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ARTICLE INFO ABSTRACT

Keywords: CO, hydrogenation to ethanol is an attractive strategy to mitigate greenhouse gas emissions while producing
CO; hydrogenation easily useful fuels. In this study, we perform a comprehensive ab initio multiscale study combining density
Ethanol

functional theory and a microkinetic batch reactor modelling to elucidate the mechanism of ethanol formation
via CO3 hydrogenation over a trinuclear Cu-ZSM-5 catalyst. Two different zeolite framework configurations (-Al-
Si-Al- and -Al-Si-Si-Al-) are systematically investigated to identify bi-substituted sites. Then, a stable trinuclear
Cu-ZSM-5 model is found by structural optimization and copper coordination analysis. Subsequent investigation
of the adsorption modes of reactive species reveals the complete reaction pathway, with the explicit determi-
nation of all listed elementary steps and associated energy barriers. By implementing these findings into a
coupled microkinetic framework, we establish 250°C as the optimal temperature for ethanol production.
Additionally, a stoichiometric Hy/CO ratio of 3:1 is identified as the most effective condition to enhance ethanol
synthesis. The derived results exhibit strong agreement with previous theoretical studies on analogous systems
and show remarkable agreement with experimental observations, conclusively confirming the superior catalytic
activity of trinuclear Cu-ZSM-5 in this reaction system.

Trinuclear Cu-ZSM-5
Microkinetic modeling
DFT

1. Introduction

The rapid pace of industrialization has greatly increased greenhouse
gas emissions from the burning of fossil fuels and other sources, pre-
senting a major challenge to human society. The most important
greenhouse gas, carbon dioxide (CO5), is still being emitted, which led to
extreme climate events around the whole world [1]. Reducing CO5
emissions and promoting sustainable development are urgent issues to
be resolved. Current strategies to reduce CO; levels in the atmosphere
mainly include carbon capture, utilization and storage [2]. Converting
CO;, into higher value chemicals such as hydrocarbons, alcohols, car-
bonates and oxygenated acid salts is being used to mitigate this problem
[3].

Recently, research has focused on the hydrogenation of CO for
synthesizing C; compounds, such as methanol, carbon monoxide, and
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methane [1]. On the other hand, a direct conversion of CO2 into Ca
compounds (e.g. ethanol, ethylene) remains a major challenge [4].
Ethanol [5] can be used as a fuel additive or fuel, solvent or platform
chemical. The pathway of ethanol production from CO, and H; involves
several steps and includes various intermediates, such as CHy, CO,
HCOOH, COOH, and CH,O [6]. A good catalyst for the production of Ca
compounds must enable CO, adsorption and activation, C-C bond for-
mation, and hydrogenation. Achieving high yields and selectivity re-
mains particularly challenging.

Copper (Cu)-based catalysts have garnered much attention due to
their high activity in CO» hydrogenation and C-C bond formation [7].
Their modifications, such as the introduction of alkali or transition
metals, can improve their performance further but Cu remains the
foremost metal for C-C coupling [8]. Zeolites, however, possess struc-
tural properties that enhance catalytic performance, such high active
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surface and porosity [9], and the combination of Cu-based catalysts with
zeolites improves their performance. For instance, Ding et al. [10]
conducted density functional theory calculations to investigate the for-
mation of the surface methyl group and C-C bonds. In addition, the
combination of zeolite structures with copper oxide [11-13] and
metallic Cu surfaces [14,15] has also been studied.

Several methods for their synthesis exist, such as hydrothermal
synthesis [7,16], ion exchange [17] and others [12,18]. Existing
research has primarily focused on mononuclear and binuclear sites, as
well as oxygen-bridged copper-oxo clusters [19]. For instance, the
decomposition of NyO over the binuclear Cu active site on the sinusoidal
channel of Cu-ZSM-5 has been studied [20]. Furthermore, Cu-ZSM-5-n
zeolites possess both the monomeric and binuclear sites and are
capable of oxidizing methane to methanol [21]. Compared to binuclear
sites, trinuclear could offer several advantages, such as synergistic cat-
alytic effects, enhanced structural flexibility, improved thermodynamic
stability, and distinct geometric and electronic structures [22]. Trinu-
clear Cu-oxygen clusters have been successfully synthesized via
ion-exchange method in mordenite for selective methane oxidation re-
action [23]. Recent studies have also demonstrated the integration of
these clusters in CO5 photoreduction [24].

While systematic experimental and computational studies on trinu-
clear copper zeolites remain scarce, coordination environment analyses
[7]1 and anomalous active site identification [10] suggest their existence.
Recent advances in CO3 hydrogenation showcase the role of polynuclear
metal synergy for C-C coupling [25,26]. Trinuclear architectures were
confirmed by the experimental work of An et al. [7], who introduced a
third alkali metal atom in Cu-Zrjy-bpde-CuX (X =Li, Na, K, Rb, Cs),
which strongly affected the CO5 hydrogenation pathways.

Hence, our work is motivated by the disparity between the well-
established applications of trinuclear Cu-O clusters [27,28] and the
simplified models (e.g., slabs [29] or nanoparticle systems [30]) used in
computational studies. These, however, neglect effects inherent to zeo-
lites: confinement and the cooperativity of multinuclear active centers.
In our study, we systematically analyzed the porous structure of trinu-
clear Cu-ZSM-5. First, energy analysis was used to determine the Cu
substitution sites. Lowenstein’s rule [31] was applied to explore two
possible scenarios: the -Al-Si-Al- and -Al-Si-Si-Al- configurations, which
were used to identify the doubly substituted sites. After considering the
structural stability and the coordination of copper atoms, a trinuclear
structure was obtained. Subsequently, the adsorption of reactants, in-
termediates, and products was investigated to evaluate their roles in C-C
bond formation and C=0 bond cleavage using density functional theory
(DFT). The activation and reaction energies for all relevant elementary
steps were computed, which were then used in a microkinetic model. It
was used to simulate the reaction in various conditions, such as pressure,
reaction temperature, and reactant ratios. To assess the kinetic proper-
ties, the turnover frequency (TOF) was computed.

To the best of our knowledge, this is the first ab initio based multi-
scale model of COy hydrogenation to ethanol on zeolite catalysts. It
provides theoretical understanding of the reaction and provides guid-
ance for its practical applications, while at the same time it serves as
proof of concept of ab initio multiscale models.

2. Computational methodology
2.1. DFT calculations

All calculations of the periodic density function theory calculations
performed with the Grid-based Projector Augmented Wave (GPAW)
program [32,33] which is based on the Atomic Simulation Environment
(ASE) [34]. The Generalized-Gradient Approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correction functional was
used [35]. During the structure optimization and transition state cal-
culations, the electronic density was set to be converged with a
threshold value of 1075 eV and the structure was considered optimized
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when the forces at each atom dropped below 0.03 eV A~L. Dispersion
corrections were accounted for using Grimme’s DFT-D3 method [36].

PBE-D3 was chosen as a compromise between the computational cost
and chemical accuracy due to a relatively large periodic system, con-
sisting of approximately 300 atoms. It is, however, known to over-
estimate adsorption strength in some instances [37] of smaller cluster
(non-periodic) models with fewer atoms.

The energy cutoff for the wave function was set at 520 eV as deter-
mined by preliminary convergence tests. The unit cell was sampled
using a1 x 1 x 1 k-point mesh due to the size of the unit cell. Opti-
mizations were performed using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm [38]. The nudged elastic band (NEB) [39] was
employed to identify the transition states (TS), which were further
verified with the vibrational analysis to ensure that they contain only
one imaginary frequency. During the optimization of the Cu-ZSM-5
model, the electron vacancy created by the substitution of aluminum
for silicon is compensated by the introduction of copper, forming a
stable active site [40]. All optimized structures were visualized using the
VESTA software (Visualization for Electronic and Structure Analysis)
[41].

To determine the adsorption energies, the following formula was
used:

AEad.s = Ead.sorbed - Ecatalyst - Especies
where Eggs0rbed Fepresents the total energy of the system when the species
is adsorbed onto the active site, Ecqqys is the total energy of the clean
catalyst, free from any adsorbed species and Eg,ci.s means the total en-
ergy of the isolated species in its most stable form.

The forward activation energy (Eqfvq) and reaction energy (AE) for
each elementary step were determined as follows:

Ea.fwd = ETS - Ereactant

AE =

Eproduct - Ereactant

In these equations, Ers represents the relative energy of transition
state, while Ejeqcqne indicates the relative energy of reactant, and Ejroduct
denotes the relative energy of product.

To evaluate the stability of the reaction intermediates, we compared
the changes in the Gibbs free energy [42], which included the vibra-
tional contribution for the adsorbed species and the vibrational, rota-
tional and translational contributions for gaseous species (see below).

Gafwd = GTS - Greactant
AG = Gpraduct - Greactant
Grev = GTS - Gproduct

Here, Grs is the Gibbs free energy of the transition state, Gregctane
represents the Gibbs free energy of the reactant, and Gpoqu.: refers to the
Gibbs free energy of the product. AG indicates the Gibbs free energy
difference between the product and the reactant. The rate constants of
the activated conversion of adsorbed reactant are determined using the
conventional transition-state theory (TST) [43]. In TST, the Gibbs free
energies of both the adsorbates and the transition state at a given tem-
perature are evaluated based on the harmonic approximation, which
allows for the calculation of Gibbs free energy, as follows:

where Z and Z represent the partition function for the initial state and
the transition state, kg is the Boltzmann constant, T is the temperature,
and h is Planck’s constant. Partition functions of reactants, transition
and products were calculated, taking into account zero-point energy
corrections as well as translational, vibrational and rotational motion
[44]. These were then used to calculate the enthalpy, entropy and Gibbs
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free energy of species, the reaction rate of surface reaction can be
expressed by:

AG
kfwd = kBT*T x e kgxT

While the reaction rates for reverse reactions k., follow from the
equilibrium constants (K) [45]:

k _AG
K= M _ ¢kt
krev
The reverse reaction rate is computed analogously:
kg*T _Gro
krev = T x e ksxT

The calculations were performed across a temperature range of
200-650 °C.

For adsorption reactions, the adsorption is a function of pressure and
temperature and is generally non-activated (except for dissociative
adsorption of hydrogen):

Dx *S
V2sxmxM,yxkg*T

P, is the partial pressure of species X , S means the surface area of the
active site (estimated as 0.1 nmz), M, is the mass of the molecule of
species X. The reverse reaction represents desorption, which entails an
activation barrier, and is computed as:

kads =

E,
xT ads
’L « eks+T

kdes =

2.2. Microkinetic modelling

To evaluate the DFT data in a realistic scenario, a microkinetic batch
reactor model was developed, incorporating all the relevant elementary
steps to explore the effects of varying reaction conditions and to predict
the kinetics of CO5 hydrogenation to ethanol. The model considered an
ethanol synthesis scheme featuring distinct adsorbate species, gaseous
phase reactants and (by-)products, and accounted for the potential by-
products, such as methanol. It encompassed all reaction pathways as
determined by DFT without assuming a rate-determining step. The rates
for surface reactions (kgyq, krey) and adsorption/desorption reactions
(Kads, kqes) were directly derived from DFT calculations and the transi-
tion state theory without resorting to phenomenological fitting of
experimental data. To enhance the model stability and reduce compu-
tational times, fast reaction rates were scaled accordingly (stiffness
scaling).

In the microkinetic model, the following surface species are consid-
ered: COy, Hy, H, CO, O, OH, CH3 (Methyl), t-COOH, c-COOH, HCO
(Formyl), HoCO (Formaldehyde), H3CO (Methoxy), CH3CO (Acetyl),
CH3CHO (Acetaldehyde), CH3CH0O (Ethoxy), CH3CH2OH (Ethanol),
H20 CH30H (Methanol). The initial values of the gas composition were
varied depending on the concentration range investigated, while no
species were bound to the catalyst’s surface. As active sites must be
either free or covered by an intermediate, the site balance equation must
be obeyed:

Oy + 0(702 + 9[{2 + Ocot+ Got+ Oou+ 0CH3 + chooH
+  Occoon +  Onco +0mco+  Omeco+ Ocucot+  Ocuicro
+  Ocuyen,0o+  Ocnyemon + Omo +O0con + Oempy = 1 = Ol
where 6 denotes the coverage of a species, Oz, represent the fraction of
free active sites, and the total coverage is always equal to 1. The Cu
cluster, where the intermediates adsorb, is considered an active site. For
thermodynamic consistency, lateral interactions due to co-adsorption
are compensated for in the reaction energies, but their effects are
included in the calculation of the activation barriers.

There are 18 surface reactions and 5 adsorption reactions included in
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the microkinetic model. All the elementary steps and corresponding rate
equations are listed in Table 1. In Table 1, p is the partial pressure of the
component in the bulk. To reconcile the different units of measurement
of gaseous and adsorbed species, the scaling factor of available surface
sites must be supplied and used for the former:

NRT
Vsys

f=

where N is the number of moles of the active sites on the catalyst and
was set as 0.01 mol. R is the universal gas constant, T is the reaction
temperature and Vjy, is the volume of the system (99 mL). The molar
balances of all the surface reactions and adsorption reactions are shown
in Supporting information.

To replicate these conditions and align with kinetic modeling sim-
ulations, our model utilized a batch reactor framework. Simulation pa-
rameters were selected to reflect typical experimental setups. The
system’s behavior was simulated using the SciPy package in Python,
employing the LSODA method for its capacity to efficiently manage both
stiff and non-stiff systems dynamically.

TOF is defined as the number of catalytic cycles or reactions that take
place at each active site per unit of time. For example, the TOF of ethanol
can be precisely calculated in theoretical models using the following
formula:

TOF, ethanol = T13

It should be noted that the reversible reaction is considered in our
model. The maximum value of TOF was used to plot the Arrhenius
equation, which is typically used to analyze the temperature depen-
dence of reaction rates, the apparent activation energy can be conducted
according to Arrhenius equation:

7Eapprant l
“R (T) +1ogA

where TOF represents the turnover frequency as a measurement of the
reaction rate. The slope of Arrhenius plot represents the apparent acti-
vation energy (Egpparens) Which provides insight into the temperature
dependence of the reaction. However, the activation energy alone does
not fully determine the reaction rate, the pre-exponential factor (A) also
plays a critical role. Furthermore, different reactions (for instance
forming methanol or ethanol) can and usually do reach peak TOF values
at different times and cannot be easily compared. Thus, maximum TOF
is not a direct measure of the overall selectivity of conversion.
The conversion of reactant is calculated as below:

logTOF =

final moles of reactant

Conversion of reactant =1 — —
initial moles of reactant

The selectivity of product from reactant is calculated by:

moles of desired product
moles of reactant consumed

Selectivity of product =

2.3. The zeolite model

The original structure is available for download from the Interna-
tional Zeolite Association (IZA) database [46]. ZSM-5 was selected due
to its distinct framework, with a basic unit cell containing 96 Si atoms
and 192 O atoms, distributed across 12 crystallographic distinct T sites
(T atoms refers to tetrahedrally coordinated Si) and promising catalytic
properties [30,47]. In our optimized model (shown in Fig. 1), the lattice
parameters of ZSM-5 are (see Table S1): a =19.68 A, b=19.32 A, and c
=12.88 A, with angles close to 90°. The structure belongs to the
orthorhombic crystal system, with a space group of Pnma. The 3D
framework consists of straight ten-membered rings (10-MRs) and
intersecting 5/6-MRs voids, forming sinusoidal channels. These chan-
nels, parallel to the [010] zone axis, corresponding to atomic-resolution
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Table 1
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Elementary steps and rate equations considered in the Microkinetic Model. Where X (g) denotes a gas component, X* the adsorbed species. All the reactions are

considered to be reversible and first order.

Step Elementary Reaction Rate Equation
Surface Reactions R1 CO; + H* = t—COOH" + x r1 = klgg x Oco, * Oy — klrey * tcoon * Ompry
R2 t- COOH* = c¢— COOH' T2 = k2fd % Oy — K2rev % Ocgoon
R3 c— COOH* + * = CO* + OH* 3 = k3fyd * Occoors * OEmpty — k3rey * Oco * Oon
R4 CO; + = = CO" + O 14 = k4fva * Oco, * Opmpty — k4rev * Oco * Oo
R5 CO* + H* = HCO* + * rs = kSfya * Oco * O — kSrey * Opco * Opmpry
R6 HCO" + H* = HCO" + * e = kbfva * Orco * On — kbrey * Om,co * Opmpry
R7 H,CO* + H* = H3CO* + r7 = k7fwd * Or,co * O — K7rey * Opyc0 * OEmpry
RS H;CO' + + = HsC' + O' rs = k8gua * O11,c0 * Ompty — KBrey * Oca, * 0o
R9 H3C* + CO* = CH3CO* + * r9 = k9va * Oco * Ocr, — kOrev * Ocryco * Ormpty
R10 H3;C* + HCO®* = CH3CHO* + * ro = klOfwd * Orco * Oct, — k10rey * Ochycro * Ompty
R11 CH;CO* + H* = CH3CHO" + ri1 = k11 * Occo * On — k11rey * Och,cro * Osmpry
R12 CHyCHO" + H' = CHsCHyO" + + P12 = k124 * Ocir,cro * O — k12520 % Ocrrycrt,0 * Ormpry
R13 CH3CH,0* + H* = CH3CH,OH" + * r13 = k13,4 * Ocrscr,0 * O — k13rey * Octcr,om * Oempry
R14 OH' + H* = H,0" + = r14 = k14,0 * Oon * O — k14rey * 0,0 * Opmpry
R15 Hy* + = =H* + H* r1s = k15 * Opmpry * O, — k15pey * O + Oy
R16 O+ H = OH + x re = klﬁfwd %00 * Oy — k16pey * Oop * OEmpry
R17 H3CO* + H* = CH30H" + = ry = k17fwd * Oy00 * O — K171y * Ocuyom * OEmpty
R18 CH3;0H* + * = CH3" + OH' 18 = k18fya * Ocrson * Opmpty — k18rey * Oci, * Oon
Adsorption Reactions RO1 CO, (9 + = = CO} ror = kOLags * Opmpty * Op_,, — kOLges * Oco,
R0O2 Hy (g+ = H, o2 = k02ugs * Opmpty * Op.,, — kO02qes * O,
RO3 CH3CH,OH* = CH3CH;0H(g) + * ro3 = kO3ags * Och,cr,orr — kO3des * Opmpty * Op chscH,0H
RO4 Hy0'= H0(g) + * ros = k044gs * Om0 — kO4es * Opmpty * Op 1,0
RO5 CH;0H" = CH30H(g) + = ros = kO5ugs * Ocryon — kO54es * Ompy * Op_crson
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Fig. 1. Schematic structure of the optimized trinuclear Cu-ZSM-5 crys-
tal structure.

images of pure ZSM-5 zeolite along this axis [48]. Such structural
characteristics are crucial in determining ZSM-5’s catalytic behavior and
selectivity.

5- and 6-MRs are often discussed as ways to introduce Cu into the
ZSM-5 structure. In our case, we choose the 10-MR ring because it is
accessible for the molecular size of both the reactant and the product.
For the reactions involving small molecules, 5- and 6-MRs have also
been investigated before [49,50], but 10-MR is also investigated [51].
For reactions involving large molecules, such as methanol, the 10-MR
rings have been reported more favorable [21,30,52]. Since the T1-T12
sites in ZSM-5 are located in different ring structures, some sites are
linked to straight channels and some are linked to adjacent sinusoidal
channels. For example, T1 in the sinusoidal channel belongs to f-6MR
and 5MR, T9 located in the sinusoidal channel belongs to y-6MR, T8 are
included in both B-6MR and 8-5MR [53]. The location of the T site
prompted us to favor the -Al-Si-Al- and -Al-Si-Si-Al- configurations
within the 10-MR over more complex configurations (e.g., -Al-Si-Si--
Si-Al-, -Al-Si-Si-Si-Si-Al-) due to computational constraints. Once the
binuclear system was established, a third metal atom was added.

3. Results
3.1. Active site

To model the active site, the substitution sites were selected ac-
cording to Lowenstein’s rule [31], which states that Al-O-Al bond for-
mation is forbidden. In our work, we primarily determined to introduce
two Cu atoms as active sites and calculated the possible replacement
sites based on our configurations these substitution energies correspond
to Dai’s work [21]. For single substitutions, as shown in Fig. S1, the T11
site exhibits the lowest energy configuration, indicating its potential as
the most stable and effective catalytic site. In this case, however, a single
Cu-based catalyst has the limitation of hydrogenation ability and weak
carbon-chain extension ability in the synthesis of C5.. On account of the
specific function of Cu-based catalysts for alcohols production, an
approximate amount of Cu atoms was impregnated and used as catalysts
to produce Cy products, including the formations of alcohols [5]. For
the double substitution cases, two scenarios were explored: the -Al-Si-Al-
pattern and the -Al-Si-Si-Al- configuration. As illustrated in Fig. S2,
within the -Al-Si-Al- pattern, the T3T11 site combination demonstrated
the lowest energy, implying great stability and catalytic potential. In the
case of -Al-Si-Si-Al- configurations, the T2T11 combination emerged as
the most energetically favorable, as depicted in Fig. S3.

Apart from the energy considerations, the spacing between active
sites plays a crucial role in influencing the adsorption of reactants and
the reaction pathways. It has been reported that the minimum distance
between two adjacent active centers is only 2.7 A [7]. To enhance the
coordination of the dimeric Cu species, it is crucial to maximize the
number of the Al pairs in the zeolite that exhibit the optimal Al-Al dis-
tance [54]. Considering these spatial constraints, we explored alterna-
tive configurations. Both the substitution energy and the distance
between copper active site were simultaneously evaluated and shown in
Table 2. Five possible configurations for the double substitution were
selected for further investigation, leading to the introduction of a third
atom to catalyze the final formation of chain growth, as demonstrated in
Fig. 2.

Our calculations revealed that the T3T5T7 configuration, which in-
corporates an additional atom following the double substitution results,
emerges as the most stable structure. This arrangement strikes a balance
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Table 2

Relative energy of various doubly substituted T sites and distances between the
active sites, reported relative to the substitution energy for T2T6.

-Al-Si- Energy Distance -Al-Si-Si- Energy Distance
Al- (eV) @A) Al- (eV) &)
TI1T3 —-0.73 3.48 T1T12 —-0.23 3.16
T1T6 — 0.52 2.49 T1T9 — 0.56 2.58
T2T12 —0.26 2.42 T2T11 —-0.71 2.48
T2T5 — 0.42 2.48 T2T6 0 3.86
T3T11 —1.33 2.58 T3T7 — 0.69 3.50
T7T12 —0.53 2.60 T3T5 —0.42 4.12
T8T11 — 0.86 2.57 T8T12 — 0.48 4.09
T7T9 — 0.69 2.41 T9T11 —0.48 4.41
T6T8 —-0.21 2.76 T6T7 —0.01 3.90
TST9 — 0.60 2.54 TST8 —0.42 2.63

between the stability and optimal spacing for efficient adsorption and
reaction pathways. Table S2 presents the distances between copper
active site and aluminum atoms, along with the corresponding energy
for each configuration. Considering the energy and coordination of the
copper active site, the T3T5T7 trinuclear Cu-ZSM-5 configuration is
established as both energetically feasible and catalytically active.

3.2. Adsorption

Adsorption of all species involved in the reaction was studied. Fig. 3
presents the optimized geometric parameters, adsorption distances and
binding energies of the reaction intermediates in their most stable
configurations on the trinuclear Cu-ZSM-5 zeolite structure. The atomic
coordinates for the optimized trinuclear Cu-ZSM-5 and COj, Ha,
CH3CH,OH and H-,O adsorbed in trinuclear Cu-ZSM-5 are listed in
Tables S3-57. All these adsorption energies are negative, consistent with
fundamental thermodynamic principles. For adsorption to be sponta-
neous, however, it must also exhibit negative Gibbs free energy [55].
When the molecules lose degrees of freedom during the adsorption
process, the entropy of the system decreases, which means that more
energy is needed to reach the condition of a negative Gibbs free energy,
making adsorption less favorable at higher temperatures.

For single atoms, Oxygen (O) shows a strong adsorption energy of —
8.16 eV. The oxygen atom coordinates with three Cu atoms with Cu-O
bond distances of 1.83 A, 1.83 A, and 1.85 A. The adsorption energy of
hydrogen (H) is — 4.85 eV, Cu-H bond distances of 1.66 i\, 1.69 ;\, and
1.73 A is shown to make this interaction important for the hydrogena-
tion processes. Hydroxyl (CO) also exhibit a strong adsorption energy of
— 5.8 eV. its oxygen atom coordinates with three Cu atoms at Cu-O
distances of 1.94 A, 1.96 ;\, and 2.02 A, while the O-H bond length is
0.99 A.

The important reactant, CO5, showing a different adsorption mode.
The carbon atom is bound to one copper atom, while two oxygen atoms
are bound to another two copper atoms in a bent angle of 130°, reveals a
strong activation in this configuration. The Cu-C bong length is
measured to be 1.88 A, with Cu-O bond distances of 1.86 A and 1.91 A,
and C-O bond lengths are 1.27 and 1.26 A, respectively. This adsorption
geometry indicates a strong interaction with adsorption energy of —
1.33 eV. The other important reactant, Hy, is adsorbed on one copper

-0.35eV

-0.12eV
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site with the adsorption energy of — 1.31 eV and the Cu-H distances are
1.60 and 1.59 A. The H-H bond length is 0.87 eV.

CO coordinates with two Cu atoms with the Cu-C distances of 1.89 A
and a Cu-O distance of 1.77 A. The adsorption energy of — 2.83 eV
indicate efficient catalytic reactions involving CO. Methyl binds to two
copper atoms as well, mainly by the carbon atom with a Cu-C bond
length of 1.98 A with neighboring Cu atoms interacting with carbon at
atomic distance of 2.04 A.

Carboxyl species, t-COOH and c-COOH, strongly adsorbed on with
energies of — 4.26 eV and — 4.62 eV, respectively. The c-COOH isomer
binds to a third copper atom through its oxygen atoms due to its
different bond angle compared to t-COOH. As the product of CO hy-
drogenation, HCO coordinates through binding to two Cu atoms, with
Cu-C distances of 1.85A and a Cu-O distance of 1.83 /0\, and an
adsorption energy of — 3.83 eV. Formaldehyde (H,CO) plays a critical
role as an intermediate hydrogenation stages, with an adsorption energy
of — 2.72 eV. The adsorption energy of Methoxy (H3CO) is — 4.58 eV.

CH3CO, a crucial intermediate for ethanol synthesis, interact with
one copper atom through its a-carbon atom (Cu-C distance of 1.87 A)
and with another copper atom through its oxygen atom (Cu-O distance
of 1.84 A)., this strong interaction is essential with an adsorption energy
of — 4.13 eV for its involvement in further hydrogenation reactions.
CH3CHO adsorbs via its oxygen atom across the two Cu atoms, with
Cu-O bond lengths of 1.94 A and 2.04 A. CH3CH,0 adsorbs with its
oxygen atom bridging the two Cu atoms at the Cu-O distances of 1.88 A
and 1.92 A with an adsorption energy of — 4.87 eV.

Ethanol, as the end product of CO, hydrogenation, adsorptions oc-
curs through the oxygen atom with Cu-O bond lengths of 2.05 A and
2.11 A, and an adsorption energy of — 2.8 eV. Methanol shows a weaker
interaction with an adsorption energy of — 2.4 eV. Water, which also
forms, exhibits a Cu-O distance at 2.1 A and an O-H distance of 0.99 A
and an adsorption energy of — 2.00 eV. We see that the interaction in the
homologous series increases as the carbon chain is increased.
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Fig. 3. Adsorption energies of all possible species in the CO, hydrogenation
process to ethanol. Color-coded of silicon (Si), aluminum (Al), copper (Cu),
copper (0), carbon (C) and hydrogen (H) atoms are shown in purple, light blue,
green, red, brown and white, respectively. Binding energies are reported in eV.
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Fig. 2. Optimized structures of five distinct trinuclear Cu-ZSM-5 frameworks and their relative substitution energies. Energies are given relative to the most stable

configuration. The relative substitution energy for TST8T12 is referred as 0.
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3.3. Reaction pathway

A comprehensive understanding of reaction mechanism is essential
in heterogeneous catalysis, both to develop and utilize catalysts [56].
The catalytic pathway for ethanol synthesis through CO, hydrogenation
is much more complex than the mechanism of simple hydrogenation to
C1 products due to the necessary carbon-carbon (C-C) bond formation
[57]. Based on existing reports, we focused on the two primary path-
ways for CO; activation: the redox mechanism (COy* — CO* + O*) and
the carboxyl mechanism (CO»2* + H* — COOH*) [58]. Based on these
mechanisms, a simplified reaction network was constructed to describe
the formation of Cy species - ethanol, as illustrated in Fig. 4.

In the proposed reaction pathway, CO is the primary product of CO5
activation and reduction. Ethanol synthesis then begins with the hy-
drogenation of CO to HCO. The HCO intermediate undergoes further
hydrogenation, yielding H3CO via the HoCO intermediate, which can
subsequently convert into the by-product CH3OH. Alternatively, H3CO
can dissociate to form CHs. The insertion of another molecule of HCO
into CHg generates the critical intermediate CH3CHO [59], which is then
hydrogenated to produce ethanol through the CH3CH2O intermediate.
This pathway provides a structured framework for understanding the
synthesis mechanism and catalytic behavior in ethanol production.

The elementary steps, detailed in Table 3, alongside with their
respective energies offer critical insights into the reaction kinetics and
thermodynamics underlying the process. For each elementary step, the
structure of initial, transition, and final states are illustrated in
Figs. S4-6. To describe the reaction kinetics at various temperature,
Gibbs free energies were also calculated, which serve to clarify the
thermodynamically favorability of each reaction step. Reactions exhib-
iting negative Gibbs free energy values are thermodynamically favor-
able, while positive values denote thermodynamically unfavorable
reactions [60]. Furthermore, intermediates characterized by lower
Gibbs free energy values indicate increased stability, whereas in-
termediates with higher Gibbs free energy values are comparatively less
stable.

3.3.1. CO formation

The formation of the t-COOH* intermediate (step R1) from CO,
hydrogenation pathway presents a bottleneck with a relatively high
activation energy (2.22 eV). Nevertheless, a negative change in Gibbs
free energy of — 0.34 eV is exhibited, indicating that this reaction is
thermodynamically favorable and kinetically accessible at high tem-
peratures. Subsequently, steps R2 and R3 are fast with moderately low

K2, c-COOH
K250 K3,
+COOH "'3@ /k;s-:n._‘_
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k&"”‘ o g K50 IGHON
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Fig. 4. A scheme of reaction mechanism of CO, hydrogenation to ethanol. Only principal intermediates are shown, while balancing H*, OH*, O*

omitted for clarity.
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Table 3
Activation and Gibbs free energy for elementary reaction steps on trinuclear Cu-
ZSM-5 under the temperature of 300 °C.

Step  Elementary reaction E,, G, AE AG
fwd fwd (eV) (eV)
(eV) (eV)

R1 CO, + H* = t—COOH" + 2.22 0.67 0.31 —0.34
*

R2 t— COOH* = ¢ — COOH" 0.47 0.40 —0.24 —0.21

R3 ¢—COOH" + * = CO" + 0.68 0.58 0.03 — 0.04
OH*

R4 Co; + * = CO" + O 1.54 1.47 1.40 1.39

R5 CO* + H* = HCO" + x 0.64 0.61 0.28 0.37

R6 HCO* + H* = H,CO* + 0.15 0.17 - 0.29 —0.15

R7 H,CO* + H* = H3CO" + x* 0.80 0.67 — 0.06 0.07

R8 H3CO* + * = H3C* + OF 1.82 1.65 1.58 1.53

RO H3C* + CO* = CH3CO* + 0.19 0.18 —1.25 —1.22
*

R10 Hs;C* + 0.11 0.13 —1.28 —1.26
CHO* = CH3;CHO" + =

R11 CH3CO* + 0.88 0.80 — 0.62 —0.50
H* = CH3;CHO" +

R12 CH3CHO* + 1.01 0.83 0.24 0.28
H* = CH3CH;0" +

R13 CH3CH,0* + 0.39 0.35 — 0.44 —0.31
H* = CH3CH;OH" + x

R14 OH" + H* = H,0" + * 0.43 0.38 —0.12 —0.01

R15 Hy" + = =H" + H* 0.10 0.01 — 0.08 - 0.13

R16 O+ H = OH + x 0.11 0.03 —1.65 - 1.59

R17 H3CO* + H* = CH30H" + 0.43 0.38 —-0.33 —0.16
*

R18 CH30H" + * = CHs" + OH* 0.86 0.81 0.40 0.33

barriers, which together form a feasible and favorable progression along
the t-COOH* pathway. In contrast, the alternative pathway leading to
direct CO formation (step R4) requires a lower activation energy
(1.54 eV) compared to the initial t-COOH* formation in R1 but a pro-
hibitively positive reaction energy (1.39 eV), making the step thermo-
dynamically unlikely. Thus, the t-COOH* formation pathway (R1-R3) is
overall more thermodynamically favorable. The redox pathway (R4),
due to its lower activation energy, could be more favorable kinetically at
extremely high temperatures, which are otherwise inappropriate for this
process.

3.3.2. C1 hydrogenation
Steps R5 and R6, which involve the hydrogenation of CO* and HCO*,
are both thermodynamically and kinetically favorable, indicating a
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smooth progress in these early hydrogenation steps. Step R7 is feasible
but thermodynamically less favorable. Step R17 hydrogenate H3CO* to
CH3OH*, which is also favorable with a moderate activation energy
(0.43 eV) and a negative Gibbs free energy (-0.16 eV), and thus meth-
anol formation can be promoted as a possible by-product. Step RS,
where H3CO* dissociates into H3C* and O*, has a high activation energy
and Gibbs free energy values (1.82 eV and 1.65 eV, respectively), this
makes it both kinetically and thermodynamically unfavorable and
creating a second bottleneck in the reaction sequence (which is
responsible for subsequent formation of C-C bond). Instead, H3C* can
also be formed from the dissociation of CHsOH* in R18, especially since
its adsorption energy is strong enough to prevent immediate desorption.
The reaction (R18) has a positive Gibbs free energy (0.86 eV), indicating
that methanol dissociation requires high temperatures and could be
another limiting factor for product conversion.

3.3.3. C2 formation

For the C-C coupling process, the competitive pathways are illus-
trated by reactions R9 and R10, along with the following reaction R11.
In R9, the coupling exhibits a low activation energy of 0.19 eV and a
Gibbs free energy of activation of 0.18 eV, showing a rapid reaction rate
and significant kinetic favorability, with a Gibbs free energy change of —
1.22 eV which is highly exothermic. R10 presents an even lower acti-
vation energy of 0.11 eV and a Gibbs free energy of activation of
0.13 eV, improving its kinetic favorability and allowing it to compete
efficiently with R9, despite its less exothermic reaction energy change of
— 1.26 eV. under operational conditions, both reactions occur simulta-
neously. R11, following R9, has activation energy of 0.88 eV and a Gibbs
free energy of activation of 0.80 eV, meaning that overall R10 is more
likely, while R9 and R11 remain side reactions at typical reaction
conditions.

In R12, CH3CHO react with one hydrogen to form CH3CH20, and
followingly reacts with second hydrogen to form the final product -
ethanol. The activation energy of this step is 1.01 eV, and the Gibbs free
energy is 0.28 eV. For next step, R13, is more favorable. It has a lower
activation energy of 0.39 eV and a negative Gibbs free energy is negative
of — 0.31 eV, indicating that the final step of the reaction to form
ethanol is not only easier but also thermodynamically favorable.

As for water formation, it forms form OH* react with H* in R14,
where H* is formed from the dissociation of Hy (R15). OH* is formed
form the reaction between O* and H*(R16), which is kinetically and
thermodynamically favorable with a very low activation energy
(0.11 eV) and a negative Gibbs free energy (-1.59 eV), making it an
extremely favored step along the pathway. All of these reactions show
low activation energies and favorable Gibbs free energy.

3.4. Microkinetic modelling

The DFT calculations treat each reaction step independently and do
not account for the availability of the reactants. In complex, sequential
reaction schemes, they cannot explain the product selectivity well [61].
Thus, a microkinetic model is developed to evaluate the effect of the
parameters of individual elementary reactions on the catalytic perfor-
mance. The both forward and reverse reaction rate for all elementary
steps are listed and shown in Table S8. We investigated the mechanistic
and (micro)kinetic aspects of this catalytic system as a function of re-
action conditions. The hydrogenation of CO; to ethanol is an exothermic
process that is kinetically controlled, indicating a competition between
the thermodynamics (low temperatures for a more favorable equilib-
rium) and kinetics (high temperature for higher reaction rates) to ach-
ieve optimal conversion and selectivity [62].

Reaction temperature is an important factor influencing the selec-
tivity. However, the high temperature required to activate CO2 in
thermal catalysis may trigger carbon deposition (coking), sintering of
the catalysts and even catalyst degradation [63]. However, because the
hydrogenation of CO; to ethanol is an exothermic reaction, a lower
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temperature is preferred over a higher thermodynamic more favorable
conversion that may be kinetically unfavorable. since the activation of
CO5, to CO is an endothermic reaction, therefore, an appropriate reaction
temperature not only helps to improve the selectivity of ethanol, but also
increases the catalyst activity. The reaction temperature in the real
catalytic systems is mostly concentrated in 200-350 °C [56], which are
also the temperatures we used in microkinetic modelling. As shown in
Fig. 5a, the selectivity of ethanol initially increases with the rising
temperature, reaching a peak at 250 °C, after which it begins to decline.
Therefore, 250 °C is chosen as the optimal reaction temperature.

The Hy/CO; ratio also impacts the reaction. After CO; is reduced to
CO, the excess Hj can easily reduce CO to alkanes in a competitive re-
action, therefore it is necessary to select an appropriate Hy/COs ratio. In
our microkinetic model, the total pressure of the reaction system is
maintained at 4 bar, and the temperature is fixed at 250 °C to maintain a
high selectivity of ethanol while investigating the effects of varying
reactant ratios. As the Hy/CO5 ratio increases (Fig. 5b), ethanol selec-
tivity improves progressively. As expected from the thermodynamics
considerations, a change in selectivity with increasing pressure was
observed, as shown in Fig. 5¢c. While keeping other reaction conditions
unchanged, the selectivity of ethanol increases with rising pressure.

Fig. 5d presents the final coverage of products, intermediates, and
empty active sites under varying reaction conditions, where only one
parameter is changed while maintaining a Hy/CO, feed ratio of 3, a
reaction temperature of 250 °C, and a total pressure of 4 bar. At the end
of this microkinetic model, the active sites are occupied by ethanol,
water and other species, such as H*, OH* and CH3CHO. Fig. 5e-h il-
lustrates the time-dependent evolution of reactant, product, and inter-
mediate species coverage under the same reaction conditions. As shown
in Fig. 5e, the adsorption of reactants initiates the reaction, followed by
chemical transformations leading to product formation. Fig. 5f high-
lights key intermediate species with significant coverage, suggesting
their major role in facilitating product formation. For completeness,
Fig. 5g-h display intermediates with lower coverage, representing
transient species or less stable intermediates that appear briefly during
the reaction process.

The TOF provides important insights into the relationship between
temperature and catalytic efficiency. The apparent activation energy,
derived from TOF measurements and plotted against inverse tempera-
ture (Fig. 6), show different kinetic behaviors for ethanol (0.39 eV) and
methanol (0.27 eV). A higher activation energy corresponds to a
stronger temperature dependence of the TOF, which is reflected in the
slope of the Arrhenius plot for ethanol [64].

However, under the given reaction conditions in the postulated
reactor model, methanol exhibits a higher TOF than ethanol, indicating
it is a kinetically favorable product. It should be noted that the TOF
values in our batch system are time-dependent. Therefore, the maximum
TOF values were used to construct the log (TOF) vs. 1/T plots. The
selectivity, on the other hand, was evaluated at the final reaction time
(at the end of the simulation). As can be seen in Fig. S7, the maximum
production of methanol appears before ethanol, which means that
methanol is formed first and then converted to ethanol.

The significantly higher final ethanol selectivity observed in our
microkinetic modeling, despite the kinetic advantage of methanol in-
dicates that ethanol formation is thermodynamically favored under
these conditions. This is consistent with prior studies demonstrating that
ethanol synthesis is preferentially stabilized at equilibrium due to its
lower Gibbs free energy (the AG for CO5 hydrogenation to ethanol is —
32.4 kJ/mol, whereas for methanol, it is 3.5 kJ/mol [65]). Thus, the
product distribution results from kinetic (TOF-driven) and thermody-
namic (equilibrium-driven) factors.

3.5. Comparison with existing models

The goal of theoretical modeling is twofold: it can be used to yield
valuable fundamental insights or to describe existing catalysts to
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only one condition changed); (e-h) Time-dependent variations in the coverage of reactants, products, and intermediate species under the same reaction conditions
(H,/CO, feed ratio: 3, reaction temperature: 250 °C, total pressure: 4 bar). Conversion of CO, and H, is 100 % under all reaction conditions.
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both reactions.

provide and practical recommendations for experimentalists. While
different models or approaches will invariably give different predictions,
common themes are present. Our primary focus is foremost theoretical
but we also aim to bridge the gap between theory and experiments as a
secondary goal.

Table 4 shows a short literature of ab initio models for the synthesis of
ethanol from CO, and H; on various catalysts, mostly but not limited to
Cu. It lists studies that combine both experimental work and DFT cal-
culations, along with the functionals used, model types, and experi-
mental characterization methods to validate the simulated reaction
pathways.

Most importantly, the table highlights the C-C coupling mechanism
involved, which is crucial for C2 synthesis. Most of these studies
postulate the carboxyl mechanism, which is consistently supported by
both experimental data and computational results. The detailed cata-
lytic performance of different catalysts under varying reaction condi-
tions for CO, hydrogenation to ethanol has already been extensively
discussed and summarized [5,78]. Current experimental studies show
that the temperatures reported in the literature typically range from
140 °C to 350 °C, with increasing pressure shifts the equilibrium toward
ethanol production. The most common feed ratio reported is Hy/CO5
= 3, aligning well with our theoretical predictions.

4. Conclusions

In this study, we utilized density functional theory (DFT) and a
microkinetic batch reactor model to investigate the mechanism of
ethanol synthesis through CO5 hydrogenation on a trinuclear Cu-ZSM-5
catalyst. In building the catalyst model, we accounted for the substitu-
tion energies of triple copper active sites integrated within the ZSM-5
framework to identify the most probable and stable structure of the
trinuclear catalyst. We identified the mechanism of the reaction and that
the C-C coupling occurs via the CH3-CHO step, which has an activation
barrier of 0.11 eV.
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Table 4
Literature review regarding simulation and experiment for CO, hydrogenation to ethanol.
Catalyst Computational Information Experiment Characterization C-C Coupling Ref.
methods
Cu@Na-Beta VASP (GGA-PBE, DFTD3) Slab Model GC-MS; In situ FT-IR; NMR; TPD CO, + CH3 — CH3COO [10]
Zry5-bpdc-CuCs Gaussian 09 (B3LYP) Framework GC-MS; XPS; XANES CH30H + HCO — CH3CHO [7]
Model
Rh,/CeTiOx VASP5.4.4 (PBE, DFT+U) Slab Model DRIFT; Raman; GC; H NMR CHj3 + CO — CH3CO [66]
Au Clusters VASP (GGA-PBE, DFT-D3); Cluster Model FT-IR; In situ DRIFT CH, + CO — CH,CO [67]
Cog.52Nig 48A104 Mathematic Modelling FT-IR; Raman; NMR, HCOO + CHy - CH3COO [68]
+ C2HsO
Dual Pd VASP(GGA-PBE); Slab Model FTIR; XANES; H,-TPR CH3; + CO — CH3CO [29]
CoCu VASP(GGA-BEEF-vdW) Slab Model, In situ DRIFT; XPS; CH; + CO — CH,CO [69]
Pd,/CeO, VASP(PBE) Slab Model DRIFTS; FTIR; EXAFS; CHj3 + CO — CH3CO [26]
Na-Fe@C/K-CuZnAl VASP (GGA-PBE) Slab Model XANES; EXAFS; In situ DRIFT; CH,, + CO — CH,,,CO; [70]
CH,, + CHO — CHj,,CHO;
CH,, + CH4O — CH,,CH,0;
CH,, + COO - CH,,COO
CuBr-DDT VASP5.4.4 (GGA-PBE, DFTD3) Slab Model XPS; FTIR CHO + CO — COCHO [71]
Rh— 0.3VOx/MCM- VASP (PBE) Slab Model Raman; In situ DRIFTS; CH3; + CO — CH3CO [72]
41
Na-Co,C VASP(PBE) Slab Model XANES; EXAFS; In situ DRIFTS; CHy + CO — CH,CO [73]
Co,C||CuZnAl VASP (GGA-PBE, DFTD3) Structure Model In situ DRIFTS; FTIR; CTK; CH; + CHO — CH,CHO [74]
PCN-224-Cu Gaussian 16 (MN15/Def2-TZVP//B3LYP/ Molecular Model FTIR; XPS; In situ DRIFTS; CH3 + CH, — CH3CH, [75]
Def2-SVP)
FeNaS VASP (GGA-PBE) Slab Model In situ DRIFTS; XPS; CHy + CO — CH4CO [76]
Cu/C VASP5.3.3 (PBE) Cluster Model FTIR; XPS; XANES; EXAFS; Operando CH3 + H,CO — CH3CH,O [771

XAS

Using the batch model, we determined that the best temperature for
maximizing the ethanol selectivity is 250 °C. We also identified an Hy/
CO, ratio of 3 as optimal when the total pressure of the reaction is 4 bar.
These findings suggest that trinuclear Cu-ZSM-5 zeolites hold great
promise for applications in hydrocarbon conversion and environmental
catalysis, offering improved efficiency and selectivity, while the detailed
information on the reaction mechanism is useful for further catalyst
optimization

To the best of our knowledge, this is the first multiscale model for
ethanol production that uses consistent ab initio input data on a trinu-
clear Cu-ZSM-5 catalyst. Admittedly, experimental results might diverge
from the idealized model postulates, which served to elucidate the
fundamentals of this reaction and to ascertain the feasibilit of trinuclear
Cu-ZSM-5 zeolites. Future research should aim to bring together the
experimental observations by adjusting the microkinetic model through
fitting.
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