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ABSTRACT 

 

We present results from density-functional-theory (DFT) based molecular dynamics simulations 

of fluid mixtures of carbon dioxide (CO2) and rhenium (Re) metal at pressures up to 45 GPa and 

a temperature of 4000 K. Covalently-bonded carbon chains form as a result of a redox reaction 

between CO2 and Re, whereas a pure CO2 fluid is stable against decomposition at the same 

conditions. These findings have implications in reducing CO2 by pressure-induced redox reactions 

with transition metals, which may play a role in CO2 destruction and carbon storage as related to 

possible solutions to the current climate crisis. 
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I. INTRODUCTION 

Over the last several decades, there has been an extensive amount of research on the carbon dioxide 

(CO2) system at high pressures and temperatures. Static high-pressure experiments using diamond-

anvil cells (DACs) have reported numerous molecular and nonmolecular phases of CO2 at 

gigapascal (GPa) pressures [1–4], and the melting line has also been measured up to 35 GPa [5–

7]. In conjunction with theoretical efforts [8–10] the CO2 phase diagram has been constructed at 

pressure-temperature (P-T) conditions of the Earth’s mantle (i.e. up to 120 GPa and ~4000K) and 

beyond. Additionally, there has been an abundance of experimental and theoretical research on the 

dynamic behavior of CO2 at ultra-high pressures up to 1 TPa, including its optical and transport 

properties, its stability as a liquid, and its equation-of-state (EOS) [11–16]. 

 

Early experimental reports suggested that CO2 reduces to diamond and high-pressure ε-O2 via 

decomposition at pressures greater than ~30 GPa and temperatures greater than ~1700 K [7, 17]. 

Moreover, early theoretical work predicted that CO2 would decompose at multi-megabar pressures 

[18]. However, more recent experiments have shown CO2 to be remarkably stable at these P-T 

conditions, and several theoretical predictions support the stability of CO2 against decomposition 

to pressures greater than 140 GPa and temperatures up to 10,000 K [8, 9, 19–21]. Therefore, CO2 

may exist at P-T conditions relevant to the Earth’s geotherm. In fact, CO2 may result from reactions 

between SiO2 and carbonates such as MgCO3 or CaCO3 [22], as well as from decomposition of 

calcite (CaCO3) at high temperatures due to shock impacts [23]. At higher pressures between 200 
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and 900 GPa, a layered structure (with space group P42/nmc) in which carbon exhibits tetrahedral 

coordination is predicted to be thermodynamically stable [24]. 

 

Recent experiments using laser-heated DACs explored possible chemical reactions between 

several transition metals (Au, Pt, and Re) and CO2 [25, 26]. Rhenium (Re) was reported to react 

with CO2, reducing it to either diamond or graphite at pressures between 8-48 GPa and T > 1500K 

and forming ReO2 as evidenced by X-ray diffraction (XRD). ReO2 was also detected as a 

contaminant in another recent DAC study which used Re gasket material, after laser heating CO2 

at 34 GPa [21]. Pressure-induced redox reactions between CO2 and transition metals like Re may 

present a unique mechanism for the reduction of CO2 to elemental carbon and storing it in solid 

form. Such high-pressure reactions involving CO2 are relatively unexplored, even though some 

preliminary experiments involving surface reactions exist. Understanding these high-pressure 

reactions also has relevance to topics such as diamond formation and the relative stability of 

carbon-bearing compounds at planetary mantle conditions.  

 

In this work, we use ab initio molecular dynamics (AIMD) to simulate the pressure-induced redox 

reaction in CO2 and Re fluid mixtures at a temperature of 4000 K and at pressures varying from 

~0.3 GPa up to 45 GPa. Our simulations explore the complex liquid structure and different 
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chemical species that form in the reaction. The roles that Re and high pressures play in facilitating 

the reduction of CO2 are discussed.  

 

II. METHODS  

The AIMD simulations were performed using the Vienna ab initio simulation package (VASP) 

[27–30] software. The exchange-correlation functional used for all calculations was the Perdew-

Burke-Ernzerhof (PBE) in the generalized gradient approximation (GGA) [31]. For all 

calculations, we use projector augmented wave (PAW) pseudopotentials (PPs) with four and six 

electrons for carbon and oxygen, respectively, and seven-electron PAW PPs for Re [31]. We chose 

a cutoff energy of 910 eV with the Γ point sampling for all CO2 + Re simulations. Separate 

simulations containing 128, 288, and 768 total atoms were performed, each simulation with a 1:1 

ratio between CO2 molecule to Re atom. Convergence tests for energy cutoff and system size 

effects can be found in the Supplemental Material [33].  

 

To set up the CO2 + Re fluid simulations, we began with a solid system of phase I Pa-3 [1] CO2 

and allowed that pure CO2 system to melt and equilibrate at T = 4000K (2 ‒ 4 ps equilibration 

time) before randomly adding Re atoms to the CO2 fluid mixture and simulating the CO2 + Re 

fluid mixture for 6 ‒ 10 ps. Re atoms were added at randomly-generated positions of the simulation 

cell of the pure CO2 fluid which was equilibrated at 4000K, where the minimum nearest-neighbor 

of each Re atom was constrained to a distance of 1.8-1.9 Å. Nearest-neighbor distances larger than 

1.9 Å were not feasible under these density conditions of the simulation cells. In addition to the 

‘fluid mixture” picture, we have also performed simulations with a different scenario:  we start 

with solid phase-I CO2, add Re atoms into the interstitial sites, melt the solid mixture, and 
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equilibrate the resulting fluid mixture at 4000 K. These simulations yielded very similar results 

(see Supplementary Materials [33]) in the g(r) and species count analysis as our ‘fluid mixture’ 

simulations. All simulations were performed in the NVT ensemble using the Nosé-Hoover 

thermostat [34, 35] for temperature control, with a timestep of 1.5 fs.  

 

 

III. RESULTS 

Simulations were done at a temperature of T = 4000 K for CO2 + Re fluid mixtures at three 

different pressures: P <1 GPa (1.53 g/cc), P = 20 GPa (8.45 g/cc), and P = 45 GPa (10.53 g/cc). In 

this pressure range, the chosen temperature of 4000 K is above the measured melt line of Re 

according to DAC experiments [36] and near a theoretically predicted melt curve [37] at the 

highest simulation pressure of 45 GPa.  The fluid behavior of Re in our simulations is seen at the 

highest pressure of 45 GPa according to the mean-squared displacement (MSD) analysis shown in 

Fig. S1 in the Supplemental Material [32] (see also references [38-42] therein). Snapshots along 

the AIMD trajectory for a system of 192 CO2 molecules and 192 Re atoms in a fluid mixture at 45 

GPa, are shown in Fig. 1 (generated with VESTA software [43]), where we emphasize the 

dynamics of the C atoms throughout the simulation. At time t = 0 ps in Fig. 1a., Re atoms (shown 

as small blue spheres) are randomly distributed in the CO2 fluid, and the C atoms (larger gray 

spheres) are bound to their respective O atoms (small red spheres) as CO2 molecules. As the 

simulation progresses in time (Fig. 1b-d) the CO2 molecules are broken up by reaction with the Re 

atoms. As a result, the free C atoms in the system begin to bond with each other. C-C chains form 
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in the simulation (Fig. 1b), and the average number of C-C chains drastically increase within the 

first couple of picoseconds as seen in the similar distribution of C-C chains in Fig. 1c and 1d.  

 

Radial distribution functions, g(r), provide information about structural correlations between 

atoms inside a liquid, solid, or gas system. The g(r) curves (see Supplemental Material [32] for 

more information of g(r) construction) from simulations at 45 GPa and 4000 K for the three main 

atom pairs of interest, C-C, C-O, and Re-O, are plotted in Fig. 2 as a function of radial distance at 

different times along the AIMD trajectory. Behavior typical of a liquid system is seen in these g(r) 

curves where the peaks represent short-range bonding or structure in the first coordination spheres 

of the atom pairs. At t = 0.15 ps (shown by the red curves), the contribution of the intramolecular 

C-O bond distance dominates the C-O g(r), and the C-C g(r) already shows a small peak forming 

at a radial distance of ~1.45 Å. The C-O peak represents the initial CO2 molecules in the system 

at the beginning of the AIMD simulation. As the simulation progresses in time, the reaction 

between the CO2 molecules and the Re atoms in the fluid mixture occurs quickly; the significant 

decrease in peak height indicates a reduction in the amount of C-O bonds as CO2 reduces to CO 

and C species. The triple bond between C and O in CO should produce a shorter bond length than 

the double bond CO2; indeed, the bond lengths are ~1.12 Å and ~1.16 Å at ambient conditions for 

CO and CO2, respectively. Thus, although a slight shift to lower radial distances in the first peak 

of the C-O g(r) might be expected, such a shift was not observed. This is likely due to the broadness 

of the peak at the high temperature (4000K) investigated here, combined with the fact that, at least 

at ambient conditions, the difference in bond length between the two carbon-oxide species is rather 

small. Accordingly, the first peak in the g(r) of C-C at a radial distance of around ~1.45 Å increases 

in height over the first several picoseconds of the simulation, indicating an increase of bonding 
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between free C atoms in the system. The height of this g(r) peak eventually saturates and fluctuates 

around a constant. The high pressure allows the randomly placed Re atoms to be in favorable 

proximity to the CO2 molecules. As a result, the Re atoms almost immediately interact with the O 

atoms of nearby CO2 molecules. The initial Re-O distances in the simulations are similar in value 

to Re-O bond distances at ambient pressure for example, where the Re-O bond distances typical 

of Re-oxides range between ~1.6 and 2.2 Å [44-46].  

 

Next, we discuss results of a geometric analysis to count the relative amounts of chemical species 

present in the liquid mixture throughout the simulation. Boates et al., for example, used a similar 

molecular fraction analysis looking at the structure of liquid CO2 [12] at high pressures and 

temperatures. The ‘species count’ analysis performed here counts the number of secondary atoms 

in an atom pair within a sphere centered on the reference atom. For example, for the Re-O atom 

pair, a sphere of a specified cutoff radius Rcut is centered on each reference Re atom, and the 

number of secondary atoms (O atoms in this example) are counted. The number of occurrences of 

each species detected (ReO, CO, CO2, C-C, etc.) is determined for each individual timestep along 

the AIMD trajectory. More information on the species count procedure can be found in the 

Supplemental Material [32].  

 

The results of this species count analysis for the simulation at 45 GPa are shown in Fig. 3, where 

we plot the main species of interest as a function of simulation time. At t = 0 ps, only the total 192 

CO2 molecules are detected, and the number of detected CO2 molecules decreases rapidly in the 

first picosecond of the simulation, accompanied by a relative increase in the count of CO and ReO 

species. Additionally, the reduction of CO2 to free C atoms results in a gradual increase in C-C 
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bonding and thus the number of detected C-C interactions shown by the stars in Fig. 3. Longer 

simulation times, perhaps 10s or 100s of picoseconds, could potentially help determine whether 

the amount of CO and ReO species in the system would fully reduce and oxidize respectively, to 

produce more C-C interactions and the higher stoichiometric Re oxides ReO2 and ReO3. However, 

it is unknown whether the CO2 + Re fluid mixture energetically favors Re-carbide or Re-oxide 

formation at the studied pressures (20 and 45 GPa) and temperature (4000 K). See Fig. S2 and S3 

in the Supplemental Material [32] for g(r) and species count results for other atom-pairs not 

evaluated in the main text. The g(r) and species count analysis of a CO2 + Re fluid simulation at 

20 GPa and 4000 K shows similar results as the simulations at 45 GPa shown in Figs. 1-3; the 20 

GPa analysis is shown in Fig. S4 and S5 in the Supplemental Material [32].  

 

Electron Localization Functions (ELFs) were calculated in the VASP software at selected steps 

along AIMD trajectories. The individual molecules and clusters depicted in Fig. 4 b-d were 

isolated from these system calculations. The complexity of the CO2 + Re liquid structure at high 

pressure and temperature can be seen in the ELF of the simulation cell shown in Fig. 4, where 

isosurfaces are shown for a value of the ELF[n(r)] ~ 0.8. In general, ELF values above 0.7 indicate 

that electrons are localized due to i.e., nuclei, bonding, or lone pairs [47]. Many different transient 

interactions between Re, C, and O atoms are observed throughout the simulation. In a pure CO2 

fluid at these conditions, the CO2 molecule is stable against decomposition, and its ELF is shown 

in Fig. 4b, where the electrons are confined to the C-O bonds. Fig. 4c shows an example where a 

Re atom interacts with two adjacent CO2 molecules, allowing for some electron localization 

between the two C atoms. The covalent nature of the C-C bonding is emphasized by the ELF 
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isosurfaces of the C-C chains shown in Fig. 4d, where electron localization on the bonds between 

C atoms are shown by the isosurfaces, and some of the C atoms also exhibit lone pair lobes. 

 

Next, it is important to note that CO2 does not significantly reduce in simulations of a pure CO2 

fluid at the same PT conditions of 45 and 20 GPa, and 4000 K. This is consistent with recent 

literature that suggests CO2 is stable against decomposition at these conditions [8, 20], and 

therefore in the pure CO2 fluid simulation, C-C bonding does not occur. The radial distribution 

function and species analysis for the pure CO2 fluid, shown in Fig. 5, verify the stability of the 

CO2 molecule at these conditions. Thus, we can rule out the reduction of CO2 through high pressure 

and temperature application alone and conclude that redox chemistry involving Re facilitates this 

reduction.  

 

Interestingly, Re-O interactions are still observed in an AIMD simulation at less than 1 GPa and 

4000K as seen by the species count curves in Fig. 6. A significant decrease in the fraction of CO2 

is seen in this analysis, accompanied by an increase in Re-O interactions. A comparatively greater 

amount of CO species is observed than those of high-pressure (20 and 45 GPa) simulations. 

Despite the presence of Re-O interactions and the reduction of CO2, C-C bonded species are not 

detected in any significant amount in the <1 GPa simulation. Thus, these observations indicate that 

higher pressures (>1 GPa) are required for C-C bonding to occur following the reduction of CO2 

by the Re atoms.  

 

Finally, after allowing CO2 + Re fluid mixture to equilibrate at 4000 K, we also simulated a 

temperature quench from T = 4000 K to 300 K, resulting in a pressure decrease from ~45 GPa to 
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25 GPa (Fig. 7). The total quenching time was 60 ps on a 128-atom system, with an additional 15 

ps equilibration period at the final temperature of 300 K. The size of the system is too small to 

resolve nucleation of C-C chains into the expected diamond structure. However, the g(r) analysis 

for the quenched system shows that the C-C bonding persists. These results suggest that the redox 

reaction between CO2 and Re is irreversible when the temperature is quenched to room 

temperature. Interestingly, surface reactions of CO2 and Re gaskets in DAC experiments [21, 25] 

also found the redox reaction irreversible on both temperature and pressure quench. Coordination 

of the bonded C atoms in the final quenched structure (see Fig. S10 [33]) show two and threefold 

coordination, but no atoms display fourfold coordination as in FCC diamond. Since AIMD 

simulations are limited to small system sizes typically less than 1000 atoms, they are not ideal in 

capturing the possible nucleation of the diamond structure that may result from the CO2 + Re redox 

reaction. Nucleation may possibly be observed by using machine learning interatomic potentials 

(MLPs). For example, MLPs have recently been used to generate large-scale atomistic simulations 

(>200,000 atoms) of shock-compressed FCC, in which BC8 diamond nucleation was observed 

[48]. The possibility of simulating diamond nucleation resulting from the CO2 + Re (or other 

transition metal) redox reactions is a point of future investigation. 

 

IV. SUMMARY 

In summary, AIMD simulations based on density-functional theory (DFT) have been performed 

in a range of pressures up to 45 GPa and at a temperature of 4000 K on CO2 + Re fluid mixtures. 

These simulations reveal a rich and complex chemistry in these fluid mixtures where strong Re-O 

interactions result in the reduction of CO2 to elemental carbon which allows for covalent C-C 

bonding. A secondary material with the role of a reducing agent is necessary to break up the CO2 
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molecules and allow for free C atoms to form bonds, whereas in a pure CO2 fluid the CO2 

molecules are remarkably stable against decomposition at the conditions studied here. The 

reduction of CO2 molecules readily occurs at pressures of 20 and 45 GPa. Low pressure (~0.3 

GPa) simulations also show Re and CO2 interactions, although the amount of free C atoms in the 

system is significantly smaller and no notable C-C bonding is observed.  

 

Diamond is expected to be the stable form of carbon at these P-T conditions, however the system 

sizes (maximum 768 atoms) affordable in the current DFT-based simulations limit our ability to 

observe bulk diamond formation. Although ELF is used to analyze bonding between C atoms, this 

analysis also does not capture whether graphite or diamond formation will be favored. Future work 

will address the form of the resulting solid carbons in such redox reactions. Importantly, high-

pressure redox reactions between CO2 and other transition metals represent an underexplored area 

of research. Such investigations into high-pressure induced redox chemistry have relevance to the 

relative stability of carbon-bearing compounds (CO2 and carbides like ReC, SiC, FeC, etc.) and 

carbon-bearing minerals (MgCO3, FeCO3, CaCO3, etc.) in planetary interiors [3]. Finally, the CO2 

+ Re redox system at high pressures and temperatures presents a novel route to CO2 reduction to 

solid carbon and justifies further research into the potential application of high-pressure mediated 

redox reactions in CO2 systems to carbon capture and storage technologies, which could 

potentially help in finding viable solutions to the urgent climate crisis. 
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Figure 1. Snapshots of the CO2 + Re fluid reaction at 45 GPa (corresponding initial density of 

10.53 g/cc) and 4000 K from the AIMD simulation at times a) 0 ps b) 0.75 ps c) 2 ps and d) 7 ps, 

with emphasis on C-C bonding formation. C atoms are colored gray, along with C-C bonds 

depicted in b, c, and d. Re and O atoms are colored blue and red, respectively. The system size is 

768 total atoms with an initial 192 CO2 molecules and 192 Re atoms. 
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Figure 2. Radial distribution functions g(r) calculated for three atom-pairs a) C-C, b) C-O, and c) 

Re-O at different times across the 768-atom AIMD simulation at 45 GPa (10.53 g/cc) and 4000 K. 

Each curve represents the average g(r) of a bin size of 200 AIMD steps around the labelled value. 
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Figure 3. The number of chemical species as a function of time across the AIMD simulation at 45 

GPa (corresponding to 10.53 g/cc initial density) and 4000 K, for the main interactions of interest. 

Each data point represents an average species count over a bin size of 0.15 ps. The simulation 

starts with 192 CO2 molecules and 192 Re atoms (768 total atoms), the same simulation as Figs. 1 

and 2.  
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Figure 4. Isosurfaces of calculated electron localization functions (ELFs) for a) the entire 

simulation cell of 288 atoms at t = 3 ps, b) an isolated CO2 molecule in a simulation of a pure CO2 

fluid of 64 atoms, c) an isolated interaction between Re and CO2 molecules within the CO2 + Re 

fluid reaction 288-atom simulation, and d) an isolated chain of C atoms at one step during the CO2 

+ Re fluid 288-atom simulation, showing the covalent bonds between the C atoms. C atoms are 

shown in gray, Re and O atoms are shown in blue and red, respectively. The isosurfaces represent 

ELF values of 0.81 (a,c, and d) and 0.8 (b). The initial densities of the systems for the ELF 

calculations shown in a through d respectively are: 10.53 g/cc (45 GPa), 1.62 g/cc (4 GPa), 8.45 

g/cc (20 GPa), 10.53 g/cc (45 GPa). 
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Figure 5.  Radial distribution functions g(r) for a) C-C, b) C-O, and c) O-O atom pairs for a pure 

CO2 fluid simulation at an average pressure of ~ 45 GPa (2.90 g/cc) and at 4000 K. The g(r) 

curves represent an average over 2000 AIMD steps centered at 6 ps, so the system has had 

sufficient time to equilibrate. d) Number of species as a function of simulation time for the same 

pure CO2 fluid simulation. Each data point represents an average number of chemical species in 

bins of size 0.15 ps. A 1x1x1 kpoint grid was used for this simulation, and the simulation began 

with solid phase I CO2 at 300K, the temperature was ramped up to 4000K over 1 ps, and then the 

system was equilibrated at 4000K for 7.5 ps. 

 

 

 

 

 



 

 

24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Number of species as a function of simulation time in a CO2 + Re fluid mixture 

simulation of 128 total atoms, at low pressure of <1 GPa and at 4000 K. The initial density of the 

system is 1.53 g/cc. Although Re-O interactions are apparent from this analysis, there is a clear 

lack of C-C interactions throughout the entire simulation.  
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Figure 7. Radial distribution functions, g(r), calculated from a 128-atom AIMD simulation with a 

1:1 ratio of CO2 molecules to Re atoms at 45 GPa (10.53 g/cc), for a) C-C, b) C-O, c) Re-O d) 

O-O, e) C-Re, and f) Re-Re atom-pairs at 4000 K before quenching (red/dotted), and 300 K 

after equilibrating for 15 ps (purple/solid). After the system was adequately equilibrated at T = 

4000 K for 9 ps, the temperature was quenched from 4000 K down to 300 K over a period of 60 

ps. Then, the system was equilibrated at 300 K for an additional 15 ps. The g(r) curves at 4000 

K (red/dotted) are averaged over the final 3 ps of the equilibration period (9 ps total), i.e. 2000 

MD steps, while the g(r) curves at 300 K are averaged over the final 4.5 ps of the equilibration 

period (15 ps), or 3000 MD steps. 

 


