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H I G H L I G H T S

• CO2–CH3OH conversion in aqueous phase has been envisaged: (CO2 + 3H2 + H2O + H3O
+).

• The reaction has been investigated by using the high level W1U composite method.

• Hydrogenations are the least favourable steps in the reaction.

• The energy storage efficiency of the studied mechanism is 27.1%.

• Catalysts can be designed to decrease the energy barrier and increase efficiency.
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A B S T R A C T

Carbon dioxide can be converted into fine chemicals such as methanol and thus, the produced renewable energy
can be stored in chemical bonds through reductions. To achieve this, a water enhanced mechanism of CO2

hydrogenation leading to methanol has been designed by applying 1:3 (CO2 + 3H2) extended with a water
molecule and a hydronium. The thermodynamic properties of the intermediate species and transition states have
been calculated by using the W1U composite method. The energy efficiency of the studied mechanism is 27.1%.
By understanding the mechanism, special purpose catalysts can be designed to accelerate carbon dioxide con-
version.

1. Introduction

It is widely known that carbon dioxide (CO2) release in nature has a
detrimental effect, and research in environmental protection is a chal-
lenge nowadays [1]. Since the industrial revolution, CO2 emissions did
not stop increasing [2], which could be one of the possible factors be-
hind global warming and the acidification of the oceans [3]. These
adverse processes should be prevented by either inhibiting the release
or developing large scale carbon dioxide capturing procedures. Most of
the solutions proposed till now are mainly Carbon Capture and Storage
(CCS) methods, which are not definitive solutions to eradicate the ex-
cess of CO2 from the atmosphere [4]. Some ocean scientists think that
ocean storage of CO2 might be a good idea. In this case, the gas would
be injected and trapped into the deep ocean [5], but will it stay there
forever? Will it not be able to diffuse? From a chemical point of view,
the best solution would be the total transformation of carbon dioxide

into added value products [6], and in this way the produced renewable
energy can also be stored [7]. Renewable energy production is not
stable, and highly depends on the weather and other factors, and the
energy consumption fluctuates as well, which means that the energy
storage is unavoidable [8]. The common solution to both of these
problems is to use renewable energy to convert carbon dioxide che-
mically into different molecules such as formic acid, formaldehyde,
methanol or methane for the sake of energy storage [9]. These mole-
cules can be used not only for the storage and production of energy, but
to produce other chemicals in a renewable basis [10]. Energy will be
stored in chemical bonds by recycling of carbon dioxide via hydro-
genative reductions, and the hydrogen would be obtained from elec-
trolysis using renewable electrical energy [11], which ideally will
contribute to the decrease of CO2 emission [12]. Carbon dioxide can be
collected from several sources such as the industrial or biochemical
processes [13], and the hydrogen has also many possible sources such
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as the electrolysis of water or steam reforming of natural gas [14].
Methanol and methane are the most attractive compounds to achieve
from CO2, due to their high energy content and their ability to be re-
introduced into other chemical processes as feedstock to produce more
advanced chemicals [15]. Between the different methanol production
processes, CO2 can be reduced directly, or introduced first in a reverse
gas shift reactor (RWGS) as a fraction of synthesis gas [16]. In the last
decades the CO2 hydrogenation to methanol has been a widespread
subject of interest, large variety of solid catalysts have been designed
and tested [17], nevertheless the reduction mechanism is still a debated
subject and new processes are proposed [18].

In our earlier paper [19], all the possible molecules which can be
involved in the gas phase uncatalyzed CO2 hydrogenation to methanol
with a ratio of 4:1 (H2:CO2) have been investigated. A network of the
hydrogenation process has been constructed by using computational
tools [20], and the most favourable pathway leading to methanol and
methane has been selected. Knowing that carbon dioxide can be ab-
sorbed by water as it happens in the oceans, we have envisaged and
studied a water enhanced hydrogenation mechanism from a thermo-
dynamic point of view. The mechanism has been compared en-
ergetically with the previously studied gas phase process.

2. Computational methods

A reaction network has been constructed and all the thermodynamic
properties of the involved species and transition states at standard
conditions have been computed by using the Gaussian 09 program
package [21]. The Potential Energy Surface (PES) of the studied reac-
tion has been analyzed and the important points (minima, TS, etc.) have
been located. IRC (Internal Reaction Coordinates) [22] calculations
have been used to verify that the transition states are located between
the corresponding minima. Initially, the calculations have been carried
out by using the B3LYP density functional theory (DFT) method [23,24]
in combination with the 6-31G(d) basis set [25]. To further improve the
accuracy of the analysis, the structures have been recalculated by using
the W1U (Unrestricted Weizmann-1) composite method [26–28]. To
mimic the solvent effects of bulk water, the calculations have been
carried out by using the conductor-like polarizable continuum model,
CPCM [29,30]. In our previous paper [19], W1BD [27] was applied for
gas phase calculations, but it was not applicable in this case, because
the BD algorithm is not compatible with the applied CPCM solvation
model [29,30], and thus, the W1U method has been selected instead.
The two methods were compared in gas phase calculations and gave
almost identical results with less than 1 kJ/mol deviation (Table S1).

To estimate the accuracy of the level of theory used in this case
(W1U), we carried out calculations for the elementary reaction steps
and computed the reaction enthalpies of a simple mechanism which is
close to our system (converts CO2 and hydrogen to methanol and me-
thane, Fig. 1) and can be compared to experimental values by using the
heat of formations of the species available in the literature [31].

The envisaged test reaction includes successive H2 addition steps,
where the formic acid, formaldehyde and methanol are formed, leading
to the formation of methane (Fig. 1). The computed enthalpy changes of
each molecule produced through the elementary reactions and their
respective experimental gas phase enthalpy of formation differences are
listed in Table 1.

The highest absolute deviation between the computed and the

experimental values belongs to (H2CO + 2H2 + H2O) which is equal to
4.30 kJ/mol. All in all, it can be considered that our computed results
are precise. The experimental values of the species as well as their re-
spective computed values are listed in the supporting information
(Table S2).

3. Results and discussion

A newly designed CO2 – methanol conversion mechanism is pre-
sented here, which involves several intermediates and transition states
and applies 3H2, H2O and H3O

+ as additional reactants.
CO2 + 3H2 + H2O + H3O

+ was selected as a reference to compute the
relative thermodynamic properties of the individual steps (e.g. ΔGr

o
=

G(X) – Gref, where G(X) and Gref are the Gibbs free energy of structure X
and the reference species, respectively).

The reaction pathways leading to methanol are starting either with
a hydration or a protonation step (Fig. 2).

As a first step CO2 (A) can be either hydrated to form carbonic acid
(B), or protonated (J). The centre element of the mechanism is the
protonation of formic acid (DE). To reach this point, four alternative
pathways can be followed:

a) ABCDE route (blue): by the hydration of CO2 (A) carbonic acid (B)
will form (there are three conformations, the one considered here is
higher in energy by 3.14 kJ/mol than the most stable conforma-
tion). This will be hydrogenated to reach methanetriol (C) which
could reach formic acid (D) by a water elimination (TSCD). Then,
formic acid can be protonated to form (E).

b) ABLE route (red): (L) can be achieved by the protonation of car-
bonic acid (B) which is the product of the CO2 hydration. The hy-
drogenation of (L) will lead directly through (TSLE) to the proto-
nated formic acid (E) and the formation of an extra water molecule.

c) AJE route (pink): The protonation of CO2 followed by a hydro-
genation (TSJE) leads directly to the protonated formic acid (E)

through only two elementary steps.
d) AJKLE route (green): In this route additional elementary steps and

one intermediate molecule links the red and the pink routes men-
tioned above. The molecule (K) is a protonated carbonic acid, which
can be formed by a hydration of the protonated carbon dioxide (JK)
or by the protonation of carbonic acid (BK). Then, a hydrogen shift
could occur (TSKL) to produce (L).

Then, the protonated formic acid (E) is hydrogenated to form (F),
from where a water elimination will lead to (G), which is a protonated
formaldehyde. After this point, another hydrogenation (TSGH) will
occur to reach the protonated methanol (H) and the final step will be
the release of the proton to a water molecule forming methanol (I) and
hydronium ion. The thermodynamic properties of the pathways have
been computed (Table 1) and compared (Fig. 2).

The Fig. 3 can be divided into two parts: [A-E] and [E-I]. In the
case of [A-E] the conversion of CO2 (A) to protonated formic acid (E)Fig. 1. Reaction steps of CO2 hydrogenation to methane.

Table 1

Comparison of the computed enthalpy changes (ΔH° r) of each molecule pro-
duced through elementary reaction steps and their respective experimental gas
phase enthalpy of formation (ΔΔfHexp) differences. The calculated and experi-
mental values have also been compared and listed in the table (Calc-Exp).

ΔH° r (kJ/mol) ΔΔfHexp (kJ/mol) |Calc-Exp| (kJ/mol)

Calc Exp

CO2 + 4H2 0.00 0.00 0.00
HCOOH + 3H2 13.93 14.91 0.98
H2CO + 2H2 + H2O 40.08 35.78 4.30
H3COH + H2 + H2O −53.78 −49.81 3.97
CH4 + 2 H2O −169.16 −165.02 4.14
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occurs through several different pathways, while [E-I] is one single
route where (E) will be converted to methanol (I) after 4 consecutive
reaction steps.

In the [A-E] part of the mechanism, all the routes starts with a
hydration of CO2 (A) to carbonic acid (B), except for the pink pathway
which goes directly from CO2 (A) through a protonation followed by a
hydrogenation to the protonated formic acid (E) with one single barrier
(ΔGTS_JE

o = 383.18 kJ/mol) which is the second highest energy barrier
in the system. The blue pathway shows the possibility to reach (E)
through three reaction steps, within which there are two transition
states (TS) and one of which (TSBC) corresponds to the highest barrier
height in the system with a value of 402.34 kJ/mol. The other two steps
are (TSCD, ΔGTS_CD

o = 255.58 kJ/mol) and (DE) which is a barrierless
reaction step. Through the red pathway, the protonated formic acid (E)
can be reached from the carbonic acid with only two reaction steps
where one is a barrierless process (BL) while the other is a hydro-
genation (ΔGTS_LE

o = 355.52 kJ/mol) which is the lowest hydrogenation
energy barrier in the [A-E] section, and this makes it the preferred
pathway. The overall preferred pathway would be then: [A-TSAB-B-BL-
L-TSLE-E-TSEF-F-G-TSGH-H-HI-I].

It is possible to link the pink and red pathway through the hydration
reaction (JK) highlighted with the frame (*, Fig. 3), followed by the
hydrogen shift (ΔGTS_KL

o = 256.78 kJ/mol) which is a part of the green

reaction channel.
The two highlighted steps (JK) (*) and (HI) (**) are representing the

two types of barrierless reactions (Morse potential) in the system
(Fig. 3). All the possible pathways involve protonation steps. It is im-
portant to note that, in these cases, the reaction is barrierless and goes
through a minimum instead of a transition state, and these are double
Morse potentials (association + dissociation). (HI) (**, Fig. 4) was used

as an example to describe these cases (AJ, BK, BL, DE and HI). The
second type of barrierless step is a simple Morse potential reaction of a
(de)hydration, where (JK) (*, Fig. 3) was used as an example.

The relative total energy change of the reaction (HI) (Fig. 4, left) has
a shape of a parabola with a plateau at each extremity. The beginning of
the reaction is at the first plateau, where the water molecule and the
protonated methanol form a complex (protonated methanol-water).
After this point, the total energy decreases and reach a minimum (first
Morse potential), where the proton belongs to both methanol and
water. Then, the energy increases to advance to another plateau
(second Morse potential), where the products are located. Thus, the
product is formed (methanol + H3O

+) without going through an en-
ergy barrier.

In case of (JK) (Fig. 4, right), the total energy decreases from the
reactant energy level (H3COH2

++H2O) directly to the energy level of
the products (H3COH + H3O

+) without going through an energy
barrier.

Since the barrierless reaction (DE) is the second energetically lowest
reaction of the system, it has also been studied through a flexible scan
(Fig. 5).

The reaction (DE) is a barrierless process, which is similar to (HI)
discussed above. The reaction decreases to a local minimum where the
total energy change is close to 0 kJ/mol, as well as the relative Gibbs
energy (see ΔGDE at the Table 2). At this point, the protonated formic
acid is forming a molecular complex with a water molecule, and the
energy increases with the increasing distance between the water mo-
lecule and the protonated formic acid. The red dashed part of the
graphic represents an internal conformational change, the oxygen atom
of the water molecule got an interaction with the second closest hy-
drogen from the protonated formic acid while the distance between the

Fig. 2. Reaction pathways of the envisaged water enhanced CO2 – methanol conversion. Letters are assigned to every structure, and each transition state is named as
TS followed respectively with the letter referring to the reactant and then the product (e.g. TSAB). The preferred pathway is highlighted by dashed lines.
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two molecules was increasing during the flexible scan.
The highest energy barriers of the pathways are

ΔGTS_BC
o = 402.34 kJ/mol, ΔGTS_JE

o = 383.18 kJ/mol,
ΔGTS_LE

o = 355.52 kJ/mol and ΔGTS_EF
o = 295.83 kJ/mol (Table 1), and

all of the corresponding reaction steps are hydrogenations (H2 molecule
addition). Surprisingly, the last hydrogenation reaction step
(ΔGTS_GH

o = 209.81 kJ/mol) is in the range and even lower, than the
other processes such as hydrations (e.g. ΔGTS_AB

o = 237.28 kJ/mol),
dehydrations (e.g. ΔGTS_CD

o = 255.58 kJ/mol) and hydrogen shifts (e.g.
ΔGTS_KL

o = 256.78 kJ/mol).
Exothermic reactions are necessary to be involved in energy storage

applications, (ΔH°r < 0). Although the relative enthalpy values of
HCOOH2

+, H2O-H2COH
+ and H3COH2

+ is negative (Table 2), these

products are non-isolable, and thus, the only remaining option for en-
ergy storage will be methanol ( H∆ H3COH

o = -77.06 kJ/mol in the studied
mechanism. Comparing this value to the amount of heat of the highest
energy barrier ( H∆ TS_LE = 284.66 kJ/mol) allow us to determine the
theoretical efficiency of methanol formation in the mechanism. It cor-
responds to the ratio of the stored enthalpy H|∆ |r

o and the invested
enthalpy (the highest activation energy of the reaction path ΔHTS

max).

= =η
H

H

H

H

|∆ |

∆

|∆ |

∆

r
o

TS
max

H3COH
o

TS_LE (2)

From our previous work [19], storing energy in methanol through
the gas phase uncatalyzed mechanism would be done with an efficiency
ofη = 14.4%, while in the current case, =η 27.1%, which is almost two

Fig. 3. Gibbs free energy change (ΔGr
o, kJ/mol) of the water enhanced conversion of CO2 to methanol calculated at the W1U level of theory. The transition states are

named as TS followed by the reactant and the product, where the hydrogenation steps are highlighted with the (H2) sign close to the barrier. (B), (K), (E) and (L)
could have more than one conformer. *Morse potential of the barrierless elementary reaction step JK. **Double Morse potential of the barrierless elementary
reaction step HI.

Fig. 4. Total energy change ( E∆ tot) of the two types of barrierless reactions (JK) (Morse potential, hydration) and (HI) (Double Morse potential, protonation).
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times higher.
The two preferred pathways of CO2 conversion to methanol in gas

phase and aqueous phase have been compared (Table 3). It has to be
emphasized that the aqueous phase pathway involves some ionic and
barrierless reactions, while the gas phase pathway doesn’t. In the best
aqueous phase pathway, there is only one energy barrier higher than

300 kJ/mol ΔGTS_LE
o = 355.52 kJ/mol, unlike in the case of gas phase,

all the barriers are> 300 kJ/mol. The rate of the recovered energy
from what has to be invested in the uncatalyzed methanol formation
from CO2 hydrogenation in gas phase and aqueous phase has also been
provided, and in the case of the aqueous phase mechanism the effi-
ciency is 27.1%, which is almost two times higher than in the gas phase.

4. Conclusion

The conversion of CO2 to methanol is a rather complicated multi-
step process. A newly developed mechanism has been envisaged and
studied. The pathways included into the mechanism can be divided into
two categories, one of them involves the hydrogenation of a double
bond and the other involves either water addition or subtraction, hy-
drogen shift or protonation. The former steps require high, while the
latter require moderate activation energy.

The best pathway for the CO2 - methanol conversion in aqueous
phase involves 8 intermediates, 7 reaction steps, where 4 have a tran-
sition state and 3 are barrierless. The highest energy barrier
(ΔGTS_LE

o = 355.52 kJ/mol) corresponds to (TSLE) which is a hydro-
genation. The energy storage is possible only through an exothermic
reaction, and the only stable possible product of the proposed system is
methanol which gives an efficiency equal to =η 27.1% in aqueous
phase, which is almost two times better than the previously studied gas
phase mechanism (η = 14.4%). By understanding the mechanism,
special purpose catalysts can be designed to decrease the energy barrier
and increasing the efficiency of the reaction.
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Fig. 5. Total energy change ( E∆ tot) of the (DE) reaction step (double Morse
potential).

Table 2

Thermodynamic properties (ΔHr
o, ΔGr

o in kJ/mol and S in J/mol*K) of the
studied carbon dioxide – methanol conversion reaction mechanism have been
calculated at the W1U level of theory. The transition states of each elementary
reaction steps are named as TS followed with the letter of the reactant and then
the product (e.g. TSAB). The barrierless reactions are noted by giving a letter of
the reactant followed by the product (e.g. AJ). The most important structures of
the preferred pathway are highlighted in red.

Table 3

The comparison of the preferred carbon dioxide-methanol conversion pathways
in gas and aqueous phase.

Gas phase [19] Aqueous phase

Barrierless reactions No Yes
Ionic reactions No Yes
Number of barriers> 300 kJ/mol All (4) Only one
Highest energy barrier (kJ/mol) 400.66 355.52
Efficiency (η) 14.4% 27.1%
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