Water gas may not shift under extreme conditions of pressure
and temperature
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Abstract

The water-gas shift reaction is a key reaction in Fischer-Tropsch-type synthesis, which is widely
believed to generate hydrocarbons in the deep carbon cycle, but is little known at extreme pressure-
temperature conditions found in Earth’s upper mantle. Here, we performed extensive ab initio
molecular dynamics simulations and free energy calculations to study the water-gas shift reaction.
We found the direct formation of formic acid out of CO and supercritical water at 10~13 GPa and
1400 K without any catalyst. Contrary to the common assumption that formic acid or formate
is an intermediate product, we found that HCOOH is thermodynamically more stable than the
products of the water-gas shift reaction above 3 GPa and at 1000~1400 K. Our study suggests that
the water-gas shift reaction may not happen in Earth’s upper mantle, and formic acid or formate
may be an important reduced carbon carrier, participating in many geochemical processes in deep

Earth.



INTRODUCTION

Carbon is a unique element for all known life on Earth. Its oxidation state varies from -4
to +4, which gives it very rich chemical bonding environments. More than 90% of Earth’s
carbon is stored in its interior [1], and the deep carbon cycle substantially influences climate
change over geologic time and human energy consumption near Earth’s surface, with a
critical impact on human sustainable development [2]. Although as early as the 19th century,
Mendeleev proposed that petroleum might be formed by abiogenic means [3], only over the
past few decades have scientists started to seriously evaluate the possibility of hydrocarbon
generation from subducting carbon and water in the deep carbon cycle [4, 5]. Hydrocarbons
may play a key role in the formation of diamonds [6-9], the possible origin of abiogenic
petroleum [5] and even deep life [10]; however, the formation of hydrocarbons is little known
at extreme conditions found in Earth’s upper mantle, where pressure (P) may reach ~13
GPa and temperature (T) as high as 1700 K [11, 12].

Fischer-Tropsch-type synthesis, which converts inorganic carbon to organic matter, has
been widely believed to naturally happen in deep Earth environments [4, 5], but most of our
knowledge is limited to industrial applications, where P-T conditions are not as severe as
in Earth’s interior and purpose-designed catalysts are crucial [13]. In Fischer-Tropsch-type

processes, the water-gas shift reaction is a key reaction to balance the CO/H, ratio [14]:
CO(g) + H,0(g) = COs(g) + Ha(g). (1)

This reaction is exothermic (-41 kJ/mol at 0.1 MPa and 298 K), but has a large reaction
barrier, so industry usually uses transition metal catalysts, e.g, Fe-Cr and Cu-Zn, at above-
ambient conditions: 1-6 MPa and 450-720 K [15]. The reaction mechanism varies with
different catalysts, but industrial catalysts usually do not exist in deep Earth [4]. Some
studies suggest that formic acid (HCOOH) or formate (HCOO™) may be a possible reaction
intermediate in the catalyzed [16] and uncatalyzed [17] reactions. Sharma et al. started

experiments from formic acid to study C-H-O fluids in a reducing environment, and found



that HCOOH fully decomposes into CO,, Hy, CO, and H,O when P is lower than 0.5 GPa

and T is above 623 K [18].

C-H-O fluids in the deep crust and upper mantle are a fundamentally important carbon
carrier in the deep carbon cycle, and were traditionally modeled as simple mixtures of small
volatile molecules, e.g. HyO, CO4, CO, CHy, Hy [19]. Recently, experimental and theoretical
studies have started to consider aqueous ions, complexes, and chemical speciation in C-H-O
fluids [8, 20-25], and many of them focus on fully oxidized carbon forms in supercritical water
[26-29]. With increasing depth, Earth’s interior becomes more reducing [30], so reduced
carbon is of great importance in deep Earth, but due to the lack of reliable data at extreme P-
T conditions, the water-gas shift reaction was simply assumed to adjust the fluid composition

in a reducing environment [18, 31].

Here, by performing extensive ab initio molecular dynamics (AIMD) simulations, we
studied mixtures of CO and HyO and reaction products at extreme P-T conditions found in
Earth’s upper mantle. Without any empirical input, AIMD simulations have grown to be
powerful tools to predict chemical speciation at extreme conditions from first principles [32],
and many predictions were confirmed by later experiments (e.g., [21, 26-28]). We found that
CO directly reacts with H,O to generate formic acid at 10~13 GPa and 1400 K without any
catalyst. Contrary to the assumption that formic acid or formate will finally decompose,
our free energy calculations suggest that formic acid is thermodynamically more stable than
the mixture of CO, and Hy above 3 GPa and at 1000~1400 K. Our study suggests that
the water-gas shift reaction may not happen in Earth’s upper mantle, and formic acid or
formate may be an important carbon carrier in C-H-O fluids in a reduced environment,
which participates in many geochemical processes in the deep carbon cycle, such as water-
rock interactions and diamond formation in the mantle. Our findings highlight the diversity
of aqueous carbon species in C-H-O fluids and the importance of organic geochemistry at

extreme conditions.



RESULTS

We first dissolved 0.93 molal carbon monoxide (CO) into supercritical water at ~10 and
~13 GPa, 1400 K, the P-T conditions as found at the bottom of Earth’s upper mantle.
Fig. 1 shows the mole percents of carbon-containing species as functions of simulation time
in AIMD simulations. At ~10 GPa, CO(aq) reacted with water to become formic acid

(HCOOH(aq)) after about 200 ps:
CO(aq) + H20 — HCOOH(aq). (2)

We continued the simulation up to 330 ps and found that HCOOH(aq) dissociated frequently;
the main solutes were the HCOOH (aq) molecule and the formate ion (HCOO™ (aq)). When
pressure was increased to ~13 GPa, CO(aq) reacted with water faster, after only ~30 ps.
In the following ~300 ps simulation, we found again that HCOOH(aq) and HCOO™ (aq)
were the two major carbon species in the solution. At ~13 GPa, it is also interesting to see
formation of a minor carbon species, orthoformic acid (HC(OH)s(aq) shown in Fig. S1 in
the supporting information), whose mole percent in total dissolved carbon was ~2 %. The
orthoformic acid molecules were formed by the reaction between HCOOH(aq) and water,
and then rapidly dehydrated to become HCOOH (aq) via a reaction involving multiple water
molecules within 2 ps.

To study the formation mechanism of aqueous formic acid (Fig. 2), we carried out 6
AIMD simulations from uncorrelated initial configurations at ~10 and ~13 GPa, 1400 K
(see Table SI in the supporting information). We found that the CO molecule and a few
water molecules in solvation shells participated in the reaction. The carbon atom in the CO
molecule formed a new C-O bond with an oxygen atom from a H,O molecule or OH™ ion.
Within less than 100 fs this carbon atom also received a proton donated from a H3O% ion or
another H,O molecule to form a C-H bond. When the new C-O bond formed between the CO
molecule and a HoO molecule, the extra proton transferred to the solvent water molecules

along hydrogen bond wires. When the new C-H bond formed between the CO molecule
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and a H,O molecule, the remaining hydroxide ion either simply moved away or diffused by
accepting a proton from neighboring water molecules. Overall, we found that the intense
proton transfer and solvation interactions play a key role to generate HCOOH(aq). The
reaction mechanism is fundamentally different from that in the gas phase, where HCOOH(g)
was considered as an intermediate in the water-gas shift reaction and only up to three water
molecules participated [33].

The almost simultaneously formed C-O and C-H bonds never broke after the formic acid

molecule was generated, but HCOOH(aq) had very frequent acid dissociation reactions:
HCOOH(aq) = HCOO™ (aq) + H*(aq). (3)

The dissociation constant, K,, depends on P-T conditions as shown in Fig. 3. With in-
creasing pressure at 1000 K or 1400 K, K, increases, while with increasing temperature
along an isobar, K, decreases. The trend of change is correlated with the variance of the
dielectric constant of supercritical water, €y, as shown by previous first-principles and ma-
chine learning studies [21, 34]. €y increases with P and decreases with T, so the formate
ion and proton are easier to separate with increasing P, but more difficult to separate with
increasing T. At ambient conditions, formic acid is a weak acid with 1.3 % of HCOOH (aq)
dissociating [35], whereas at ~13 GPa and 1400 K, our AIMD simulations showed that ~62
% of HCOOH(aq) became ions. The predicted importance of the formate ion at elevated
temperatures and pressures is consistent with recent aqueous speciation-solubility models of
upper mantle fluids [23].

The proton in reaction (3) kept hopping back and forth between formate and its sur-
rounding water molecules in our simulations. Fig. 4 shows the radial distribution functions
(RDFs) of the carbon atom of formate versus oxygen atoms of water (O,,) or hydronium
(Om,0+) at 10 and 13 GPa, and 1400 K. All RDFs have the main peaks at ~3.1 A, cor-
responding to the first solvation shells of formate. The first peak of the C-Oy,o+ RDF is

taller than the first peak of the C-Opy,0o RDF at both ~10 and ~13 GPa, indicating that

5



the H;O " (aq) ion tends to reside in the first solvation shell of HCOO™ (aq). With increasing
pressure from ~10 to ~13 GPa, the first peak of the C-Oy,0+ RDF becomes lower, because
the dielectric constant of water increases [21, 34|, which weakens the ion pairing strength
between HCOO™ (aq) and H30% (aq).

In the industrial water-gas shift reaction, the products are CO5 and Hy, and formic acid is
considered as an intermediate in some reaction mechanisms. Our longest AIMD trajectory
is about 340 ps, which is quite long as a first-principles simulation, but may be too short
considering the reaction kinetics, so formic acid may decompose into COy and Hy later.
To assess the thermodynamic stability of formic acid, we also studied the possible reaction
between CO, and H, at extreme P-T conditions. In a simulation box, we mixed 20 CO,
molecules and 20 Hy molecules. At ~13 GPa and 1400 K, we did not see any chemical
reaction in a simulation nearly 300 ps long, whereas after increasing temperature to 2000 K

and 2400 K at ~14 GPa, we found the formation of formic acid again:

We continued the simulation for another ~150 ps, and saw no further reaction of HCOOH.
In CO; capture and storage, the hydrogenation of CO, to formic acid usually occurs in the
presence of catalysts [36], while our AIMD simulations show that the uncatalyzed reaction
is possible at extreme P-T conditions.

Big molecules tend to break at high temperatures because a mixture of small molecules
has a larger entropy () and the entropy term (—7'S) in the Gibbs free energy dominates.
However, when increasing temperature from 1400 K to 2000 K along an isobar, formic acid,
a relatively larger molecule, can be spontaneously synthesized from CO, and Hs, indicating
that it is an enthalpically driven reaction. At the lower temperature of 1400 K, the entropy
term contributes less than at 2000 K, so the formation of formic acid should be even more
favored. The reason we did not see formic acid in our AIMD simulation at 1400 K is that

the reaction kinetics is slow and our simulation is not long enough.



To infer the possible P-T range for the formation of formic acid, We calculated the free
energies of formic acid and the mixture of CO, and H, using the two-phase thermodynamic
model [37-39] To validate our calculation method, we first compared the free energies of the
reactants and products of the water-gas shift reaction at ~10 MPa and 473 K. The reaction
enthalpy change (AH) is -59.8 4+ 1.8 kJ/mol, TAS is -1.0 £ 2.2 kJ /mol, and the free energy
change (AG) is -58.8 £ 2.8 kJ/mol, so the forward water-gas shift reaction is exothermic and
thermodynamically favored, consistent with experimental findings. Spanu et al. applied the
two-phase thermodynamic model to study the formation of heavier alkanes from methane,
and found that the mixtures of longer alkanes and hydrogen are thermodynamically more
stable than methane when P is above 4 GPa and T is between 1000 and 2000 K [40]. Our
test and the previous study suggest that the two-phase thermodynamic model is capable to
evaluate thermodynamic stability of C-H-O fluids at high P-T conditions.

We then increased pressure to ~10 GPa and temperature to 1000 and 1400 K to calculate
the free energy of reaction (4), as shown in Fig. 5. We found that the mixture of CO5 and Hy
is thermodynamically more favored than formic acid up to ~0.8 GPa at 1000 K. At higher
pressures, reaction (4) may happen spontaneously. With increasing P along an isotherm,
the reaction enthalpy becomes more negative, while the entropy term, T'AS, does not vary
much, so formic acid becomes thermodynamically more stable than the mixture of CO, and
H,. When increasing temperature to 1400 K along an isobar, the free energy of reaction
(4) becomes less negative, and formic acid is more favored when P > ~2.7 GPa. Our free
energy calculations show that reaction (4) is exothermic and enthalpically driven.

In our AIMD simulations, we mainly used the generalized gradient approximation
exchange-correlation (xc) functional, PBE [41], which has been found insufficient to de-
scribe aqueous systems at ambient conditions. However, our previous studies showed that
the PBE functional works better at extreme P-T conditions than at ambient conditions
[21, 27, 42]. For example, for CO, dissolved in supercritical water at ~11 GPa and 1000 K,

PBE predicts similar carbon species concentrations to those obtained by PBEO, a hybrid
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xc functional [43]. Spanu et al. also validated the accuracy of free energy calculations for
hydrocarbons using PBE [40]. Note that the long-range dispersion interactions are missing
in both PBE and PBEOQ, but here the chemical reactions involve breaking and forming of
covalent bonds, in which weak van der Waals interactions do not play a major role.
Overall, our AIMD simulations and free energy calculations show that formic acid is not
a short-lived reaction intermediate in the water-gas shift reaction, but a thermodynamically

favored product at P-T conditions typically found in Earth’s upper mantle.

DISCUSSION

Formic acid and formate have been found in natural waters in some shallow crustal
environments, such as spring waters, fluids in sedimentary basin and hydrothermal fluids,
where pressure is lower than 50 MPa and temperature is up to about 673 K [44, 45]. At high
P-T or in the presence of catalysts, formic acid may decompose through the decarboxylation
reaction [46]:

HCOOH — CO, + Ha, (5)

or the dehydration reaction:

HCOOH — CO + H,0. (6)

Previous studies found that the decarboxylation reaction predominates in aqueous environ-
ments, while dehydration happens more in gas phases [45, 46]. Thus, formic acid or formate
has often been viewed as a reaction intermediate in the abiotic reduction of oxidized carbon
to hydrocarbons or in the decomposition of bigger organic molecules. In the laboratory,
as it is more convenient to load liquids to a reaction cell, some experiments started from
HCOOH(]) to generate a mixture of COy, Hy, CO and HyO through reaction (5) and (6)
(18, 47].

With increasing P and T in Earth’s upper mantle, traditional geochemical models for C-H-

O fluids focused on simple mixtures of small volatile molecules, such as H,O, CO,, CO, CyHg,



Hy, O2 [19], whereas recent first-principles simulations, geochemical models, and high P-T
experiments suggest that fully oxidized carbon may largely exist as HCO; and CO3 ions,
and HyCOjs(aq) in water, not only non-interactive COy(aq) molecules [26-29]. In Earth’s
mantle, the oxygen fugacity, fo,, reflects the mantle oxidation state, which greatly influences
the speciation of C-H-O fluids. With increasing depth, fo, generally decreases, so the upper
mantle likely becomes more reducing at the bottom [30]. Contrary to the commonly accepted
assumption that the water-gas shift reaction may adjust the composition of C-H-O fluids
in a reducing environment [18, 31|, we found CO may react with HyO to generate formic
acid, which is a thermodynamically stable product. Thus, formic acid or formate may be an
important reduced carbon carrier in C-H-O fluids in Earth’s upper mantle, and participates
in many geochemical processes.

In our simulations, formic acid can easily dissociate in water at extreme P-T conditions
as shown in Fig. 3. For example, in a 0.94 molal solution of HCOOH(aq) at ~13 GPa
and 1400 K, the concentration of H3O% (aq) is ~0.58 molal larger than that of OH™ (aq), so
the presence of HCOOH(aq) greatly affects the acidity of aqueous solutions in a reducing
environment and may influence water-rock interactions in deep Earth [48]. It was recently
reported that infiltrating C-H-O fluids may dissolve a great amount of carbonate minerals
in subducting slabs, and bring carbon back to magmas, which may be finally released as
CO; from volcanoes [49, 50]; however, we have not yet known the chemical mechanism of
this dissolution. It is possible that reduced carbon forms formic acid, which helps to dissolve
carbonate minerals into C-H-O fluids in the deep carbon cycle. The dissociation of formic
acid could also promote the formation of metal-formate, i.e. organometallic, complexes in
upper mantle fluids [23].

Formic acid or formate may also participate into the formation of diamonds in Earth’s
upper mantle, as indicated by the newly developed Deep Earth Water (DEW) model [6, 8]
and experiments [7]. Sverjensky and Huang found that the diamond formation may be

associated with a pH drop, and most of precipitated diamonds come from the destruction



of formate [6]:
HCOO™ (aq) + H*(aq) + Hy(aq) — C(diamond) + 2H,O0, (7)

In the formation of diamonds from the Panda kimberlite, formate contributes to 2.2 out of

13.8 mol of carbon in diamonds [8]:
3HCOO™ (aq) + 3H" (aq) + CyHg(aq) — 5C(diamond) + 6H,O. (8)

Using Raman spectroscopy measurements, Frezzotti found the surfaces of diamonds in meta-
morphic rocks from Lago di Cignana in Italy are coated by functional groups of carboxylic
acids, indicating that organic acids play an important role in nucleation and growth of

diamonds in deep Earth [7].

CONCLUSIONS

In summary, we performed extensive AIMD simulations and free energy calculations to
study the water-gas shift reaction at extreme P-T conditions found in Earth’s upper mantle.
We found that CO directly reacts with HyO to generate formic acid at 10~13 GPa and
1400 K without any catalyst. HCOOH(aq) dissociates frequently in supercritical water and
greatly affects the pH of the solutions. It is commonly assumed that HCOOH or HCOO™ is
an intermediate product and will finally decompose in the water-gas shift reaction; however,
our free energy calculations based on the AIMD simulation trajectories show that HCOOH
is thermodynamically more favored than the mixture of CO, and Hy above 3 GPa and at
1000~1400 K.

Our study suggests that formic acid or formate may be an important reduced carbon
carrier in the deep carbon cycle. The presence of HCOOH (aq) increases the acidity of aque-
ous geofluids, and helps to dissolve carbonate minerals. C-H-O fluids may carry HCOO™,
CO32~, HCO3, HyCOs(aq), COy(aq) etc. into magmas, which may decompose near Earth’s

surface and be finally released as CO, from volcanoes. Formate may also be a key reactant
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in the formation of diamonds in the mantle. The stability of formic acid at P-T conditions
in Earth’s upper mantle suggests that Fischer-Tropsch-type synthesis in deep Earth may
differ dramatically from hydrocarbon synthesis at industrial P-T conditions or in shallow
Earth environments. Our findings highlight the diversity of aqueous carbon species in C-H-O

geofluids and the importance of organic geochemistry at extreme conditions.

METHODS

We performed AIMD simulations within the Born-Oppenheimer approximation using the
Qbox code (http://gboxcode.org/) [51]. We used the PBE exchange-correlation functional
[41] and plane-wave basis sets with periodic boundary conditions. We used norm-conserving
pseudopotentials [52, 53] and employed a kinetic energy cutoff of 85 Ry, which was increased
to 145 Ry to compute pressure. The Brillouin zone was sampled at the I'-point only. We
used deuterium instead of hydrogen in the simulations, allowing for a larger time step (0.24
fs). We still refer to these atoms as hydrogen atoms in the main text for convenience. The
temperature was controlled by stochastic rescaling of the velocities with a damping factor
of 24.2 fs [54]. After an equilibration of at least 5 ps at each P-T condition, we ran AIMD
simulations of ~300 ps long to detect chemical reactions (see Table SI in the supporting
information).

To determine the carbon species in our AIMD simulations of CO(aq), we analyzed the
atomic trajectories in each frame and searched for the three nearest O atoms to the C atom,
whose distances are dc_o1, do_p2, and do_ps from small to large. If do_ps is larger than
dc—o1 by more than 0.4 A, the molecule is considered as CO; otherwise the C atom is
bonded with at least two O atoms, and additionally if do_p3 — de_p2 < 0.4 A, the C atom
is bonded with three O atoms. H atoms were considered bonded to their nearest-neighbor
C or O atom. Using this method, we may distinguish CO, HCOOH, HCOO~, HCOOHJ,

HC(OH)s, and orthoformic acid derivatives.
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We used the two-phase thermodynamic model introduced in Ref. [37-39] to calculate the
free energies of reactants and products. In this method, entropy is divided into translational,
rotational, and vibrational parts, which were obtained from corresponding phonon densities
of states (DOS). The translational and rotational phonon DOS contain solid-like and gas-like
parts. The phonon DOS were calculated by the Fourier transform of velocity auto-correlation
functions from AIMD trajectories, each of which is at least 20 ps long. In case proton transfer
occurs, the contribution of the ¢th chemical species to the total entropy is weighted by tt%,

where 7; is its life time and ¢, is the total simulation time [55].
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FIG. 1. Mole percents of CO(aq), HCOO™ (aq), HCOOH(aq), and orthoformates as functions of

simulation time in AIMD simulations. Initially, 0.93 molal CO(aq) was dissolved in supercritical

water. Two P-T conditions, (a) 10 GPa, 1400 K and (b) 13 GPa, 1400 K, were compared. Orthofor-

mates include orthoformic acid (HC(OH)3(aq)) and its conjugate bases (CH303 (aq), CH203 (aq),

CHOg_(aq)). The mole percents were calculated by 1-ps moving average.

t=0.04ps 7l
4

FIG. 2. Formation of formic acid from CO(aq) at ~10 GPa, 1400 K. The carbon atom formed

a new C-O bond with the oxygen atom from a OH™ ion, and almost simultaneously a H3O" ion

donated a proton to the carbon atom.
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FIG. 3. Acid dissociation constant of HCOOH(aq), K, = %, as a function of pressure at
1000 and 1400 K. Error bars were obtained using the blocking method [56]. The lines connecting

points are a guide to the eye.
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FIG. 4. Radial distribution functions of the carbon atom of formate versus oxygen atoms of HoO

(Ow) or H30" (aq) (Ogy,0+). The molality of HCOO™ (aq) is 0.94 molal. Two P-T conditions, (a)
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~10 GPa, 1400 K and (b) ~13 GPa, 1400 K, were compared.
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FIG. 5. Reaction enthalpies (a) and free energies (b) of the formation of HCOOH from COy and
Hs as functions of pressure. Two temperatures were compared: 1000 and 1400 K. Error bars were

obtained using the blocking method [56]. Dashed lines show the linear fit of first-principles data.
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