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Catalytic conversion of syngas to valuable chemicals and fuels such as ethanol is an extremely desirable
process route. In the present study, the elementary steps leading to the formation of ethanol via syngas
conversion over the Cu/y-AlOOH(001) surface have been explored using density functional theory (DFT)
calculations. The reaction pathway CO + H - CHO, CHO + CHO —» OHCCHO — CHCHO + O,
CHCHO + 4H — CH,CHO + 3H — CH3CHO + 2H — CH3zCH,O + H — C,HsOH is the most favorable;
during the whole process, CH3sCHO formation needs to overcome the highest activation barrier.
Different from the y-AlOOH(001) surface, carbon chain growth is realized via the formyl coupling
mechanism on the Cu/y-AlOOH(001) surface; this step needs to overcome a 1.07 eV activation barrier
and is exothermic by 0.73 eV. Our Bader charge analyses revealed that the addition of the Cu component
enhances the electrostatic interaction between the CHO intermediate and the y-AlOOH(001) surface with
the aid of the formed CuQO, species; as a result, the initial C—C chain forms in a different way. Moreover,
the rate constant results manifest that the formation of the OHCCHO key intermediate can be facilitated by
increasing the reaction temperature. We expect the obtained results will be useful for future experimental
studies to improve the selectivity of C, oxygenates in syngas conversion.
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1 Introduction

As the key bridge between various carbon resources (including
coal, natural gas and biomass) and liquid fuels or high-value
chemicals, syngas (CO/H,) has attracted much attention due to
the increasing demand for energy and the limited availability of
easily accessible petroleum resources.'™ Syngas can be selectively
converted to alcohols, aldehydes, and carboxylic acids. With
respect to the energy sector, ethanol is a more suitable product
because it can serve as a clean fuel, an additive for gasoline to
increase the octane number and the combustion efficiency in
automobiles,*” and feedstock for the synthesis of a variety of
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chemicals, fuels, and polymers.®” Moreover, ethanol possesses
potential as an alternative hydrogen carrier to the more toxic and
less energy-dense methanol in fuel cell technologies.®'® There-
fore, the direct conversion of syngas to ethanol is an extremely
desirable process.’™'? This field of research has focused mainly
on the development of a catalyst with acceptable activity and
selectivity toward ethanol. However, low yield and poor selectivity
for ethanol formation from syngas remain the major hurdles
associated with the use of known catalysts."?

The process of ethanol synthesis from syngas generally
involves several key steps, including initial CO activation, C;-C,
linear chain growth, and successive hydrogenation to ethanol."* ¢
Among the existing conventional catalysts for ethanol synthesis,
Cu-based catalysts are typical modified methanol synthesis
catalysts that are regarded as an attractive option due to their
low price, mild reaction conditions and desirable capability to
catalyze hydrogenation reactions. However, due to their insufficient
ethanol yields, these catalysts are unattractive for commercial
applications.”*'*'” Especially, compared with alkali-modified
CuCo-based FT catalysts and MoS,-based catalysts, alkali-
modified Cu-ZnO/Al,O; catalysts shows the lowest ethanol yield
but exhibits higher selectivity toward ethanol than hydrocarbons.*®
Subsequently, a large number of studies on modified Cu-based
methanol catalysts for syngas conversion to ethanol have been
reported.">"*"%2° Alkali-modified Cu/Zn and Cu/Zn/Al systems have
been extensively studied."” It is noteworthy that our previous
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experimental results found that a CuZnAl catalyst without
promoters, which is prepared by complete liquid-phase technology,
could directly synthesize ethanol from syngas.>'>* Moreover, it has
been identified that the Al species is generally formed as y-AIOOH
phase, and it has been suggested that y-AIOOH has the function
of CO activation and chain growth, which favor the formation of
higher alcohols.>*™” Intriguingly, our previous experimental
work*®? showed that AIOOH has an obvious influence on the
distribution of products of CO hydrogenation and shows excellent
selectivity for acetaldehyde in the reaction of methanol and syngas.
Therefore, we deem that y-AIOOH not only serves as the catalyst
support but also exhibits good catalytic activities for syngas conver-
sion. Furthermore, our recent theoretical results have verified that
both y-AlOOH(100)** and y-AIOOH(001)*" surfaces, which are among
the primary exposed surfaces of y-AIOOH crystal,*>>* show particu-
lar reactivity for C-C chain formation during the process of ethanol
synthesis. Furthermore, the y-AIOOH(001) surface displays better
catalytic activity for formation of the key species CH,.>' Actually,
the nature of the catalyst support has an important influence on the
stability and growth of the active components®® and also on the
reactions taking place over the catalysts.>’° Thus, it can be
readily assumed that under realistic reaction conditions of
syngas-to-ethanol conversion over the Cu-based catalyst, if the
catalyst-support interaction alters the pathway and ultimately
affects the selectivity of syngas conversion. Therefore, making
efforts is required to elucidate the effects of the interaction
between the Cu and Al components in CuZnAl catalysts during
ethanol synthesis for better understanding the reaction mechanism.

Based on our previous research,**' the present study aims
to elucidate the reaction mechanism of ethanol formation from
syngas over the Cu/y-AIOOH(001) surface using DFT calculations.
The important elementary reactions for ethanol synthesis, including
the hydrogenation of CO to CHO, CHO coupling to realize C-C
chain growth and hydrogenation of C, oxygenates to ethanol,
are examined. These elementary steps are crucial for the reaction
mechanism and the overall reactivity of ethanol synthesis.
Eventually, a clear picture of ethanol formation from syngas over
the Cu/y-AIOOH(001) surface was obtained and was then compared
with our recent results on a y-AIOOH(001) surface.*" To gain more
precise insights into the initial formation of the C-C chain, the
charge distributions of the Cu/y-AIOOH(001) surface and relative
adsorbed intermediates have been studied by Bader charge analysis.
Meanwhile, considering the effects of temperature on ethanol
formation, the rate constants of some key elementary reactions
along the optimal pathway in the range of 543 to 583 K were
calculated. The detailed characterization of syngas conversion into
ethanol over the Cu/y-AIOOH(001) surface at the molecular level
will aid understanding of the underlying reaction mechanisms
and further provide new ideas for designing better, more stable
catalysts with higher reactivity.

2 Computational details

To date, a great deal of effort has been devoted to determine the
catalytic mechanism of syngas conversion on the Cu-based catalysts.
Recently reported results™ revealed that a smaller Cu cluster size
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corresponds to higher selectivity of C, oxygenates. Combining the
characteristics of Cu clusters and the simplicity of calculation,
a Cu, cluster, which is the smallest unit that presents a three-
dimensional structure, was adopted to represent the Cu component
in the Cu/y-AlOOH catalyst. On the other hand, considering the
specific surface area, coordination environment, and surface
stability of y-AIOOH crystal,*"** for comparison with our previous
study on the mechanism of ethanol synthesis from syngas on a
y-AIOOH(001) surface®” and to ascertain the interaction between
the Cu and Al components, the y-AIOOH(001) surface was chosen
to represent the Al component in the Cu/y-AIOOH catalyst. The
v-AIOOH(001) surface was modeled by a six-layer slab and
periodically repeated in a (4 x 1) lateral supercell. Furthermore,
a 15 A vacuum gap perpendicular to the surface was employed to
prevent interactions between any two successive slabs. As shown
in Fig. 1, the Cu, cluster with a 3D tetrahedral configuration
adsorbed on the y-AIOOH(001) surface was selected as the
Cu/y-AlIOOH model catalyst, in which the Cu, cluster bonds with
three O sites on the y-AIOOH(001) surface. Here, the partial coverage
of CuO, species was formed by strong metal support interactions
(SMSI) between the Cu component and the y-AIOOH(001) surface.
Moreover, six different adsorption sites on the surface were
considered; these were labeled as Cu;, Cu,, Cus, Cuy, Aly and
O;, respectively. In all calculations, the bottom two layers of
v-AlOOH(001) were fixed, while the other four layers and the
Cuy cluster were allowed to relax.

In this work, the Vienna ab initio Simulation Package
(VASP)**** was used to perform all DFT computations. The
exchange-correlation energies were calculated using the Perdew—
Burke-Ernzerhof functional (PBE) within the generalized gradient
approximation (GGA).*> The projector-augmented wave (PAW)
method*®*” was employed to express the electron-ion interactions,
and the electronic wave function was considered by setting the
plane-wave energy cutoff at 400 eV. The dispersion-corrected DFT
(DFT-dDsC) scheme was used to describe the van der Waals (vdW)
interactions.*®**° In addition, the maximum force on the atoms
was converged to less than 0.03 eV A~* and the Brillouin zone was
sampled by the 3 x 3 x 1 grid Monkhorst-Pack special k-point
in all calculations.”® The isolated atoms and molecules were
calculated in a 10 x 10 x 10 A’ cubic unit cell. Frequency
analysis was used to validate the optimized transition state
structures with only one imaginary frequency.>*

é
Side

Fig.1 Top and side views of the Cu/y-AlOOH(001) surface. Green
spheres represent Cu atoms, gold spheres represent Al atoms, pink
spheres represent O atoms and pale blue spheres represent H atoms.
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The adsorption energies (E.qs) of all species were obtained
using the following equation:

Eads = [Eadsorbate + Eslab] - Eadsorbate/slab

where E,qsorbates Eslaby a0d Eadsorbate/siab Fefer to the total energies
of the free adsorbate, the clean Cu/y-AIOOH(001) surface slab,
and the slab with the adsorbate, respectively. The reaction
energy (AE) and activation barrier (E,) were calculated as:

AE = EFS — EIS

E, = Ers — Ers

where Eys, Ers and Egg correspond to the total energies of
the initial state (IS), transition state (TS), and final state (FS),
respectively.

In view of the influences of the zero-point vibrational energy
(ZPE), thermal energy and entropy on the standard molar Gibbs free
energies, thermodynamic statistical formulas rooted in partition
functions were employed to correct the energies obtained directly
from DFT calculations. The standard molar Gibbs free energy can
be acquired from the following equation:>

G(T,p) = Ecora + Ezpe + U’ — TS” + 9RT{1 + In(p/p?)]

where E\., represents the total energy of the DFT calculations,
Ezpg is the zero-point vibrational energy, and t° and S° are the
thermal energy and entropy, respectively. y is 0 for surface-
adsorbed species and 1 for gaseous molecules, R is the gas
constant, and p is the partial pressure of the gas-phase molecule.
Our previous studies examined the product distribution of the
syngas conversion; we found that the selectivity of ethanol can
reach 27.4% at 563 K.>* As listed in Table 3, the temperature of
563 K was chosen in the equations of the activation barrier (AG,)
and reaction energy (AG). By comparing these values with E,
and AE, we can determine whether it is feasible to explore the
optimal reaction pathway ethanol synthesis from syngas based
on these values.

To consider the effects of the temperature of ethanol synthesis
over the Cu/y-AIOOH(001) surface, the rate constants at different
reaction temperatures were calculated by employing Transition
State Theory (TST).>*>

The corresponding equation

Ea kBTQTS Ea
= A =
= en( ) =5 G (i)

where A, E,, T, kg, and % are the prefactor, activation energy,
reaction temperature, Boltzmann constant and Planck constant,
respectively. Qrs and Qg are the partition functions per unit
volume for a TS and a reactant, respectively. The partition
function per unit volume (Q), which is related to statistical
thermodynamics, can be estimated by vibrational partition
functions as follows:

5657 can be described as follows:

b exp(—hv;/2kgT)
o= Hl —exp(—hv;/kgT)
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where v; is the frequency of vibrational mode i. Therefore, the
prefactors® can be calculated as follows:

_ keT QY8
- hoopb

A

3 Results and discussion
3.1 Adsorption of all possible species

In order to investigate the formation mechanism of ethanol, the
geometry structures and energy characteristics of all possible
species involved in ethanol synthesis were examined in detail.
The most stable adsorption configurations are displayed in
Fig. S1 (ESIY), and the corresponding adsorption energies and
key geometrical parameters are listed in Table 1.

3.1.1 C, 0, CO, CO,, H, OH, H,, CH, (x = 1, 2), COH, CH,O
(x = 1, 2), CHOH. As the initial reactants, CO and H can be
widely adsorbed over the Cu/y-AIOOH(001) surface. In this section,
all possible adsorption sites of CO and H are considered. Our
results show that CO prefers to bond with the Cu, site through
the C atom, and H is adsorbed at the bridge Cu,-Cu; site;
the corresponding adsorption energies are 1.37 and 3.86 eV,
respectively. C and CH prefer to bond with the Cu;, Cu,, Cus
and Cu, sites via C atoms, and the adsorption energies are 7.23
and 6.83 eV, respectively. O and OH prefer to adsorb at the three-
fold hollow Cu;-Cu,—Cuj; and bridge Cu,—Cu, sites with the corres-
ponding adsorption energies of 7.24 and 4.84 eV, respectively.

Table 1 Adsorption energies (eV) and key geometrical parameters (A) of
possible species involved in syngas conversion over the Cu/y-AlIOOH(001)
surface

Species E.qs Configuration Key parameters

C 7.23 Cuy, Cu,, Cu; and Cu, Cu;—C: 1.822 Cu,-C: 1.851
Cuz-C: 1.838 Cu,-C: 1.881

H 3.86 Cu, and Cuj, Cu,-H: 1.687 Cus-H: 1.554

o 7.24 Cuy, Cuz and Cuy Cu;-0: 1.846 Cuz-O: 1.870
Cu,-O: 1.863

OH 4.84 Cu, and Cug Cu,-0: 1.924 Cu;3-0: 1.873

Cco 1.37 Cu, Cu,-C: 1.825

CH 6.83 Cuy, Cu,, Cu; and Cu, Cu;-C: 1.944 Cu,-C: 1.886
Cu;-C: 1.932 Cu,~C: 1.966

CH, 4.72 Cuy, Cu, and Cu, Cu;—-C: 1.981 Cu;-C: 1.918
Cu,-C: 2.014

COH 3.87 Cuy, Cu, and Cuy Cu;—-C: 1.957 Cu3-C: 1.861
Cu,-C: 1.860

CHO 2.66 Cu, and Cu, Cu,-O: 2.047 Cu,—C: 1.888

CHOH 2.50 Cu,; and Cu, Cu;-0: 2.065 Cu,-C: 1.868

CH,0 0.86 Cu, and Cu, Cu,-0: 1.926 Cu,-C: 2.204

OCCHO  1.71 Cuy, Cu, and Cus Cu;-0y: 1.965 Cu,-Cy: 2.262
Cu,-Oy: 2.011

Cu;-0;: 1.907 Cuz-O,: 1.851
Cu;-0: 1.946 Cu,—Cy: 1.955
Cuz-C,: 1.942

Cuy-0: 2.064 Cu,-Cy: 1.912
Cu;-0: 1.958 Cu,-Cy: 2.060
Cu,-Cy: 2.189 Cu,—Cy: 2.104

OHCCHO 2.13 Cu, and Cu;
CHCHO 4.71 Cuy, Cu, and Cu;

CHCHOH 3.61 Cu, and Cu,
CH,CHO 3.31 Cu, and Cu,
CH,CHOH 1.14 Cu,

CH3CHO 0.99 Cu, Cu,-0: 1.949

CH;CHOH 1.00 Cuy Cu;-0O: 2.032

CH,CH,0 3.40 Cu, Cu,-O: 1.812

C,H;OH 0.88 Cu, Cu,-0: 2.034

CO, 0.31 Upon Aly and O; Aly-0;: 3.236 O3-C: 2.871
H, 0.39 Cu, Cu,-H;: 1.734 Cu,-H,: 1.690
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CH, prefers to stay on the three-fold hollow Cu;—-Cu,-Cu, site,
with an adsorption energy of 4.72 eV. Complete geometry
optimization reveals that the Cu, site is the most stable adsorp-
tion site for H, on the Cu/y-AIOOH(001) surface; the calculated
adsorption energy is 0.39 eV. The adsorption behavior of the
CO, molecule was also considered here; it is suspended on the
Aly and Oj sites, with an adsorption energy of 0.31 eV. According
to our calculations, COH prefers to occupy the three-fold hollow
Cu;-Cu,-Cu, site, with a corresponding adsorption energy of
3.87 eV. Additionally, CHO, CH,0O and CHOH adsorb favorably at
the bridge Cu,—Cu, site via both C and O atoms; their adsorption
energies are 2.66, 0.86 and 2.50 eV, respectively.

3.1.2 OCCHO, OHCCHO, CH,CHO (x =1 to 3), CH,CHOH
(x = 1 to 3), CH3CH,0, C,H;OH. As an important intermediate in
the synthesis of ethanol from syngas over the Cu/y-AIOOH(001)
surface, OHCCHO prefers to sit at the bridge Cu;—-Cu; site through
two O atoms with a corresponding adsorption energy of 2.13 €V.
Our calculation suggests that CH,CHOH can be located at the Cu,
site on the Cu/y-AlIOOH(001) surface, stabilizing the system by an
adsorption energy of 1.14 eV. Similar to the most stable adsorption
configuration of OHCCHO, CHCHOH and CH,CHO can remain
stable on the Cu,—Cu, site; their adsorption energies are 3.61 and
3.31 eV, respectively. It has been verified that the most stable
adsorption sites of OCCHO and CHCHO are the three-fold hollow
Cu;-Cu,-Cu; site, with corresponding adsorption energies of
1.71 and 4.71 eV, respectively. Geometry optimization reveals
that the Cu, site is the most stable adsorption site for CH;CHO,
CH;CHOH, CH;CH,0 and C,HsOH; the calculated adsorption
energies are 0.99, 1.00, 3.40 and 0.88 eV, respectively.

Based on the above results, we can conclude that most species
prefer to interact with the Cu, cluster on the y-AIOOH(001)
surface. Compared with our previously reported y-AIOOH(001)
surface,’" the adsorption abilities of the C, H, CH,, COH, CHO,
CHOH, CH,O, OCCHO, CHCHO, CHCHOH and CH,CHOH
species involved in ethanol synthesis on the Cu/y-AIOOH(001)
surface decrease to a variable extent. However, the adsorption

Table 2 Activation barriers (eV), reaction energies (eV) and key geometrical
syngas over the Cu/y-AlOOH(001) surface
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energies of the O, OH, H,, CO, CO,, CH, OHCCHO and C,H;OH
species increase to some extent. Regardless, the adsorption
abilities of most common species on the Cu/y-AIOOH(001)
surface are stronger than those on the Cu(211) surface.'

3.2 The key steps of ethanol formation

As listed in Table 2, the activation barriers (E,), reaction
energies (AE) and key geometrical parameters of the possible
elementary steps during the process of ethanol synthesis were
considered. Potential energy profiles for the possible reaction
pathways are discussed and depicted in Fig. 2-7. Based on the
above investigations, an optimal reaction pathway was identified
by comparing the corresponding activation barriers and reaction
energies. In addition, frequency analysis was used to validate the
optimized transition state structure. In this section, we divide the
reaction process into three parts: CO initial activation, C-C chain
growth and C,H;OH formation, concretely including the hydro-
genation of CO to CHO, CHO coupling to realize C-C chain
growth and the hydrogenation of C, oxygenates to ethanol.

3.2.1 Initial CO activation. As the initial key step for ethanol
formation, initial CO activation is generally considered to have three
possibilities: direct dissociation of CO, hydrogenation of CO to
COH, and hydrogenation of CO to CHO. Our calculation results
show that the direct dissociation of CO is impossible because of its
high reaction energy of 3.71 eV on the Cu/y-AIOOH(001) surface.
Therefore, two possible products remain for initial CO activation:
COH and CHO.

Starting with the co-adsorbed CO and H, in which CO
adsorbs at the Cu, site via the C atom and H remains at the
bridge of the Cu,-Cu, site, the distance between the O and H
atoms decreases to 1.243 A in TS1 from 4.057 A in the initial state
during the formation of COH. As shown in Fig. 2, the adsorbed
CO molecule moves to the three-fold hollow Cu;—Cu,-Cu, site
and the dissociative H atom migrates to the C-O bridge site of CO
in TS1; then, the C-H bond breaks to form the COH species. This
process must overcome a high activation barrier of 3.02 eV with a

parameters (A) of the elementary steps involved in ethanol synthesis from

Reaction E, AE ISs key parameter TSs key parameter v

(R1) CO +H - COH 3.02 1.29 O-H: 4.057 O-H: 1.243 17231
(R2) CO +H — CHO 1.30 0.55 C-H: 3.017 C-H: 1.475 511i
(R3) CHO + H - CH + OH 3.00 —0.10 C-0:1.278 C-0: 2.559 1051

O-H: 3.416 O-H: 2.568
(R4) CHO + H - CHOH 2.28 1.00 O-H: 3.416 O-H: 2.215 5761
(R5) CHO + H - CH,0 1.94 0.33 C-H: 3.655 C-H: 1.899 5301
(R6) CHO+H —» CH, +O 1.47 0.52 C-H: 3.655 C-H: 1.914 29i
C-0:1.278 C-0: 1.409

(R7) CHO + CO — CH + CO, 1.42 0.05 C,-0;: 3.454 C,-0;: 1.366 149i
(R8) CHO + CO - OCCHO 1.22 0.98 C;1-C,: 3.956 C1-C,: 2.357 151i
(R9) CHO + CHO — OHCCHO 1.07 —0.73 C,-C,: 4.177 C—-Cy: 2.412 349i
(R10) OHCCHO — CHCHO + O 1.51 0.34 Cy-0,: 1.318 Cy-0,: 2.689 219i
(R11) CHCHO + H - CHCHOH 2.82 1.73 O-H: 4.461 O-H: 2.450 771
(R12) CHCHO + H — CH,CHO 1.09 —0.95 C,-H: 4.071 C,-H: 2.076 95i
(R13) CH,CHO + H - CH,CHOH 1.77 0.56 O-H: 3.223 O-H: 1.840 4691
(R14) CH,CHO + H - CH;CHO 1.58 0.52 C,-H: 3.786 C,-H: 2.536 218i
(R15) CH;CHO + H - CH;CHOH 1.67 1.55 O-H: 2.952 O-H: 1.708 94i
(R16) CH,;CHO + H —» CH,;CH,O 1.01 —0.38 C,-H: 3.641 C,-H: 2.559 498i
(R17) CH,;CH,0 + H —» C,H;OH 1.35 —0.13 C,-H: 3.319 C,-H: 1.730 851i
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Fig. 2 The potential energy profile for initial CO activation with the
structures of the initial states (ISs), transition states (TSs), and final states
(FSs). Green spheres represent Cu atoms, gold spheres represent Al atoms,
pink spheres represent O atoms, pale blue spheres represent H atoms and
gray spheres represent C atoms. To distinguish the O and H atoms of the
Cu/y-AlOOH(001) surface from the O and H atoms of the adsorbates, the
O and H atoms of the adsorbates are displayed as brown and light blue
spheres, respectively.
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reaction energy of 1.29 eV. On the other hand, for CHO formation,
the distance between the C and H atoms decreases to 1.475 A in TS2
from 3.017 A in the initial state. In TS2, the O atom of the CO
molecule gradually approaches the Cu, site; meanwhile, the H atom
moves to the Cu, site. After TS2, the H atom bonds with the C atom
to form the key intermediate CHO. The calculated activation barrier
and reaction energy are 1.30 and 0.55 eV, respectively. By comparing
the calculation results of (R1) and (R2), we obtain the information
that the CO + H — CHO reaction is more favorable both kinetically
and thermodynamically on the Cu/y-AIOOH(001) surface, which
is consistent with y-AIOOH(001)*" and Cu(211)"* surfaces. The
CHO species is a key intermediate in many reactions®”® with
respect to syngas conversion to ethanol.

3.2.2 C-C chain growth. It has been confirmed that the
initial C-C chain formation is the rate-determining step for
C,.OH production, and subsequent chain growth is attributed
to aldol condensation reactions.’’ For CuZnAl catalysts, the
initial C-C bond formation is predominately attributed to the
coupling of two C; intermediates that can be derived from
syngas.®""®* Meanwhile, significant experimental and theoretical
efforts'* %1936 have found that CH, (x = 1 to 3) is the key
intermediate in the process of ethanol synthesis from syngas on
Cu-based catalysts; subsequently, CO or CHO inserts into CH,
(x = 2, 3), which leads to C, oxygenates. Meanwhile, on the
Cu/y-AIOOH(001) surface, our calculation results verified that

. '
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Fig. 3 The potential energy profile for initial C—C chain formation with the structures of the initial states (ISs), transition states (TSs), and final states (FSs).
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Fig. 4 The potential energy profile for CHO hydrogenation with the structures of the initial states (ISs), transition states (TSs), and final states (FSs).
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Fig. 5 The potential energy profile for C-O bond cleavage with the
structures of the initial states (ISs), transition states (TSs), and final states
(FSs).

the initial C-C chain formation is mainly due to the coupling of
two CHO intermediates, which is the predominant cause of CO
initial activation. As presented in Fig. 3, one CHO resides in the
bridge Cu;-Cu; site via the C atom and the other CHO bonds
with the Cu, and Cu, sites through the C and O atoms in the
initial state. Then, the two CHO move close to each other, and
the distance between the two C atoms decreases to 2.412 A in
TS9 from 4.177 A in the initial state. Finally, the C, species
OHCCHO is formed when the two C atoms bond with each

This journal is © the Owner Societies 2019

other. The co-adsorption energy of CHO + CHO is 5.26 eV, which
is slightly smaller than the sum of two CHO species (2.66 + 2.66 €V)
on the surface. Therefore, the interaction between co-adsorbed
CHO and CHO is almost negligible. On the Cu/y-AIOOH(001)
surface, the C-C chain growth must overcome an activation barrier
of 1.07 eV, accompanied by a reaction energy of —0.73 eV.
Furthermore, as summarized in Table 3, our calculated activation
free energy of C-C chain growth via CHO coupling is 1.09 eV, with
a reaction free energy of —0.58 eV; this is almost in agreement with
our E, and AE results. The activation barrier of C-C chain growth
via CHO coupling to form OHCCHO in (R9) is remarkably lower
than a previously reported corresponding barrier via CO insertion
into CH; to form CH;CO on Cu(211)," but is higher than the
barrier via CO insertion into CH to form CHCO over the
¥-AIOOH(001) surface.** Moreover, the barrier of (R9) for carbon
chain growth on the Cu/y-AIOOH(001) surface is very similar to
that on a CuZnAl catalyst (0.96 eV)."

Meanwhile, C-C bond formation via the coupling reaction
between CHO and CO is also considered here. For (RS8), the
formation of OCCHO is endothermic by 0.98 eV, with an
activation barrier of 1.22 eV. During this process, the distance
between two C atoms decreases to 2.357 A in TS8 from 3.956 A
in the co-adsorbed CHO and CO. For comparison with the
v-AlIOOH(001) surface,®’ the possible elementary reaction
CHO + CO — CH + CO, was also calculated, and the relative
computation results show that the activation barrier and reaction
energy of the step are 1.42 and 0.05 eV, respectively. It can be seen
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states (TSs), and final states (FSs).

that CHO + CO — CH + CO, is more kinetically favorable on the
y-AIOOH(001) surface (E, = 1.29 eV).*

In addition, the possible elementary reactions of CHO
hydrogenation have been examined, and a detailed potential
energy profile is presented in Fig. 4. When CHO and H species
are co-adsorbed at the Cu/y-AlIOOH(001) surface, CHO occupies
the Cu; and Cu, sites through its C and O atoms and the H
binds at the bridge Cu;-Cu; site. As displayed in Fig. 4, there
are four possible products of CHO hydrogenation: CH + OH,
CHOH, CH,0 and CH, + O. According to our calculation, the
reaction CHO + H — CH + OH over the Cu/y-AIOOH(001)
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surface is difficult; it must overcome a relatively high activation
barrier of 3.00 eV with a reaction energy of —0.10 eV. The C-O
bond distance increases to 2.559 A from 1.278 A in the
co-adsorbed CHO and H. For the formation of CHOH, the
distance between the O and H atoms decreases to 2.215 A in
TS4 from 3.416 A in the initial state. In TS4, the dissociated H
atom shifts to the surrounding CHO and then bonds with O
atom. This elementary reaction has an activation barrier of
2.28 eV with a corresponding reaction energy of 1.00 eV. On the
other hand, when the H atom moves to the C atom of CHO, the
intermediate CH,O is generated, with an activation barrier of
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Table 3 At a temperature of 563 K, the corresponding activation barriers
(AG,, eV) and reaction energies (AG, eV) involved in C-C formation, C-O
cleavage, CH,CHO hydrogenation and C,HsOH formation

Reaction AG, AG

CHO + CHO —» OHCCHO 1.09 —0.58
OHCCHO — CHCHO + O 1.46 0.36
CH,CHO + H —» CH,CHO 1.54 0.39
CH,CH,0 + H —» C,H,OH 1.37 —0.11

1.94 eV and a reaction energy of 0.33 eV. For CH,O formation,
the distance between the C and H atoms decreases to 1.899 A
in TS5 from 3.655 A. Simultaneously, the reaction of CHO
hydrogenation and synchronous dissociation is considered here.
In TS6, the distance between the C and H atoms decreases to
1.914 A from 3.655 A in the co-adsorbed CHO + H; this step must
conquer a barrier of 1.47 eV, accompanied by a reaction energy of
0.52 eV.

All possible elementary reactions involving CHO have been
carefully investigated in the above discussion. Comparing the
corresponding activation barriers and reaction energies of
these reactions, our calculation results confirm that CHO tends
to generate the OHCCHO key intermediate among seven possible
reactions; this has the lowest activation barrier of 1.07 eV and is
thermodynamically advantageous, being exothermic by 0.73 eV.
Actually, when OHCCHO is formed by means of CHO coupling, it
is facile to assume that it is possible to generate ethylene glycol
(HOH,CCH,OH) via successive hydrogenation of the OHCCHO
precursor from the point of view of theoretical calculation;
ethylene glycol is an important chemical that has a number of
applications.®® Therefore, as summarized in detail in Fig. S2-S4
(ESIt), we also considered the feasibility of HOH,CCH,OH
formation on the Cu/y-AIOOH(001) surface. Based on the thermo-
dynamic and kinetic data determined in our DFT calculations, the
optimal possible route of ethylene glycol formation via OHCCHO
continuous hydrogenation is as follows: OHCCHO + H —
OH,CCHO + H —» HOH,CCHO + H » HOH,CCH,O + H —
HOH,CCH,OH. Therefore, it is worthwhile to point out that
HOH,CCH,OH is a possible product based on the OHCCHO key
intermediate from a fundamental point of view.

3.2.3 C,H;0H formation. With respect to OHCCHO, C-O
bond scission to produce CHCHO was examined. As shown in
Fig. 5, the reactant OHCCHO bonds with the Cu; and Cuj; sites
through two O atoms, in which the distance between C, and O,
atoms is measured to be 1.318 A. Next, the O, atom breaks away
from OHCCHO and shifts to the bridge Cu;-Cu; site; the distance
between the C, and O, atoms increases to 2.689 A. The activation
barrier and reaction energy of the CHCHO formation are 1.51
and 0.34 eV, respectively, which are in good agreement with our
calculated activation free energy (1.46 eV) and reaction free
energy (0.36 eV) shown in Table 3. Beginning with the C, species
CHCHO in Fig. 6(a), there are two possible products of its
hydrogenation: CHCHOH and CH,CHO. For the formation of
CHCHOH, the reactant CHCHO occupies the Cu;, Cu, and Cu,
sites and the H atom stays at the bridge Cu;—Cus site in the
co-adsorbed CHCHO + H. Subsequently, the H atom gradually
moves closer to CHCHO and finally bonds with the O atom to
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form CHCHOH. The distance between the O and H atoms
decreases to 2.450 A in TS11 from 4.461 A, and the calculated
activation barrier of this step is as high as 2.82 eV and is
endothermic by 1.73 eV. In contrast to CHCHOH formation, for
the reaction of CHCHO hydrogenation to CH,CHO, the H atom is
adsorbed on the Aly, site in the initial state. In TS12, the H atom
migrates to the Cu, site while CHCHO remains at the bridge
Cu;—Cu, site, and the distance between the C, and H atoms
decreases to 2.076 A from 4.071 A. In the FS, the H atom moves to
the side of CHCHO and bonds with the C atom to generate
CH,CHO. Compared with the formation of CHCHOH, CH,CHO
formation must overcome a lower activation barrier of only
1.09 eV and is exothermic by 0.95 eV. It can be seen that CH,CHO
formation is more favorable vie CHCHO hydrogenation both
kinetically and thermodynamically.

As displayed in Fig. 6(b), there are also two possible products
of continuous hydrogenation for CH,CHO. One is CH,CHO + H
— CH,CHOH, which is endothermic by 0.56 eV and must
conquer a relative high energy barrier of 1.77 eV. During this
process, the isolated H atom gradually moves to the neighbour
of CH,CHO and finally bonds with the O atom to form
CH,CHOH. In TS13, the distance between the O and H atoms
decreases to 1.840 A from 3.223 A. The other product is
CH;CHO on the Cu/y-AIOOH(001) surface; this step starts from
the bridge-adsorbed CH,CHO and Aly site-adsorbed H atoms,
after which the single H atom moves to the Cu, site and finally
forms the intermediate CH;CHO with breakage of the C,-Cu,
bond and formation of the C,-H bond. During this process, the
distance between the C, and H atoms decreases to 2.536 A in
TS14 from 3.786 A in the initial state; the calculated activation
barrier is 1.58 €V with a reaction energy of 0.52 eV, which are similar
to our calculated activation free energy (1.54 eV) and reaction free
energy (0.39 eV) in Table 3. Based on the above DFT calculations, we
can draw a conclusion that CH,CHO hydrogenation tends to
generate CH;CHO, which has a lower activation barrier than
CH,CHOH formation over the Cu/y-AlIOOH(001) surface.

Similarly, our calculations suggested that there are also two
possible reaction paths for CH;CHO hydrogenation: one is
bonding of the H atom to the O atom to form CH;CHOH,
and the other is C;-H bond formation to generate CH;CH,O. As
shown in Fig. 7(a), starting from the co-adsorbed CH;CHO + H,
the H atom residing at the bridge Cu;-Cu; site travels to bond
with the O atom of CH3;CHO to produce CH3;CHOH. This
reaction must overcome a relatively high activation barrier of
1.67 eV with an assimilating energy of 1.55 eV. However, for
CH;CH,0 formation, the Cu/y-AlOOH(001) surface presents
better catalytic performance from both kinetic and thermo-
dynamic perspectives. Our calculated activation barrier of this
step is 1.01 eV and the reaction energy is —0.38 eV, and the
distance between the C, and H atoms decreases to 2.559 A in
TS16 from 3.641 A in the co-adsorbed CH;CHO and H species.
Eventually, the target product C,HsOH is generated by
CH;CH,0 hydrogenation at the o-C site. Similar to the CH;CHO
hydrogenation, as displayed in Fig. 7(b), the H adatom gradually
moves close to the intermediate CH;CH,O and finally bonds
with the O atom to form C,H;OH. Meanwhile, the distance
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between the O and H atoms decreases to 1.730 A in TS17 from
3.319 A in the initial state with a corresponding activation
barrier and reaction energy of 1.35 and —0.13 eV, respectively.
As displayed in Table 3, our calculated activation free energy of
C,H;0H formation via CH;CH,O hydrogenation is 1.37 eV, with
a reaction free energy of —0.11 eV.

Based on the abovementioned calculations and from the
point of view of the energy barriers, the optimal reaction pathway
for ethanol synthesis from syngas on the Cu/y-AIOOH(001) surface
is CO + H » CHO, CHO + CHO — OHCCHO — CHCHO + O,
CHCHO +4H — CH,CHO + 3H — CH,;CHO + 2H — CH,CH,O +
H — C,H;OH. Moreover, the highest reaction barrier during the
whole route is 1.58 eV, which is related to the formation of
CH;CHO. As presented in Fig. 8, through comprehensive study
of the energies of each elementary reaction in the optimal
pathway, we can divide this process into four stages:®° the first
stage is the initial CO activation to the formation of OHCCHO;
the second stage includes the C-O bond cleavage and CH;CHO
formation; the third stage is CH;CHO hydrogenation; and the
last stage is the formation of C,H;OH. In this process, the rate-
determining step is associated with the CHCHO hydrogenation
in the second stage. However, it is worth noting that the C-C
chain formation must conquer a barrier of only 1.07 eV via
formyl coupling over the Cu/y-AIOOH(001) surface; however, this
differs to a large extent from the results over the y-AIOOH(001)
surface.”" According to our previous study on the y-AIOOH(001)*"*
surface, the initial C-C chain is formed via CO insertion into CH,
along with overcoming a 0.76 eV barrier, and is exothermic by
1.90 eV; the optimal route for syngas-to-ethanol conversion is
CO - CHO - CH —» CHCO — CHCOH — CHCHOH -
CH,CHOH — CH,CH,0OH — C,H;OH, in which the formation
of the CH species is the rate-determining step of the whole
process, with an activation barrier of 1.21 eV. Therefore, the Cu
component displays great influence upon the reaction mecha-
nism of syngas conversion, especially impacting the mechanism
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Fig. 8 The optimal reaction pathway diagram for ethanol formation from
syngas over the Cu/y-AlIOOH(001) surface.
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of C-C bond formation, but does not show better CO activation
ability and carbon chain growth. In contrast, the partial coverage
of CuO, species formed by the strong metal support interaction
(SMSI) between the Cu component and the y-AIOOH(001) surface
strengthens the non-dissociative adsorption capacity of CO. This
is because the adsorption energy of CO on Cu/y-AlIOOH(001)
increases to 1.37 eV from 0.37 eV on the y-AIOOH(001)
surface,® which is even larger than the value on the pristine
Cu surface (1.28 eV)."* Furthermore, CO activation via direct
dissociation or indirect H-assisted dissociation becomes more
difficult than on y-AIOOH(001) and Cu surfaces according to their
activation barriers and reaction energies (For CO —» C + O,
AE = 3.71 eV on Cu/y-AlOOH(001), E, = 3.77 eV and AE = 2.77 €V
on y-AIOOH(001), E, = 5.56 €V and AE = 1.54 €V on Cu(211); for CO +
H — CHO, E, = 1.30 eV and AE =0.55 eV on Cu/y-AlIOOH(001),
E, =1.04 eV and AE = —0.31 €V on y-AIOOH(001), E, = 1.12 eV
and AE = 0.74 eV on Cu(211))."**' However, compared with the
v-AIOOH(001) surface®® (E, = 0.76 eV and AE = —1.90 eV) for the
carbon chain growth, the Cu/y-AIOOH(001) surface does not
display an advantage (E, = 1.00 eV and AE = —0.73 eV) but is still
more favorable than the Cu(211) surface (E, = 1.46 eV and
AE = 0.03 eV)." Hence, from the comparison analysis, we
confirmed that the Al component plays a pivotal role in the
carbon chain growth.

3.3 Bader charge analyses

In contrast to the y-AIOOH(001) surface,®" the initial C-C bond
formation during the process of syngas-to-ethanol conversion
over the Cu/y-AIOOH(001) surface occurs through two CHO
species coupling with a relatively high activation barrier. To
obtain an in-depth understanding of the mechanism of C-C
chain formation, Bader charge analysis was employed in this
section. Firstly, the Bader charges of the clean Cu/y-AlOOH(001)
surface were calculated; as shown in Fig. 9(a), the charges of the
Cu,, Cu,, Cuz and Cu, sites are +0.03 |e[, +0.34 |e|, +0.38 |e| and
+0.38 |e|, respectively. It has been stated that the Cu component
which is close to the y-AIOOH(001) surface transfers more
electrons to the surface via the SMSI effect. It is well known
that SMSI can offer a route to control the structural properties
of the y-AIOOH(001)-supported Cu particle and, hence, its
reactivity and stability, resulting in a marked effect on the
catalytic performance. Moreover, SMSI is often accompanied
with electron transfer between the metal and support, which is
defined as electronic metal-support interaction (EMSI).%”%®
Exactly, as shown in Fig. 9(a), the y-AIOOH(001) surface transfers
an electron with the Cu component, as shown by comparing the
charges of the O sites with the pristine y-AIOOH(001) surface.**
Eventually, the formed CuO, species via the SMSI between the
Cu and Al components affects the adsorption strength of the
correlated species; this results in a different reaction route.
When the CHO species adsorbs at the surface, as shown in
Fig. 9(b), the Bader charge of the Cu, site increases to +0.17 |e|
because it loses electrons to CHO; the Cu, site slightly increases
to +0.36 |e|, the Cu; site decreases to +0.28 |e| and the Cu, site
decreases to +0.31 |e|. Meanwhile, CHO occupies the bridge
Cu;—Cu, site via the O and C atoms, and the net charge of
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Fig. 9 Calculated Bader charges: (a) the Cu/y-AlOOH(001) surface;
(b) CHO on the Cu/y-AlOOH(001) surface; (c) CHO + CHO on the
Cu/y-AlOOH(001) surface.

adsorbed CHO is —0.37 |e|. Actually, the charges of these O
sites on the y-AIOOH(001) surface, which directly interact with
the Cu,, Cuz and Cu, sites of the Cu component, increase by
only 0.02 to 0.03 |e|. It can be seen that the interaction of the Cu
component and the y-AIOOH(001) surface does not change
remarkably after adsorbing CHO. Regarding the initial C-C
chain formation in Fig. 9(c), the net charges carried by the
reactants CHO + CHO, which reside in the bridge Cu,;-Cu, site
and the bridge Cu,-Cu; site, are —0.43 |e] and —0.29 |e|,
respectively. Meanwhile, the charges of the Cu; and Cuj; sites
increase to +0.45 |e| and +0.48 |e|, while the charges of the Cu,
and Cuy sites are almost unchanged. Obviously, upon adding a
second adsorbed CHO, the electrostatic interaction between the
reactants and adsorption sites becomes stronger, which also
results in enhancement of the adsorption stability of the reactants.
However, the electron transfer between Cu and y-AIOOH(001) is
still similar to those in Fig. 9(a) and (b). Moreover, the charges of
the C atoms in the CHO species are +0.48 |e| and +0.60 |e],
respectively. Therefore, comparing with the known nucleophilic
attack mechanism via CO insertion into the neighboring
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CH, species, the formyl coupling mechanism for carbon chain
growth must overcome a relatively high activation barrier over
the Cu/y-AIOOH(001) surface.

3.4 Rate constant analyses

With the aim of exploring the effects of the reaction temperature
on ethanol synthesis from syngas, the rate constants of some key
elementary reactions at different temperatures are calculated in
this section. It has been reported that the productivity of C,,OH is
negligible if the reaction temperature is below 533 K; in the
temperature range from 543 K to 583 K, Cu-based catalysts show
good catalytic activity'>**’® Additionally, combining previous
discoveries'>"* with our calculation results showing the optimal
reaction pathway for ethanol synthesis on the Cu/y-AIOOH(001)
surface, we confirmed that C-C bond formation, C-O cleavage,
CH;CHO and C,H;OH formation are the key steps in the whole
process. Therefore, the rate constants of the above four elemen-
tary reactions in the temperature range of 543 to 583 K were
investigated, and the corresponding rate constants are listed in
Table 4. The corresponding values from 543 K to 583 K are 7.97 x
10%to 4.12 x 10%,3.35 x 10 ' t0 2.87, 6.12 X 10 > t0 5.38 x 10™ %,
and 2.30 to 1.45 x 10" s, respectively. It can be clearly seen that
the rate constants & of these steps increase stepwise with increasing
temperature on the Cu/y-AIOOH(001) surface, which indicates a
positive correlation between the reaction temperature and the rate
constants. Furthermore, at the same temperature, the order of
the rate constants of the above four key reactions is k(C-C bond
formation) > k(C,HsOH formation) > k(C-O bond cleavage) >
k(CH3CHO formation); this order is consistent with that of the
reaction barriers of these elementary reactions. Especially, C-C
bond formation via formyl coupling possesses the maximum
rate constant, suggesting that carbon chain growth is also
favorable on the Cu/y-AIOOH(001) model.

4 Conclusions

In the present study, the reaction mechanism of syngas con-
version into ethanol on the Cu/y-AIOOH(001) surface has been
investigated systematically using periodic DFT calculations at
the molecular level. The adsorption energies of the involved
species as well as the activation barriers and reaction energies
of the possible elementary reactions during the process of
syngas-to-ethanol conversion were calculated. Guided by our
detailed DFT results, the optimal route of syngas conversion
into ethanol over the Cu/y-AIOOH(001) surface is as follows:
CO + H » CHO, CHO + CHO — OHCCHO — CHCHO + O,

Table 4 Rate constants k (s™%) of C—C formation, C—O cleavage, CH,CHO hydrogenation and C,HsOH formation involved in the process of ethanol

synthesis

Rate constant k (s77)

Elementary reaction 543 K 553 K 563 K 573 K 583 K
CHO + CHO — OHCCHO 7.97 x 10* 1.22 x 10° 1.86 x 10° 2.79 x 10° 412 x 10°
OHCCHO — CHCHO + O 3.35 x 107* 5.90 x 107* 1.02 1.73 2.87
CH,CHO + H — CH;CHO 6.12 x 1072 1.09 x 107! 1.89 x 107! 3.21 x 107* 5.38 x 107"
CH;CH,0 + H - C,H;OH 2.30 3.72 5.95 9.38 1.45 x 10"
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CHCHO + 4H — CH,CHO + 3H — CH,CHO + 2H — CH,CH,O +
H — C,H;0H, in which CH;CHO formation needs to overcome
the highest activation barrier (1.58 eV) in the whole pathway.
Different from the y-AIOOH(001) surface,*" the initial C-C chain
formation over the Cu/y-AIOOH(001) surface occurs via formyl
coupling to form the OHCCHO key intermediate; this process is
exothermic by 0.73 eV and must conquer a corresponding
activation barrier of 1.07 eV. Moreover, Bader charge analyses
showed a strong electrostatic interaction between the CHO
intermediate and the formed CuO, species; the electrostatic
repulsive interaction of CHO species is relative detrimental to
carbon chain growth via CHO coupling over the Cu/y-AIOOH(001)
surface, comparing with the formation way via CO insertion into
CH over the y-AIOOH(001) surface.’® Taking temperature effects
into account, we found it shows a positive correlation with the
rate constants, especially for C-C chain formation; the corres-
ponding rate constants increase to 4.12 x 10> s~ from 7.97 x
10% s in the range of 543 to 583 K. In summary, the addition of
the Cu component exhibits great influence on the mechanism of
syngas conversion over the y-AIOOH(001) surface, especially on
C-C bond formation. However, on the Cu/y-AIOOH(001) surface,
the formation of the OHCCHO intermediate provides the possibility
to form other C, dioxides during syngas conversion.
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