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KEYWORDS Abstract Converting carbon dioxide to fine chemicals such as methanol using electrolytic hydro-
Carbon dioxide hydrogena- gen could be an efficient way of renewable energy storage. The conversion of CO, to methanol is a
tion; rather complicated multistep process which is usually performed catalytically in gas phase. How-
Climate change; ever, the aqueous phase conversion of CO, is also feasible in certain conditions. Thus, a
Computational study; catalyzed-like water enhanced mechanism of CO, hydrogenation to methanol has been designed
Energy storage and studied by using the highly accurate W1U composite method. The initial reactant mixture

was CO, + 6H" + 8H,O + H;0 ", where the hydrogen atoms are added one-by-one to mimic
the catalytic effect of a metal surface. The presence of water and H;O ™ further enhance the reaction
by lowering the reaction barriers. By computing the thermodynamic properties of the reaction
mechanism, it was found that the highest relative energy barrier in the most preferred pathway is
212.67 kJ/mol. By taking this into account, the energy efficiency of the pathway has been calculated

and it was found to be equal to 92.5%.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction causing global warming and the acidification of the oceans
(Gattuso and Hansson, 2011). These detrimental effects of car-
bon dioxide (CO,) release force more and more researchers to
work on environmental protection (Vo et al., 2019). Most of
the proposed solutions aiming to decrease the CO, emissions

* Corresponding author at: Institute of Chemistry, University of till now are not definitive, and are based mainly on Carbon

The continuously increasing CO, emissions since the industrial
revolution (Chandler, 2018) can be one of the major factors
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added value products (Islam et al., 2018). Even at ideal condi-
tions, CO, transformation reactions will consume a certain
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resources, the process can be considered as an energy storage
solution as well. Thus, another problem can be solved which
is related to the non-stable production and consumption of
renewable energy (Banerjee et al., 2019; Weitemeyer et al.,
2015). By chemically converting carbon dioxide into different
molecules such as methanol or methane, the applied energy
is transformed and stored in chemical bonds (Castellani
et al., 2017; Leonzio, 2018). Due to their high energy content,
methanol and methane are the most attractive compounds to
achieve from CO,. They can also be used as feedstock for other
chemical processes to produce more complex compounds
(Centi et al., 2013; Hu and Daasbjerg, 2019). The necessary
hydrogen can be obtained by the electrolysis of water using
renewable energy (Steinlechner and Junge, 2018) or other
sources such as the steam reforming of natural gas (Xia
et al., 2019). Carbon dioxide can be collected from where it
is usually released, namely the industrial or biochemical pro-
cesses (Pain et al., 2019). All in all, this can contribute to the
decrease of CO, emission (Olah et al., 2006) and it can solve
the energy storage problems of renewable processes. In the last
decades, CO, hydrogenation to methanol has been a subject of
interest, and a large variety of solid catalysts have been
designed and tested (Sheldon, 2017). Better understanding of
the reduction mechanism (Hus et al., 2017) could give us a
chance to design more efficient catalysts. To achieve this, first,
the uncatalyzed CO, hydrogenation has been studied in gas
and aqueous phase and the mechanisms have been compared
(Hadjadj et al., 2020, 2019). It was found that the aqueous
phase process is more feasible, but the hydrogenations were
the rate limiting steps, and the energy barriers of these reac-
tions are higher than the rest of the elementary steps. The chal-
lenge would be then to find alternative reactions to reduce the
hydrogenation barriers. This can be done by imitating the role
of catalysts which are able to adsorb and break the hydrogen
molecules into atoms. The possibility of bond dissociation
occurring in the adsorption process of the H, molecule on
the surface of catalysts is discussed in several works in the lit-
erature (Panczyk et al., 2005; Righi et al., 2019; Yang et al.,
2010). In this way, hydrogen atoms would be ready to react
at the surface of the catalyst. Thus, to mimic this process, in
the current study, hydrogen addition reaction steps have been
replaced with atomic hydrogenations (H®). Thereby, new
insights can be achieved into the catalytic CO, conversion
which can be applicable in catalyst design and development.

2. Computational methods

The reactant mixture is (CO, + 6H'+H,O + H;0 ") which
has been selected as a derivative of the ones chosen in a previ-
ously studied uncatalyzed mechanism (Hadjadj et al., 2020),
where we have substituted the hydrogen molecules by hydro-
gen atoms, but the total number of electrons and atoms are
kept the same. The thermodynamic properties of the studied
species have been computed using the Gaussian 09 program
package (Frisch et al., 2019). The B3LYP density functional
theory (DFT) method (Kim and Jordan, 1994; Stephens
et al., 1994) in combination with the 6-31G(d) basis set
(Ditchfield et al., 1971) have been used to get a first approxi-
mation of the structures. Then, all of these have been recalcu-
lated by using the highly accurate WI1U (Unrestricted
Weizmann-1) composite method (Barnes et al., 2009; Martin

and de Oliveira, 1999; Parthiban and Martin, 2001) to improve
the accuracy of the results. To verify the selection of W1U, cal-
culations of elementary reaction steps of a simple mechanism
which is similar to the studied system have been carried out
(Hadjadj et al., 2020). The results have been compared to
experimental values available in the literature by using the heat
of formations of the species. The highest absolute deviation
between the computed and the experimental results is small
(4.30 kJ/mol) and thus, W1U is an excellent choice for the cal-
culations. IRC (Internal Reaction Coordinates) calculations
(Deng et al., 1993) have been carried out to verify that the
transition states are located between the corresponding min-
ima. Relaxed energy scans have been carried out to verify
the barrierless reactions. In one case, a rigid energy scan was
performed, by freezing an inter atomic angle to avoid some
undesirable interactions. Since an aqueous phase process is
envisaged, solvent effects have also been mimicked by using
the conductor-like polarizable continuum model (CPCM)
(Barone and Cossi, 1998; Cossi et al., 2003). This model mim-
ics a homogeneous polarizable medium where the solute is
encapsulated in a cavity, which will provoke a change in the
continuous dielectric field of the solvent, and this defines the
solvation potential.

It has to be pointed out that all the calculations have been
carried out under standard conditions. The increase in temper-
ature will lift the system to a higher energy level which will
increase the probability of reaction occurrence (Key, 2014).

3. Results and discussion

A special catalyzed-like CO, hydrogenation mechanism to
achieve methanol is envisaged and studied. The catalytic effect
of a metal surface has been mimicked by considering hydrogen
atoms instead of hydrogen molecules as reaction partners
(Fig. 1). The presence of water (and H30 ") further enhances
the reaction by lowering reaction barriers and thus, behave like
additional catalyst even though its effect is modest rather than
dramatic.

As a first step CO; (A) can either be protonated or hydrated
and thus, (J) or (B) can be formed, respectively. To reach the
central element of the mechanism which is the protonated for-
mic acid (E), four pathways can be followed going through a
two-step atomic hydrogenation in each case:

(a) Hydration-hydrogenation route (ABB*CDE, Fig. 1,
blue): by the hydration of CO; (A), carbonic acid (B)
will be formed (three conformations are possible, the
one considered here is energetically higher by 3.14 kJ/mol
than the most stable conformer). After that, a sequence
of two atomic hydrogenations (TSgg- and B*C) have to
occur to produce methanetriol (C). Then, a water elim-
ination (TScp), leads to formic acid (D) and via a pro-
tonation step (E) is formed.

(b) Protonation-hydrogenation route (AJJ*E, Fig. 1,
brown): this route consists of three elementary steps
which connects CO, with the desired protonated formic
acid (E) intermediate. A protonation (AJ) followed by
two atomic hydrogenations (TSyy«, J*E) will lead to
(E). It has to be noted that this route is a part of the pre-
ferred pathway of the mechanism (the reason will be dis-
cussed later).
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Reaction pathways of the envisaged CO, — methanol conversion mechanism using atomic hydrogenations. Letters are assigned to

every structure, and each transition state is named as TS followed with the letter referring to the reactant and then the product (e.g. TSag),

respectively. The + H- refers to a hydrogen atom addition.

(c) Hydration-protonation route (ABLL,*L,*E, Fig. 1,
red): this route is diverted from the hydration-
hydrogenation route (blue) after (B) is formed. The pro-
tonation of carbonic acid (B) can lead to (L). Then, the
first atomic hydrogenation occurs (TSyy i+). After that, a
water subtraction (L;*L,*) followed by the second
atomic hydrogenation (L,*E) leads to the protonated
formic acid (E).
Protonation-hydrogenation/hydration-protonation
route (A[B/JJKLL*L,*E, Fig. 1, green): this route starts
with either a protonation (AJ) which is followed by a
hydration (JK) or with a hydration (TS,g) which is fol-
lowed by a protonation (BK) to reach protonated car-
bonic acid (K). Then, (L) can be formed via a
hydrogen shift (KL), which will put this to the track of
the red (hydration-protonation) route. From here, (E)
can be achieved through the reactions (TSpy;x,
Li*L,*, L,*E) as in the case of the hydration-
protonation route.

(d)

All the routes lead to the formation of (E), protonated for-
mic acid. After that, another two atomic hydrogenations
(TSgg+ and E*F) will occur and (F) will be formed. Then, a
water elimination will lead to (G), which is protonated
formaldehyde. From here, there are two possible ways to reach
(H), and in both cases, the first step would be the formation of
(G1%). The shortest way to reach (H) is a direct hydrogen atom
addition (G1*H). The other way will include the formation of
(G2*) through a hydrogen shift (TSg1=g2+), and then, through
a hydrogen atom addition (G2*H) the desired intermediate (H)
will be reached. As a final step, a water mediated proton
release (HI) will lead to the formation of methanol (I) and a

hydronium ion. The relative thermodynamic properties of
the individual steps have been computed as e.g. AG; - G(x)-
— G, Wwhere G(x) and G, are the Gibbs free energy of struc-
ture X and the reference, respectively (Fig. 2 and Table 1). The
(CO, + 6H" + H,0 + H;07) are considered as the reference
throughout the reaction.

The mechanism can be divided into two sections: [A-E] and
[E-I] (Fig. 2). In the section [A-E] the conversion of CO; (A) to
protonated formic acid (E) could occur through several differ-
ent pathways. All the routes start (or can start, Fig. 1) with a
hydration of CO, (A) to get carbonic acid (B) except the
protonation-hydrogenation (hrown) pathway. This goes directly
from CO; (A) through a protonation followed by two atomic
hydrogenations to the protonated formic acid (E) with one sin-
gle barrier (AGtg,, = 212.67 kJ/mol). It is the lowest relative
energy barrier in the [A-E] section, and this makes it the pre-
ferred pathway. Thus, the overall preferred pathway would
be then: [A-TSpj-J-TSyy+ -J*-E-TSgg+ -E*-F-G-TSgg1+ -
G1*-H-1|.

Through the hydration-hydrogenation (Fig. 2, blue) pathway
(E) could be reached within 5 reaction steps. The highest rela-
tive barrier height here is 237.28 kJ/mol which corresponds to
(TSag)- There are two other transition states which are more
preferred, and their relative Gibbs free energies are signifi-
cantly lower (TSggp+, AGig,., = 156.97 kJ/mol and TScp,
AGTs,., —151.49 kJ/mol). This pathway also involves an
immediate hydrogen atom addition (B*C) and a barrierless
reaction with an intermediate (Mpg) having the lowest relative
energy value (AG), = —406.09 kJ/mol) in the [A-E] section.

Protonated formic acid (E) can also be reached through 5
reaction steps within the hydration-protonation (Fig. 2, red)
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Fig. 2 Gibbs free energy change (AG,, kJ/mol) of the catalyzed-like conversion of CO, to methanol calculated at the W1U level of
theory. The transition states are named as TS followed by the reactant and the product (e.g. TS,g), and the atomic hydrogenation steps
are highlighted with (+ H"). The complexes involved in double Morse potentials are noted by M followed by the letter of the reactant and

then the product (e.g. Myy), respectively.

pathway. The first step is the same as before (TS,g), which is
followed by a barrierless processes which includes an interme-
diate (Mgr). Then, two atomic hydrogenations occur, with a
barrierless water removal reaction in between (L;{*L,*). The
first atomic hydrogenation goes through (TSppi+)
(AGtg . = 216.31 kJ/mol), while the second (L*E) is a barri-
erless step. It is possible to link the protonation-hydrogenation
(brown) and hydration-protonation (red) pathways through a
hydration (JK) followed by a hydrogen shift (TSkg,
AGrg, . = 256.78 kJ/mol) which has the highest relative energy
among all the routes. This TS is a part of the green reaction
channel as well.

The [E-]I] is one single route where (E) will be converted to
methanol (I) after 6 consecutive reaction steps or 7 if the side
reaction between (G1*) and (G2¥) is considered. The relative
Gibbs free energy difference between these two molecules
(AAG?GZ*-GI*)) is 40 kJ/mol, but since TSgg1+> TSg1+ga+ a
preferred side reaction route cannot be chosen as both pro-
cesses could occur.

It has to be mentioned that in some cases several conform-
ers can be formed, and several transition states leading to these
conformers are possible. In each case, the most appropriate
conformer has been chosen and included into the discussion.
Among all the consecutive hydrogen atom additions, the sec-
ond step is always a barrierless radical recombination reaction
(Morse potential). Therefore, the second hydrogen atom in
each case, is attached to the rest of the molecule without any
additional energy needed (Fig. 3). There are six barrierless
atomic hydrogenation steps (radical recombination), (B*C),

(L;*E), J*E), (E*F), (G1*H) and (G2*H). There were also
barrierless water addition/subtraction reactions such as (JK),
(L1*L,*) and (FG). The association of two Morse potentials
is another barrierless reaction type involved in the discussed
mechanism (Fig. 2). It goes through a minimum, a molecular
complex such as (Myy), (Mk), (MpL), (Mpg) and (Mpuy)
instead of going through a transition state. These reactions
are always protonations and thus, the intermediate molecular
complexes are always formed by the starting structure and
an oxonium ion (H;O ). To show the energetic properties of
these barrierless reaction steps, (E*F) have been examined in
detail (Fig. 3) and the corresponding total energy change has
been computed.

The total energy decreases from the reactant’s energy level
(E*) directly to the energy level of the product (F) without
going through a barrier. The energy level of the product has
been considered as a reference for the calculation of the total
energy change.

After choosing 200 kJ/mol as an arbitrary reference for
high energy structures, four transition states have been found
which are above this limit, AG%SAB 237.28 kJ/mol,
AGtg,,. = 21631 kJ/mol, AGTs . = 212.67 kJ/mol and
AGtg,, = 256.78 kl/mol (Table 1). The corresponding reac-
tion steps are a hydration (TS,g, water molecule addition),
two atomic hydrogenations (H atom addition, TSy« and
TS;;+) and a hydrogen atom shift (TSky).

It is possible to calculate the energy storage efficiency (1) of
the preferred pathway (Protonation-hydrogenation, brown) as
follows:
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Table 1 Thermodynamic properties (AH;, AG; in kJ/mol and S in J/mol*K) of the studied catalyzed-like water enhanced carbon
dioxide — methanol conversion reaction 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. TSap). The complexes formed during barrierless
reactions corresponds to double Morse potentials are noted as M followed by the letter of the reactant and then the product (e.g. M y).
The species labelled with an (*) and highlighted in bold are involved in the atomic hydrogenations.

Species AHY AGy S
kJ/mol J/mol*K
A CO, 0.00 0.00 0.00
B H,CO; 23.96 63.41 —132.32
B* H,CO5-H —1.01 65.48 —223.01
C HC(OH); —408.42 —306.14 —343.05
D HCOOH —434.26 —376.27 —194.51
E HCOOH, —441.03 —379.69 —205.74
Ly* HCOOH "-H,0 26.50 92.01 —219.70
Ly* HOCOH * 54.20 79.77 —85.74
J HCO; 166.11 162.31 12.74
J* HCO; -H 77.18 102.99 —86.54
E* HCOOH; -H —458.97 —370.40 —297.07
F H,0-H,COH " —901.29 =777.71 —414.51
G H,COH™* —847.90 —767.68 —269.07
G1* H,COH "-H —957.84 —849.56 —363.18
G2* H3COH* —918.46 —809.17 —366.58
H H;COH, —1411.50 —1267.97 —481.40
1 H;COH —1386.75 —1245.43 —473.98
k H;CO; 98.83 138.67 —133.64
L C(OH); 7.97 50.75 —143.48
TSag A —> B 197.86 237.28 —132.23
TSgp* B —» B* 87.24 156.97 —233.89
TScp C->D —255.65 —151.49 —349.37
TSpL* L > L* 144.20 216.31 —241.86
TSys* J > J* 188.90 212.67 —79.70
TSgge* E —» E* —412.56 —321.32 —306.03
TSge1* G - Gl* —780.73 —670.72 —369.00
TSc1*G2* Gl1* - G2* —818.20 —707.39 —371.66
TSkL K—>L 213.66 256.78 —144.65
Mpk D-H;0" ~503.06 —406.09 ~325.24
Mg, B-H;0* ~49.12 28.49 ~260.30
M,y A-H;0" ~13.29 17.08 —101.89
M H-H;0 " —1472.85 —1292.99 —603.24
Mgk B- H;0* —9.17 65.54 ~250.56
|AH?|  |AH}c0n] Calculated BDEy, (436.56 kJ/mol) has been used in the
= AHT - AHqg , (1 correction, but it was also compared to the experimentally

This corresponds to the ratio of the stored enthalpy |AH‘r’|
(AH}3con = —1386.75 kJ/mol) and the invested enthalpy (the
relative enthalpy of the transition state with the highest relative
activation energy of the reaction path AHTS is equal
toAH g . = 188.90 kJ/mol). However, in this way, the theoret-
ical efficiency of methanol formation is 734.1%, which is not
possible, as the efficiency would be > 100%. Nevertheless,
in this case, the invested energy is not equal to the maximal
barrier height only. The energy demand to break three hydro-
gen-hydrogen bonds (Bond Dissociation Energy of Ho,
BDEy,) which will provide the 6 hydrogen atoms has to be
also taken in account to get the corrected efficiency (1corr) as
follows:

!AH;)-BCOH ‘

.= 2
leor = AHyg,. + 3 % BDE,, @

determined value and the difference is < 1 kJ/mol
(ABDEy, = 0.56 kJ/mol (Darwent, 1970)), which also verifies
the method selection. All in all, #,,,, was found to be equal to
92.5%.

The efficiency increased a lot compare to the uncatalyzed
gas phase (y = 14.4%)(Hadjadj et al., 2019) and aqueous
phase mechanisms (n = 27.1%)(Hadjadj et al., 2020). Even
though, the number of electrons and atoms were kept the same
compared to the previous water enhanced case (Hadjadj et al.,
2020), the difference in efficiency arises from the fact that
hydrogen molecules were part of the reactant mixture (CO, +-
H,O + H;0" +3H,) previously, while in the catalyzed-like
case, H atoms are considered (CO, + H,O + H; 0™ +6H).
It has to be mentioned that the presence of water (and
H;0 ") will enhance the reactions by lowering the reaction bar-
riers. Thus, it acts like a catalyst even though its effect is mod-
est rather than dramatic. The reactant mixture in the
catalyzed-like case is less stable compared to the previous sys-



R. Hadjadj et al.

AE,

tot

(kJ/mol)
450
400
350
300
250
200
150
100

50

0

Reaction coordinate

Fig. 3 Total energy change (AE,,) of the (E*F) barrierless
reaction step (Morse potential).

tem. However, if the reaction occurs at the surface of a metal
catalyst, the hydrogen atoms would be bonded to the catalyst
along with the rest of the molecules. Thus, the whole system
would be more stable, and the barriers could decrease even
more.

3.1. Comparison between the uncatalyzed and the catalyzed-like
water enhanced mechanisms

The pathway of the catalyzed-like CO» - methanol conversion
have been compared to the corresponding uncatalyzed reac-
tion (Hadjadj et al., 2020) (Table 2).

It has to be emphasized that the mechanisms do not have
the same initial reactant mixtures as it was mentioned above.
Both mechanisms involve barrierless and ionic reaction steps,
but hydrogen atom additions obviously occur only in the
catalyzed-like case. In the catalyzed-like pathway, there is only
one transition state with a relative barrier higher than 200 kJ/-
mol (AG%S”* = 212.67 kJ/mol). Unlike in the other case, where
all the barriers are above > 200 kJ/mol. In the case of the
uncatalyzed mechanism the efficiency is 27.1%, which is far

Table 2 Comparison of the preferred carbon dioxide-metha-
nol conversion pathways of the water enhanced and catalyzed-
like aqueous phase mechanisms.

Water enhanced
(Hadjadj et al., 2020)

CO, + 3H, + H,0 + CO, + 6H' +

Catalyzed-like

Reactant mixture

H;0" H,O + H;0™
Barrierless reactions  Yes Yes
Tonic reactions Yes Yes
Hydrogen atom No Yes
addition reactions
Highest relative 355.52 212.67
energy barrier
(kJ/mol)
Efficiency (17) 27.1% 92.5% *

*
n(corr)~

lower than what can be achieved with catalyzed-like mecha-
nism (92.5%).

4. Conclusion

The reduction of CO, to methanol in aqueous phase is a com-
plicated process and still a subject of mechanistic discussions.
In this work, a newly developed catalyzed-like mechanism
mimicking the role of a heterogeneous catalyst (breaking the
hydrogen bond) has been studied thermodynamically using
computational chemistry tools. The relative Gibbs free energy
change of the mechanism have been calculated and the pre-
ferred pathway have been compared to a previously studied
uncatalyzed aqueous phase mechanism.

After analyzing the catalyzed-like mechanism, further
improvement and a significant decrease of the energy barriers
was observed in the overall process and the corresponding
energy barriers are significantly lowered. In the preferred path-
way, the highest barrier is only 212.67 kJ/mol which is com-
pared to the uncatalyzed system almost 1.7 times smaller.
Furthermore, an enormous increase has been achieved in the
energy storage efficiency. The catalyzed-like mechanism is 3.4
times more efficient (92.5%) than the corresponding aqueous
phase uncatalyzed process (27.1%). The results are an impor-
tant step further to understand the carbon dioxide hydrogena-
tion and to design new catalyst with better performance.
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all the involved molecules and transition states.
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