by the following 
characteristic parameters: V0 = 534 (2) Å3, B0 = 86 (5) GPa and B′

0 fixed 
to 4 (see Fig. 4). This first pressure-driven phase is stable up to 9.7 GPa. 

Fig. 1. Rietveld refinement of the XRD pattern of the Ag2CO3 sample at room 
conditions (λCu = 1.5406 Å). The observed pattern is represented as a black 
line, the calculated profile for Ag2CO3 is represented as a red line, and the 
difference is depicted as a green line. Blue vertical marks indicate the position 
of Bragg reflections. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 1 
Lattice parameters, unit-cell volume and atomic coordinates of the monoclinic 
P21/m Ag2CO3 silver carbonate at ambient pressure from powder (this work) 
and single-crystal [13] XRD diffraction and DFT calculations (this work). The 
unit-cell contains two formula units.  

Parameters Exp. This work Exp. Literature [13] Theor. This work 

a (Å) 4.8506 (9) 4.852 (4) 4.9833 
b (Å) 9.545 (2) 9.553 (8) 9.7468 
c (Å) 3.2544 (4) 3.255 (4) 3.2421 
β (◦) 91.968 (2) 91.96 (1) 95.052 
V (Å3) 150.58 (8) 150.8 (4) 156.86 
xAg 0.2115 (4) 0.2109 (2) 0.20187 
yAg 0.0781 (2) 0.0781 (1) 0.07088 
zAg 0.2188 (3) 0.2191 (2) 0.23843 
xC 0.265 (4) 0.270 (3) 0.28313 
yC 0.75 0.75 0.75 
zC 0.262 (3) 0.261 (4) 0.19539 
xO1 0.977 (2) 0.982 (2) 0.96050 
yO1 0.25 0.25 0.25 
zO1 0.887 (4) 0.889 (3) 0.98972 
xO2 0.390 (2) 0.390 (1) 0.40413 
yO2 0.637 (2) 0.6342 (7) 0.63529 
zO2 0.328 (3) 0.334 (2) 0.28649  
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Another transition takes place at higher pressure. Changes in the 
XRD patterns occur between 9.7 and 11.4 GPa (second phase transition 
at 10.5 (8) GPa) and the transition is completed at 12.7 GPa. The XRD 
pattern at this last pressure was indexed on the basis of another mono-
clinic cell with lattice parameters: a = 4.681 (5) Å, b = 9.396 (9) Å, c =
2.957 (2) Å and β = 85.52 (7)◦ (Z = 2, V = 129.65 (15) Å3), comparable 
to those of the initial low-pressure phase. This transformation would not 
entail a significant volume collapse; that is, no significant volume 
discontinuity is found with respect to the HP1 phase. This P21/m 
monoclinic structure is stable to the highest pressure reached in this 
study, 13.3 GPa, and during decompression down to ambient pressure. 
Lattice parameters of the HP2 phase at different pressures are collected 
in Table 4. A dense structure with atomic coordinates similar to those of 
the initial phase would roughly explain the XRD patterns. The recovered 
sample has broader diffraction peaks due to internal stresses but pa-
rameters similar to the initial one. Note that the unsolved intermediate 
phase was not observed in the downstroke process. This fact would be 
consistent with our DFT calculations that suggest that the monoclinic 

phase is the thermodynamically stable structure for the Ag2CO3 stoi-
chiometry in the studied pressure range. The compressibility behavior of 
this P21/m-Ag2CO3 phase has been revisited taking into account all the 
experimentally available data. It can be described by a zero-pressure 
volume V0 = 151.3 (2) Å3, bulk modulus B0 = 26 (2) GPa and first- 
pressure derivative of the bulk modulus B′

0 = 20 (2). As mentioned 
before, the bulk modulus of this compound drastically increases upon 
compression. 

The fact that the intermediate HP1 pressure-induced phase was not 
observed during decompression suggests that it could be a metastable 
phase produced by internal stresses due to non-hydrostatic conditions. 
Despite the fact that silicone oil is considered a good pressure trans-
mitting medium below 12 GPa, a close inspection of the stresses caused 
by this medium in ruby chips was done by Klotz and coworkers [19]. In 
that study, the authors reported that an extremely sensitive criterion for 
solidification of the pressure transmitting medium is the standard de-
viation (σ) of the pressures indicated by several ruby spheres evenly 
distributed in the pressure chamber. This study shows that, using sili-
cone oil, pressure differences already appear at 3 GPa and pressure 
gradients significantly increase with pressure up to 6 GPa, where 

Fig. 2. Structure of the monoclinic P21/m Ag2CO3 
phase. Orange, grey and red spheres represent Ag, C 
and O atoms, respectively. The monoclinic unit cell is 
shown with black lines. (a) Thick blue lines show the 
Ag–Ag contacts below 3.61 Å at ambient conditions. 
(b) Silver coordination sphere consisting of 5 O atoms 
and 4 Ag atoms that forms a [Ag(Ag4O5)] polyhedron. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 3. Selected powder XRD patterns of Ag2CO3 from experiments. Back-
grounds have been subtracted. (a) XRD patterns up to 5.3 GPa showing the first 
phase transition. (b) XRD patterns from 5.3 to 13.3 GPa and down to room 
pressure, showing the second phase transition and the recovery of the initial 
phase. The diffraction peak assigned to the (111) reflection of the Cu pressure 
gauge is denoted with an asterisk (*). Synchrotron radiation wavelength was 
0.4246 Å. 

Table 2 
Experimental lattice parameters and unit-cell volumes of initial monoclinic P21/ 
m Ag2CO3 silver carbonate at different pressures and room temperature during 
upstroke pressure measurements.  

P (GPa) a axis (Å) b axis (Å) c axis (Å) β angle (◦) Volume (Å3) 

0.05 4.851 (2) 9.547 (6) 3.254 (1) 91.97 (7) 150.6 (1) 
0.15 4.850 (2) 9.546 (6) 3.249 (1) 91.82 (7) 150.3 (1) 
0.2 4.849 (2) 9.545 (6) 3.245 (1) 91.78 (7) 150.2 (1) 
0.25 4.848 (2) 9.542 (6) 3.242 (1) 91.71 (7) 149.9 (1) 
0.32 4.846 (2) 9.539 (6) 3.237 (1) 91.63 (7) 149.6 (1) 
0.42 4.843 (2) 9.534 (6) 3.233 (1) 91.48 (7) 149.2 (1) 
0.5 4.841 (2) 9.533 (6) 3.226 (1) 91.38 (7) 148.8 (1) 
0.6 4.839 (2) 9.530 (6) 3.217 (1) 91.28 (7) 148.3 (1) 
0.8 4.832 (2) 9.519 (6) 3.207 (1) 90.95 (7) 147.5 (1) 
0.82 4.835 (2) 9.521 (6) 3.210 (1) 91.00 (7) 147.8 (1) 
1.0 4.828 (2) 9.516 (6) 3.196 (1) 90.67 (7) 146.8 (1) 
1.0 4.831 (2) 9.518 (6) 3.200 (1) 90.77 (7) 147.2 (1) 
1.1 4.826 (2) 9.518 (6) 3.191 (1) 90.56 (7) 146.6 (1) 
1.25 4.824 (2) 9.510 (6) 3.185 (1) 90.39 (7) 146.1 (1) 
1.4 4.821 (2) 9.505 (6) 3.178 (1) 90.23 (7) 145.6 (1) 
1.65 4.821 (2) 9.504 (6) 3.174 (1) 90.17 (7) 145.3 (1) 
1.9 4.815 (2) 9.493 (6) 3.159 (1) 89.90 (7) 144.4 (1) 
2.2 4.810 (2) 9.481 (6) 3.150 (1) 89.69 (7) 143.6 (1) 
2.5 4.806 (2) 9.476 (6) 3.141 (1) 89.49 (7) 143.0 (1) 
2.7 4.799 (2) 9.472 (6) 3.130 (1) 89.23 (7) 142.3 (1) 
3.2 4.791 (2) 9.470 (6) 3.119 (1) 88.95 (7) 141.5 (1)  
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gradients were typically 0.4 GPa. Surprisingly, these gradients decrease 
as the average pressure increases and reach a very low value of 1–2 kbar 
at 12 GPa (see Fig. 6). This anomalous behavior is a direct consequence 

of a phase transition in silicone oil as detected by IR absorption. This 
would explain why, experimentally, the initial Ag2CO3 P21/m structure 
transforms into a metastable phase at 3 GPa and reappears at 10.5 GPa, 
once better hydrostatic conditions are recovered. The absence of any 
phase transition in Ag2CO3 during the decompression could be related to 
the possible hysteresis of the phase transition of the silicone oil. 

The volumetric thermal expansion (α) of this carbonate at pressures 
between 2 and 3 GPa has been estimated. Due to the fact that the 
pressure was not constant during heating, we calculated the relative 
increase in volume (VP,T − Vref)/VP,T at each P-T datapoint using a 
reference volume at each pressure (Vref) obtained from the room- 
temperature (Tref) bulk modulus [22]. A linear fitting according to the 
expression (VP,T − Vref)/VP,T = α(T − Tref) in the 20–240 ◦C temperature 
range yields a volumetric thermal expansion of 7.8 (4)⋅10− 5 K− 1. This 
value is slightly smaller than that reported by Norby et al. who give 
9.1⋅10− 5 K− 1 at ambient pressure [14]. No signs of any structural phase 

Fig. 4. (a) Relative axial compressibilities of the P21/m Ag2CO3 structure. Experimental relative contractions (a-a0)/a0, (b-b0)/b0 and (c-c0)/c0 are represented as 
black, red and blue symbols, respectively. Solid squares and triangles denote datapoints obtained before and after the phase transition to the intermediate high- 
pressure metastable phase during upstroke, respectively, while empty triangles correspond to downstroke datapoints. Results from DFT calculations for P21/m 
Ag2CO3 are depicted as solid lines. Dashed lines are fits to our experimental data. (b) Pressure-volume data per unit cell, except in the case of the intermediate phase 
that half of the unit-cell is depicted for the sake of comparison (Z = 2 in all cases). Black symbols refer to our experimental data and the black and red solid lines 
represent the fits of our room-temperature experimental and calculated data with a third-order Birch− Murnaghan EOS, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Cohesive energy as a function of the volume per Ag2CO3 formula unit 
for the P21/m Ag2CO3 [13, this work], P31/c Ag2CO3-HT-I [14], P-62m 
Ag2CO3-HT-II [14], C2/c K2CO3–I-like [36], P21/c K2CO3-II-like [37], C2/m 
Na2CO3-like [38] and Pnma Rb2CO3-like [39] phases. 

Table 3 
Indexed lattice parameters and unit-cell volumes of the first Ag2CO3 high- 
pressure phase (HP1) at different pressures and room temperature.  

P (GPa) a axis (Å) b axis (Å) c axis (Å) β angle (◦) Volume (Å3) 

5.4 5.426 (8) 9.405 (17) 5.866 (6) 115.97 (9) 269.1 (5) 
5.9 5.414 (8) 9.413 (17) 5.849 (6) 115.90 (9) 268.2 (5) 
6.3 5.411 (8) 9.415 (17) 5.834 (6) 115.88 (9) 267.4 (5) 
6.8 5.406 (8) 9.419 (17) 5.817 (6) 115.87 (9) 266.5 (5) 
7.5 5.400 (8) 9.425 (17) 5.800 (6) 115.85 (9) 265.6 (5) 
8.1 5.391 (8) 9.430 (17) 5.780 (6) 115.79 (9) 264.6 (5) 
8.9 5.380 (8) 9.431 (17) 5.762 (6) 115.71 (9) 263.4 (5)  

Table 4 
Experimental lattice parameters and unit-cell volumes of HP2 monoclinic P21/m 
Ag2CO3 silver carbonate at different pressures and room temperature. “up” and 
“down” denote upstroke and downstroke pressure measurements.  

P (GPa) a axis 
(Å) 

b axis 
(Å) 

c axis (Å) β angle 
(◦) 

Volume 
(Å3) 

12.7 (up) 4.681 
(5) 

9.396 
(9) 

2.957 (2) 85.53 (7) 129.65 (15) 

13.3 (up) 4.674 
(5) 

9.397 
(9) 

2.954 (2) 85.45 (7) 129.30 (15) 

11.5 (down) 4.687 
(5) 

9.403 
(9) 

2.972 (2) 85.76 (7) 130.60 (15) 

9.9 (down) 4.703 
(5) 

9.423 
(9) 

2.988 (2) 86.14 (7) 132.12 (16) 

8.3 (down) 4.725 
(5) 

9.419 
(9) 

3.016 (2) 86.74 (7) 134.02 (16) 

6.7 (down) 4.739 
(5) 

9.434 
(9) 

3.036 (2) 87.14 (7) 135.54 (16) 

5.3 (down) 4.760 
(5) 

9.441 
(9) 

3.064 (2) 87.74 (7) 137.57 (17) 

3.85 (down) 4.776 
(2) 

9.462 
(9) 

3.089 (2) 88.23 (7) 139.56 (14) 

2.5 (down) 4.801 
(2) 

9.470 
(9) 

3.134 (2) 89.29 (7) 142.47 (14) 

0.0001 
(down) 

4.851 
(2) 

9.553 
(8) 

3.2514 
(13) 

91.86 (4) 150.61 (12)  
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transition was observed up to 3.1 and 512 K. 

5. Conclusions 

We have reported X-ray diffraction measurements at high-pressure 
(and high-temperature) in Ag2CO3 up to 13.3 GPa along with DFT 
calculations. Silver carbonate has a characteristic structure at ambient 
conditions, with short Ag–Ag metallic distances, some of them similar to 
those existing in metallic fcc-Ag. Moreover, the arrangement of the Ag 
atoms also partially resembles that of elemental silver, with the exis-
tence of corrugated hexagonal layers. The anisotropic compression of 
the initial monoclinic P21/m structure shows that the c axis is by far the 
most compressible mainly due to the decrease of the Ag–Ag distances. 

At pressures beyond 2.9 (4) GPa, the appearance of new diffraction 
peaks in the XRD patterns reveals a structural phase transition. This 
high-pressure phase, whose unit-cell was tentatively identified, was 
stable to 10.5 (9) GPa. Above that pressure, the initial P21/m structure is 
recovered, it is maintained to the maximum pressure reached in this 
study, 13.3 GPa, and down to ambient conditions during the whole 
decompression process. This anomalous behavior was explained in 
terms of the viscoelastic properties of the silicone oil used as pressure 
transmitting medium in our experiments. It was reported that this 
polydimethyl-siloxane oil has an interval of non-hydrostatic stresses 
between 3 and 10 GPa, which coincides with the pressure range in which 
the metastable intermediate pressure-induced phase is observed. 

We have determined the compressibility, the anisotropy and the 
thermal expansion of silver carbonate. Our data shows that this com-
pound presents a bulk modulus that rapidly increases with pressure (B′0 
= 10 (3) or 20 (2) depending on the 0–2.5 or 0–13.3 GPa datasets 
considered). Such a strong increase in bulk modulus is intimately related 
to the compressibility behavior of the Ag–Ag distances. The crystal 
chemistry of silver carbonate seems therefore to be determined by the 
closed-shell d10-d10 interactions between Ag atoms, which entail the 
existence of silver subarrays and irregular coordination environments 
and their preservation upon compression. 
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