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1. Introduction

Co-decorated Cu alloy catalyst for C, oxygenate
and ethanol formation from syngas on Cu-based
catalyst: insight into the role of Co and Cu as well
as the improved selectivityt

Riguang Zhang, Fu Liu and Baojun Wang*

Co-decorated Cu alloy, a potential material for use in syngas conversion based on less expensive Cu metal,
can efficiently promote the formation of C, oxygenates and ethanol. Herein, the mechanisms of C, oxy-
genate and ethanol formation from syngas on Co-decorated Cu alloy catalyst have been investigated to
probe into the role of Co and Cu and identify the catalytic selectivity of Cu catalysts toward C, oxygenates
and ethanol. DFT calculations with microkinetic modeling have been performed, and the Co-decorated Cu
alloy catalyst is modeled using Co-doped Cu(211) surface. Our results suggest that CO initial adsorption
and activation occur at the Cu sites of Co-doped Cu(211). CO prefers to be hydrogenated to CHO at the
Cu site, and subsequently, CHO species at the Cu site easily migrate to the most stable Co-Cu mixed site.
Starting from CHO species adsorbed at the Co-Cu mixed site, CH, and CHjs species are the most favorable
CH, monomers formed via H-assisted CH,O (x = 2, 3) dissociation, which are more favorable than CHsOH
formation both thermodynamically and dynamically, suggesting that the CoCu(211) surface can provide
more CH, resources for C-C chain formation. Further, starting from CH, and CHs species, ethanol is
formed by CO insertion into CH, and CHsz to CH,CO and CHzCO, respectively; subsequently, CH,CO and
CH3CO are successively hydrogenated to ethanol via CH,CHO, CH3zCHO and CHzCH,O intermediates.
Based on microkinetic modeling, the CoCu(211) surface is highly selective for ethanol rather than methanol
and methane. Moreover, the function of Cu is to provide the undissociated CO/CHO at the Cu sites; Co
promotes CH, formation by accelerating the C-O bond cleavage of CH,O species, and the synergetic ef-
fect of Co and Cu facilitates C-C chain formation, which is typical of a “dual-site” mechanism. Thus, the
synergetic effects between the active Co and Cu sites promote the formation of C, oxygenates and etha-
nol; the productivity and selectivity of ethanol over the Co-decorated Cu-based catalyst can be improved
compared to that of the pure Cu catalyst. In addition, we believe that the insight derived from this study
can be valuable for the design of other types of Cu-based catalysts involved in C, oxygenate synthesis
from syngas.

leum resources.® Four types of catalysts exist for C, oxygenate
formation from syngas:*® Rh-based and Mo-based catalysts,

Syngas (CO and H,) conversion to C, oxygenates™ has
attracted much attention due to the increasing demand for
energy and the limited availability of easily accessible petro-
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modified Fischer-Tropsch (F-T) synthesis catalysts and Cu-
based catalysts. Rh-based catalysts exhibit high selectivity to
C, oxygenates, but Rh cannot be commercially used due to its
high cost. Mo-based catalysts have a high catalytic perfor-
mance as well as an excellent sulfur tolerance; however, the
reaction must be carried out at high pressures and tempera-
tures and usually has a long activity induction period during
the reaction, which limit the application of this process. Mod-
ified F-T synthesis catalysts (Fe- or Co-based) have been
reported to generate a great deal of hydrocarbons, which de-
crease the yield of alcohol. Much less expensive Cu-based cat-
alysts are preferentially selected for methanol formation
rather than C, oxygenates. Therefore, in order to obtain both
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lower cost and higher catalytic performance of catalysts, ex-
tensive studies have been carried out to design a variety of bi-
metallic materials, such as bimetallic Co-Cu,”** Fe-Cu,*>**
and Rh-Cu'*?° catalysts. Among them, Co-Cu bimetallic cata-
lysts are thought to be the most promising catalysts owing to
their high selectivity to higher alcohol and inexpensive cost.

Co-Cu bimetallic catalysts are of two types; one type is Cu-
decorated Co-based catalysts and the other is Co-decorated
Cu-based catalysts. Recently, in the case of Cu-decorated Co-
based catalysts, extensive studies have been carried out. For
example, Xiang et al.>' have experimentally designed a highly
selective Co-Cu nanoscale catalyst consisting of a Co-rich
core structure and a Cu-dominated mixed shell, and the se-
lectivity to long chain alcohols is superior to that of tradi-
tional Co-Cu catalysts. Moreover, Prieto et al.”* have identi-
fied a Co-Cu alloy phase with Co-rich compositions as the
ideal catalyst surface for long-chain alcohols by theoretical
and experimental studies. The interactions of the different
components in Co/CuZnO catalysts involved in CO hydroge-
nation have been investigated by Mo et al>® using steady
state isotopic transient kinetic analysis (SSITKA), suggesting
that the addition of Cu into Co significantly promotes the
formation of more C,. oxygenates by blocking a significant
fraction of Co sites for hydrocarbon synthesis. A similar con-
clusion has been confirmed by Xu et al.** on both pure and
Cu-doped Co(0001) surfaces for C, oxygenate from syngas
using density functional theory (DFT) calculations, and the
nature of the Cu promotion was mainly attributed to the geo-
metric effect rather than an electronic effect; the geometric
effect provides the undissociated CO/CHO.

Based on less expensive Cu materials for Co-decorated Cu-
based catalysts, a large number of experimental studies have
proved that Co—Cu bimetallic catalysts with Cu-rich composi-
tions also show high selectivity toward higher alcohols.
Subramanian et al®>® have synthesized two sets of Co-Cu
nanoparticles with novel structures by using wet chemical
methods, Co core-Cu shell (Co@Cu) and Co-Cu mixed nano-
particles, in which the Co-Cu mixed nanoparticles with Cu-
rich compositions (Co: Cu = 1:24) exhibit a greater selectivity
toward ethanol and C,, oxygenates. Anton et al.>® have inves-
tigated the relationships between structure and activity for
Co-modified Cu-based catalysts by co-precipitation using Cu,
Co, Zn and Al nitrates in higher alcohol synthesis, indicating
that an improved intimate interface contact between the
large metallic Cu® nanoparticles detected by XRD and the
X-ray amorphous metallic Co surface species probed by XPS
favors the synthesis of higher alcohols. Pei et al.>”
tigated the formation of higher alcohols on activated carbon
supported CoCuMn catalysts, in which large Cu particles
were decorated by small spherical Co nanoparticles; such a
structure is responsible for the favored formation of higher
alcohols. Gao et al.>® have designed the CuCo-alloy catalysts
with a Cu-rich core and a CuCo-alloy shell, which is stable
and recyclable owing to the unique electronic and geometric
interaction between Cu and Co and exhibits good selectivity
toward higher alcohols.

have inves-

This journal is © The Royal Society of Chemistry 2016

Paper

On the other hand, it is widely accepted that the forma-
tion mechanism of C, oxygenates and hydrocarbons from
syngas involves two key steps:'>>°! one is the surface hydro-
carbon species (CH,), produced by direct CO dissociation
into C, followed by hydrogenation (carbide mechanism), or
vice versa (hydrogen-assisted CO dissociation mechanism);
the other is C-C chain formation, CO/CHO insertion into the
CH,, monomer and carbene coupling leading to the forma-
tion of C, oxygenates and hydrocarbons, respectively.

So far, for Co-Cu bimetallic catalysts, although previous
experimental studies have suggested that the synergistic
effect>>>”*>® between Cu and Co for higher alcohols may
be critical, to the best of our knowledge, the underlying for-
mation mechanism of C, oxygenates from syngas as well as
the roles of Co and Cu over Co-decorated Cu-based catalysts,
namely, Co-Cu bimetallic catalysts with Cu-rich composi-
tions, still remains unclear at the molecular level.

In this study, DFT calculations together with micro-
kinetic modeling have been performed to probe into the un-
derlying mechanism of syngas conversion to C, oxygenates
and hydrocarbons over Co-Cu bimetallic catalysts with Cu-
rich compositions; the roles of Co and Cu for Co-Cu bime-
tallic catalysts in syngas conversion to C, oxygenates and
hydrocarbons will be clarified at a molecular level. Mean-
while, a clear picture of C, oxygenate and hydrocarbon for-
mation from syngas over Co-Cu bimetallic catalysts with
Cu-rich compositions can be obtained, and the results are
expected to readdress the following puzzles: What are the
roles of Co and Cu? How does the Co-promoter promote
high alcohol productivity and selectivity? Further, the results
will not only help us better understand the underlying
mechanism of C, oxygenates and hydrocarbons and the
roles of Cu and Co over Co-Cu bimetallic catalysts with Cu-
rich compositions at a molecular level but also provide a
reference for studies about other types of metal
M-decorated Cu-based catalyst materials, which can serve as
a basis for the selective modification of Cu-based catalyst
materials to improve the catalytic performance toward the
desired products from syngas.

2. Computational details
2.1 Surface model

For the Co-Cu bimetallic catalyst, two types of models may
exist: alloys and inter-metallic catalysts. So far, a large num-
ber of experimental studies*™*?%2%3337740 haye confirmed
that Co—Cu alloy exhibits high selectivity toward higher al-
cohols over Co—-Cu bimetallic catalysts although the low sol-
ubility between Co and Cu exists."’ Thus, the alloy model
has been chosen; meanwhile, Cu prefers to segregate over
the surface®® because of the smaller surface energy com-
pared to Co (1.934 ] m™> vs. 2.709 J m™3).** Moreover, the
interaction of Co with Cu, especially the near-surface region
with a Cu-rich surface configuration, has been observed un-
der exposure to syngas atmospheres,>'*** which plays a signif-
icant role in the formation of higher alcohols. As a result, the
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Co-Cu bimetallic catalyst with a Cu-rich surface has been ex-
amined in this study. Of course, the inter-metallic catalyst
model is also important to investigate C, oxygenate forma-
tion from syngas over Co-Cu bimetallic catalyst, which will
be carried out in our next work.

It has been evidenced that metal surfaces are not always
perfect under a realistic condition, and surface defects are
crucial to the properties of metals, especially surface
reactivity.” *° Moreover, surface defects can enhance the sur-
face catalytic activity,”>® and the step site is the most com-
mon surface defect for metal catalysts. A stepped (211) sur-
face consists of the (111) terrace and the (100)-type step,
which presents a better activity in catalytic reactions.””>° For
example, Behrens et al.®® have investigated CH;OH formation
via CO and CO, hydrogenation on Cu(111) and Cu(211) sur-
faces, suggesting that the activity is increased at the step site
of the Cu(211) surface compared to that at the flat Cu(111)
surface. Catapan et al.”® have investigated the water-gas shift
reaction on Ni(111) and Ni(211) surfaces, indicating that for-
mate formation is favorable at the step site of the stepped
Ni(211) surface owing to its high stability and lower barrier
of CO, hydrogenation. Kapur et al.®" have found that C, oxy-
genate formation is more favorable on the stepped Rh(211)
surface compared to that on the flat Rh(111) surface. In addi-
tion, the dissociation of CO (ref. 51) and NO (ref. 62) on the
stepped Rh(211) surface has a lower activation barrier com-
pared to those on the flat Rh(111) surface. Therefore, in this
study, the stepped Cu(211) surface is employed to model the
Cu catalyst.

In this work, a p(2 x 3) Co-doped Cu(211) surface with an
eight-layer slab is used to model the Co-decorated Cu-based
bimetallic catalyst with a Cu-rich surface configuration; a 10
A vacuum spacing between slabs is set to ensure that no sig-
nificant interaction between the slabs occurs. The upper five
layers together with the adsorbed species are allowed to relax,
and the bottom three layers are kept at their bulk position.

For the stepped Co-doped Cu(211) surface, a single Co
atom can be doped at three possible sites of the Cu(211) sur-
face: a step edge, a terrace, or a step base site (see Fig. 1(a)).
As a result, the most favorable configuration of the Co-doped
Cu(211) surface can be obtained according to the substitution
energy, Equp,”>**

Esub = Eco + Ecu(211) = Ecu =~ Ecocu(211)

where Eg,, is the substitution energy of the Co-doped
Cu(211) surface, and Ecyp11) and Ecocue1ry are the total en-
ergies of the Cu(211) and Co-doped Cu(211) surfaces, re-
spectively. Ec, and Ec, are the total energies of the single
Cu or Co atom, respectively. According to this definition, a
smaller Eg,, denotes easier replacement of a Cu atom by a
Co atom.

Among the three sites, the model with a Co atom at the
step edge is found to be the most easily formed; this model
needs only a substitution energy of 4.1 k] mol™, whereas the
other two models require substitution energies of 39.9 and
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Fig. 1 The surface morphology of (a) Co-doped Cu(211) surface with a
Co atom at different sites, (b) Co-doped Cu(211) surface with a Cu
atom at the step edge replaced by a Co atom. The blue and orange
balls denote Co and Cu atoms, respectively. Asg, Bsg, Fsg and Hge refer
to the atop, bridge, fcc, and hcp sites at the step edge (SE). F g and Hig
refer to the fcc and hcp sites at the lower edge (LE). At and By refer to
the atop and bridge sites on the (111) terrace, respectively, and Hol re-
fers to the hollow adsorption site on the stepped surface.

37.3 k] mol™". As shown in Fig. 1(b), the system with a Cu
atom at the step edge replaced by a Co atom is employed to
model the Co-doped Cu(211) surface, which is also named as
the CoCu(211) surface in this study. The CoCu(211) surface
with the characteristic (111) terrace and (100) step surface
has nine different adsorption sites: the step edge (atop,
bridge, fcc, and hcp), lower edge (fcc and hep), terrace (atop
and bridge), and (100) step (hollow site).

2.2 Computational methods

All calculations have been carried out at the level of density
functional theory within the Vienna Ab initio simulation
package (VASP);*>®® the electron-ion interactions are
expressed by the projector-augmented wave (PAW)
method.®”®® The generalized gradient approximation (GGA)
proposed by Perdew and Wang (PW91)°>”° is used to de-
scribe the exchange-correlation energies and potential. Due
to the magnetic properties of Co, spin-polarized”* calcula-
tions performed for Co systems correctly account for the
magnetic properties with a plane wave cutoff energy of 400
eV. The Brillouin zone is sampled by a 4 x 4 x 1 k-point grid
generated via the Monkhorst-Pack procedure.”>’* The geom-
etry optimization will be converged when the energy differ-
ences between two electronic optimization steps are lower
than 5 x 10°° eV and the forces for ions are smaller than 0.01
evVA™.

The adsorption energy with the zero-point correction (E,qs)
is calculated using eqn (1) and (2):

Eads = (Especies + Eslab - Eslab/species) + AZPE:«lds (1)

This journal is © The Royal Society of Chemistry 2016
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Vibrations Vibrations
vt =3 () @
i=1 2 gas i=1 2 adsorbed

where Egap, Especies aNd Egpecies/siab are the total energies of
the slab surface, the free species, and the slab surface to-
gether with the adsorbed species in the equilibrium state, re-
spectively. AZPE,q4s refers to the zero-point vibrational energy
(ZPE) correction for the adsorption energy. Eqn (2) is used to
calculate the ZPE correction via the vibrational frequencies
for the species including the gas phase and the adsorbed
state. In eqn (2), & is Planck's constant and v; refers to fre-
quency. With the definition of adsorption energy, more posi-
tive values reflect the strong interactions between the
adsorbed species and the slab surface.

To study the minimum energy reaction pathways, the
climbing-image nudged elastic band method (CI-NEB)’*”® is
employed to find saddle points between the known reactants
and the products, and the transition states are optimized
using the dimer method.”®”” In this study, the optimized
transition state structures will be converged when the forces
for all atoms are less than 0.05 eV A%, and the vibrational
frequencies are also calculated to confirm the transition state
with only one imaginary frequency.

For a reaction such as R (reactant) — P (product) on the
CoCu(211) surface, the activation barrier with the zero-point
correction (E,) is calculated according to eqn (3) and (4):"®

E, = (ETS - ER) + AZPEparrier (3)

where Er and Erg are the total energies of the reactant and
the transition state, respectively, and AZPEy,,ier refers to the
ZPE correction for the reaction barrier. The ZPE correction
for the activation barrier is determined from the eqn (4):

Vibrations hVI Vibrations hV‘
AZPEbarricr = Z 5 - Z n (4)
i=1 2 TS i=1 2 R

The first term includes the vibrational frequencies of the
species in the TS, in which the imaginary frequency has not
been considered, and the second term includes the vibra-
tional frequencies of the adsorbed reactants.

The reaction energy with the zero-point correction (AE) is
calculated using eqn (5) and (6):

AE = (EP - ER) + AZPEenergy (5)

Vibrations Vibrations
AZPE = 3 L] [ YL ©
) 2 P 2 R

i=1 i=1

AZPE;pcrgy refers to the ZPE correction for the reaction en-
ergy, which is determined by the vibrational frequencies of
the reactants and products.

Furthermore, Co-Cu bimetallic catalysts show good cata-
lytic activity toward syngas conversion at the temperature

This journal is © The Royal Society of Chemistry 2016

Paper

range of 500-600 K;'**" as a result, we have calculated the reac-
tion rate constants involved in the formation of CH,, C, oxygen-
ates and hydrocarbons from syngas using the harmonic transi-
tion state theoty79 at the temperature of 500, 525, 550, 575 and
600 K. The rate constant (k) can be obtained using eqn (7):

xp[—f—;] ?)

where kg is the Boltzmann constant, T is the absolute temper-
ature, E, is the activation barrier with the zero-point correc-
tion. The partition functions (q) are calculated using eqn (8),
where v; is the vibrational frequency.

kzks_Tﬂe
h gy

1

q=
Vibrations hv (8)

I | l-exp| ——

= kT

B

3. Results and discussion
3.1 Adsorptions of all possible species

In this section, a detailed investigation of the stable adsorp-
tion configurations of all possible adsorbed species involved
in the formation of C, oxygenates and hydrocarbons from
syngas has been carried out on the CoCu(211) surface. The
most stable adsorption configurations of these species are
presented in Fig. 2, and the corresponding adsorption energy
and key geometrical parameters are listed in Table 1.

3.1.1 C, O, CO, H, OH, H,0, CH, (x = 1-3), C,H,, CH,,
C,Hg. Since both CO and H are the initial reactants, CO and
H can be widely adsorbed over the CoCu(211) surface; we
have considered all possible adsorption sites around the Co
site, Co-Cu mixed site, and Cu site on the CoCu(211) surface,
respectively. Our results show that CO prefers to adsorb at
the atop-SE Co site via a Co-C bond; meanwhile, CO is also
adsorbed at the bridge-SE-1 Cu site; the corresponding ad-
sorption energies are 218.8 and 89.5 k] mol ', respectively. H
binds at the fcc-SE-1 Cu site and the bridge-SE-2 Co-Cu
mixed site, and the corresponding adsorption energies are
212.2 and 252.9 kJ mol ™, respectively.

C and O prefer to adsorb at the hollow-2 and the hcp-SE-2
Co-Cu mixed sites with the corresponding adsorption ener-
gies of 677.1 and 577.4 k] mol ™", respectively. OH adsorbs at
the bridge-SE-2 Co-Cu mixed site with an adsorption energy
of 387.7 k] mol™. H,O adsorbs at the atop-SE Co site via O
atom with an adsorption energy of 63.7 kJ mol ™.

CH adsorbs at the hollow-2 site via a C atom with an ad-
sorption energy of 593.5 kJ mol™. Both CH, and CH, are
adsorbed at the bridge-SE-2 Co-Cu mixed sites with the corre-
sponding adsorption energies of 407.4 and 221.3 kJ mol’,
respectively. C,H, molecules prefer to adsorb at the atop-SE
Co site via C; and C, atoms with the adsorption energy of
139.9 kJ mol ™.

CH,; and C,Hs are weakly adsorbed upon the surface,
which are typical of physisorption, with the adsorption ener-
gies of 13.6 and 24.0 k] mol™, respectively.

Catal Sci. Technol.,, 2016, 6, 8036-8054 | 8039
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Fig. 2 The most stable adsorption configurations of the surface species involved in C, oxygenate and hydrocarbon synthesis from syngas on the
CoCu(211) surface. Grey, red, white, orange and blue balls denote C, O, H, Cu and Co atoms, respectively.

3.1.2 CH,O (x = 1-3), CH,OH (x = 0-3). Both CHO and
CH,O0 prefer to adsorb at the bridge-SE-2 Co-Cu mixed sites
via both C and O, which have the corresponding adsorption
energies of 264.8 and 148.8 k] mol ™, respectively, while
CH;O0 is adsorbed at the bridge-SE-2 Co-Cu mixed site via an
O atom with an adsorption energy of 294.8 k] mol .

COH adsorbs at the hcp-SE-2 Co-Cu mixed site via a C
atom with the C-O bond perpendicular to the surface, and
the adsorption energy is 386.2 kJ mol™. CH,OH (x = 1-3) spe-
cies have quite different adsorption configurations and ener-
gies, CHOH via a C atom and CH3;OH via an O atom are
adsorbed at the atop-SE Co sites, whereas CH,OH is adsorbed
at the bridge-SE-2 Co-Cu mixed site via both C and O atoms;
the adsorption energies of CHOH, CH,0OH, and CH;0H are
323.4, 213.3 and 71.3 kJ mol*, respectively.

3.1.3 CH,CO, CH,COH, CH,CHO, CH,CHOH (x = 2, 3),
CH;CH,0, CH;CH,OH. CH,CO, CH,COH and CH,CHOH
prefer to adsorb at the bridge-SE-2 Co—-Cu mixed site via both
C; and C, atoms; a Cu-C bond and two Co-C bonds are
formed, and the corresponding adsorption energies are
176.3, 302.6 and 127.9 k] mol™, respectively. CH,CHO ad-
sorbs at the bridge-SE-2 Co-Cu mixed site via the C,, C, and
O atoms, and its adsorption energy is 279.8 k] mol™. CH;-
COH adsorbs at the atop-SE Co site via the C; atom with an
adsorption energy of 303.3 k] mol .

CH;CO, CH3;CHO and CH3;CHOH adsorb favorably at the
bridge-SE-2 Co-Cu mixed sites via both C; and O atoms, and

8040 | Catal Sci. Technol, 2016, 6, 8036-8054

the corresponding adsorption energies are 257.4, 129.5, and
201.6 kJ mol™?, respectively. CH;CH,0O and CH;CH,OH are
adsorbed via an O atom at the bridge-SE-2 Co-Cu mixed site
and the atop-SE Co sites, and the corresponding adsorption
energies are 290.9 and 68.9 kJ mol ™, respectively.

The above results show that after introducing the Co atom
into the Cu catalyst, all species prefer to interact with Co
atoms or the sites consisting of Co and Cu atoms rather than
the Cu atoms, namely, the surface Co and Cu atoms of
CoCu(211) are the active sites and exhibit a synergetic func-
tion between the active Co-Cu dual-sites for syngas conver-
sion, which is in agreement with the previous experimental
results.””**

3.2 CO initial activation

CO initial activation is regarded as the initial key step for the
formation of CH, (x = 1-3) intermediates in syngas conver-
sion, which determines the formation pathway of CH, (x = 1-
3) species; one is the direct C-O bond scission of CO into C
and O atoms followed by C hydrogenation to CH, species;
the other is CO successive hydrogenation to CH,O or CH,OH
intermediates followed by its direct or H-assisted C-O bond
cleavage to form CH, species.

For CO initial activation, since CO and H,, as the initial
reactants, are abundant surface species over the CoCu cata-
lyst in the FTS reaction, CO is thought to be widely adsorbed

This journal is © The Royal Society of Chemistry 2016
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Table 1 The adsorption energy (kJ mol™) and key geometrical parameters (A) of all possible intermediates involved in C, oxygenate and hydrocarbon

formation from syngas

Species E,qs Configuration Key parameters

C 677.1 Hollow-2 Co-C: 1.718; Cu-C: 1.926, 1.940, 1.961, 2.205
H-CoCu 252.9 Bridge-SE-2 Co-H: 1.583; Cu-H: 1.688

H-Cu 212.2 Fcc-SE-1 Cu-H: 1.724, 1.734, 1.743

(0] 577.4 Hcp-SE-2 Co-0: 1.730; Cu-0: 1.901, 2.047

OH 387.7 Bridge-SE-2 Co-0: 1.855; Cu-0: 1.990; O-H: 0.977

CO-Co 218.8 Atop-SE Co-C: 1.725; C-0: 1.171

CO-Cu 89.5 Bridge-SE-1 Cu-C: 1.977, 1.979; C-0: 1.172

CH 593.5 Hollow-2 Co-C: 1.813; Cu-C: 2.033, 2.046, 2.101; C-H: 1.105
CH, 407.4 Bridge-SE-2 Co-C: 1.800; Cu-C: 2.042; C-H: 1.099, 1.105

CH, 221.3 Bridge-SE-2 Co-C: 1.956; Cu—C: 1.187; C-H: 1.103, 1.106, 1.120

CHO-CoCu 264.8 Bridge-SE-2 via C and O

Co-C: 1.814; Cu-0: 2.038; C-0: 1.257; C-H: 1.120

Co-C: 1.956; Co-O: 1.910; Cu-O: 2.025; C-O: 1.352; C-H: 1.098, 1.099
Co-0: 1.841; Cu-0: 1.996; C-O: 1.436; C-H: 1.099, 1.101, 1.101
Co-C: 1.724; Cu-C: 1.968, 2.214; C-O: 1.328; O-H: 0.982

Co-C: 1.902; Cu-O: 2.124; C-O: 1.477; C-H: 1.097, 1.103; O-H: 0.977
Co0-0: 2.029; C-O: 1.454; C-H: 1.094, 1.098, 1.100; O-H: 0.976

Co—-C;: 2.018; Co-C,: 2.026; C-H: 1.094, 1.094, 1.094, 1.094

Co—-C;: 2.301; Cu-C,: 3.491; C;-H: 1.098, 1.099, 1.102; C,-H: 1.098, 1.127, 1.128

Co-C;: 1.770; Co-C;: 2.063; Cu-Cy: 2.253; C;-0: 1.231; C,-H: 1.098, 1.098

Co—-C;: 1.727; Co-Cy: 2.138; Cu-C,: 2.171; C;-0O: 1.326; C,-H: 1.097, 1.105; O-H: 0.985
Co-C;: 1.960; Co-C,: 2.122; Co-0O: 2.058; Cu-O: 2.017; C;-0: 1.335; C;-H: 1.097; C,-H: 1.093,

Co-Cy: 1.982; Co-C,: 2.097; Cu-C,: 2.262; C;-0: 1.392; C;-H: 1.096; C,-H: 1.093, 1.100; O-H:

Co-C;: 1.808; Cu-0: 2.013; C;-0: 1.266; C,—H: 1.096, 1.101, 1.101

Co-C;: 1.783; C,-O: 1.348; C,—H: 1.094, 1.103, 1.103; O-H: 0.983

Co-C;: 1.979; Co-0: 1.910; Cu-0: 2.019; C,-0: 1.353; C,~H: 1.100; C,-H: 1.098, 1.099, 1.105
Co-C;: 1.923; Cu-0: 2.126; C,-0: 1.479; C,—H: 1.099; C,-H: 1.099, 1.100, 1.105; O-H: 0.970
Co-0: 1.833; Cu-0: 1.990; C;-0: 1.438; C,-H: 1.102, 1.103; C,~H: 1.099, 1.100, 1.100

CHO-Cu 155.1 Bridge-SE-1 via C and O Cu-C: 2.264; Cu-0: 2.235; C-0: 1.247; C-H: 1.117
CH,0 148.8 Bridge-SE-2 via C and O
CH,;0 294.8 Bridge-SE-2 via O
COH 386.2 Hcp-SE-2 via C
CHOH 323.4 Atop-SE via C Co-C: 1.784; 1.354; C-H: 1.103; O-H: 0.981
CH,OH 213.3 Bridge-SE-2 via C and O
CH;O0H 71.3 Atop-SE via O
H,0 63.7 Atop-SE via O Co-0: 2.041; O-H: 0.978, 0.983
CH, 13.6 Away from surface Co-C: 2.301; C-H: 1.095, 1.095, 1.122, 1.122
C,H, 139.9 Atop-SE via C, and C,
C,H, 24.0 Away from surface
CH,CO 176.3 Bridge-SE-2 via C,* and C,
CH,COH  302.6 Bridge-SE-2 via C; and C,
CH,CHO 279.8 Bridge-SE-2 via C,, C, and

(0] 1.099
CH,CHOH 127.9 Bridge-SE-2 via C; and C,

0.977

CH;CO 257.4 Bridge-SE-2 via C; and O
CH;COH 303.3 Atop-SE via C;
CH;CHO 129.5 Bridge-SE-2 via C; and O
CH;CHOH 201.6 Bridge-SE-2 via C; and O
CH;CH,0 290.9 Bridge-SE-2 via O
C,H;O0H 68.9 Atop-SE via O

“ C; denotes the C atom linked with functional groups.

over the CoCu(211) surface including Cu and Co sites; in ad-
dition, CO adsorption reaches more than 0.5 ML (monolayer)
on the Cu(100) surface®® and the Co(0001) surface®" under
high temperature and pressure. As a result, CO initial activa-
tion over Cu and Co sites have been examined, and three pos-
sible reactions occur at the Co site of the CoCu(211) surface:
CO direct dissociation (R1), CO hydrogenation to COH (R2)
and CO hydrogenation to CHO (R3). Meanwhile, previous
studies on the pure Cu(211) surface®® have shown that CO hy-
drogenation to CHO at the Cu site is the most favorable;
thus, CO hydrogenation to CHO (R4) at the Cu site of
CoCu(211) and the diffusion of CHO species (R5) from the
Cu site to the Co-Cu mixed site have also been considered.
The potential energy diagram for the above five reactions to-
gether with the initial states (ISs), transition states (TSs) and
final states (FSs) are shown in Fig. 3.

For R1, the direct C-O bond cleavage of CO adsorbed at
the atop-SE Co site can form C and O via a transition state
TS1; this elementary reaction requires an activation barrier of
387.4 kJ mol " with the reaction energy of 129.9 k] mol™ and
the reaction rate constant is 6.93 x 1072% s™* at 500 K (in the

This journal is © The Royal Society of Chemistry 2016

Co-0: 2.005; C;-O: 1.463; C,—H: 1.099, 1.101; C,—H: 1.076, 1.100, 1.100; O-H: 0.975

main text, only the rate constants of all elementary reactions
at the temperature of 500 K is presented, those at other tem-
peratures are listed in Table 3); in TS1, C and O adsorb at the
bridge-SE-2 Co-Cu site, and the C-O distance is elongated to
1.941 A from 1.171 A in CO.

When CO and H species are co-adsorbed at the Co-Cu
mixed sites, for R2, CO hydrogenation can form COH via a
transition state TS2; this elementary reaction has an activa-
tion barrier of 238.6 k] mol™ with the reaction energy of
164.2 k] mol ™, and the reaction rate constant is 2.19 x 102
s™'. In TS2, CO adsorbs at the bridge-SE-2 Co-Cu site, and
the O-H distance is decreased to 1.254 A from 2.991 A in the
initial state, CO + H(1); the final state COH is adsorbed via a
C atom at the hcp-SE-2 Co-Cu mixed site. In R3, a H atom as-
sociating with a C atom of CO can form CHO via a transition
state TS3, since the C-H distance in TS3 and the TS3 struc-
ture are also close to that of its product CHO, the energy of
TS3 is similar to that of its product CHO. Thus, this elemen-
tary reaction is strongly endothermic by 108.9 k] mol™* with
an activation barrier of 112.7 k] mol ™, and the reaction rate
constant is 3.80 x 10' s'. In TS3, the C-H distance is
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Fig. 3 The potential energy diagram of CO initial activation together
with the structures of ISs, TSs and FSs. Bond lengths are in A. See Fig. 2
for color coding.

decreased to 1.135 A from 2.191 A in the initial state, CO +
H(1); the final state CHO is adsorbed via both C and O atoms
at the bridge-SE-2 Co—-Cu mixed site, which has an adsorption
energy of 264.8 kJ mol™. In addition, previous studies about
CO hydrogenation to CHO on Co catalyst, such as Co(0001),%
Co(211)** and Co(111)** surfaces, also have shown that the
energy and structure of the transition state for CO hydrogena-
tion to CHO is similar to that of the product CHO.

For R4, when CO and H species are co-adsorbed at the Cu
sites, the bridge-SE-1 and fcc-SE-1 sites, respectively, CO hy-
drogenation to CHO only requires an activation barrier of
72.7 kJ mol™ with the reaction energy of 59.2 kJ mol™, and
the reaction rate constant is 2.68 x 10°> s *. In TS4, CO and H
species are adsorbed at the bridge-SE-2 Cu-Cu site and atop-
SE Cu sites, respectively, and the C-H distance is decreased to
1.438 A from 2.854 A in the initial state, CO + H(2); moreover,
CHO adsorbed at the bridge-SE-1 Cu-Cu mixed site has an ad-
sorption energy of 154.1 k] mol™, which is less stable than
that at the bridge-SE-2 Co-Cu mixed site with an adsorption
energy of 264.8 kJ mol™. As a result, CHO species will diffuse
from the Cu site to the Co-Cu mixed site via TS5 in R5; this
reaction has only a very small activation barrier of 3.6 kJ
mol ™", and it is strongly exothermic by 109.7 k] mol™*. In TS5,
the Co-C distance is decreased to 3.042 A from 3.749 A.

As shown in Fig. 3, at the Co-Cu mixed site, among three
possible reactions, although CO hydrogenation to CHO is the
energetically favorable pathway, it is always highly endother-
mic. However, at the Cu site, CO hydrogenation to CHO is
more favorable both thermodynamically and dynamically

8042 | Catal. Sci. Technol., 2016, 6, 8036-8054

Catalysis Science & Technology

than that at the Co-Cu mixed site, which is consistent with
the previous studies.>* CO hydrogenation to CHO at the Cu
site has only an activation barrier of 72.7 k] mol™, which is
also lower than that on the pure Cu(211) surface (97.1 kJ
mol ™, 108.1%° k] mol™), suggesting that the CoCu(211) sur-
face is more favorable for CO hydrogenation to CHO than the
pure Cu(211) surface. Subsequently, the diffusion of CHO
species from the Cu site to the Co-Cu mixed site only has a
very small activation barrier of 3.6 k] mol™, indicating that
the facile diffusion of CHO species from the Cu site to the
Co-Cu mixed site would increase the concentrations of CHO
species at the Co—Cu mixed site.

In general, on the CoCu(211) surface, CO activation and hy-
drogenation to form CHO should go through three steps:
firstly, CO and H species are co-adsorbed at the Cu sites; then,
CO hydrogenation leads to CHO adsorption at the Cu site; this
reaction has the largest rate constant of 2.68 x 10> s* among
the different CO activation pathways. Further, CHO easily mi-
grates from the Cu site to the most stable Co-Cu mixed site
with the rate constant of 1.58 x 10" s™*. With respect to the CO
+ H species, the overall reaction of CHO formation has the acti-
vation barrier and reaction energy of 72.7 and -50.5 kJ mol ",
respectively, which is more favorable than other formation
pathways both thermodynamically and dynamically.

Therefore, the CHO species is the dominant product of
CO initial activation on the CoCu(211) surface. Moreover, un-
der the real experimental conditions, the abundant H on cat-
alyst surface can facilitate CHO formation by CO hydrogena-
tion. In fact, the CHO species has been accepted in many
reactions related to CO hydrogenation. Deluzarche et al.®® in
their study on Rh/TiO, presented a plausible pathway to form
ethanol from syngas via the CHO species. Experiments on
Rh/SiO, catalysts containing CeO, (ref. 86) and Li-promoted
Pd/CeO, (ref. 87) have shown the significance of the CHO
species for alcohol synthesis using the chemical trapping ap-
proach. The studies by Remediakis et al. on Ni(111) surface®®
have indicated that the CHO species is an important interme-
diate involved in CH;0H formation from syngas.

3.3 CH, (x = 1-3) formation

In this section, the formation of CH, (x = 1-3) over the
CoCu(211) surface have been examined; a detailed discussion
about the elementary reactions involved in CH, (x = 1-3) for-
mation are presented in the ESL{ Table 2 lists the activation
barriers and reaction energies with the zero-point correction
of all possible elementary reactions involved in the formation
of CH,, C, oxygenates and hydrocarbons from syngas on the
CoCu(211) surface.

3.3.1 CH formation. As mentioned above, CHO species
adsorbed at the Co-Cu mixed site is the dominant product
for CO initial activation on the CoCu(211) surface; thus,
starting from CHO and CHO + H species, four possible path-
ways with five reactions (R6-R10) may be responsible for CH
formation. Meanwhile, CHO hydrogenation to CH,O (R11) is
also considered.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Possible elementary reactions involved in the formation of CH,, C, oxygenates and hydrocarbons from syngas together with the activation en-
ergies (E,) and reaction energies (AE) as well as the imaginary frequency (cm™) corresponding to the transition state on the CoCu(211) surface

Elementary reactions Transition state (cm™) E, (k] mol ™) AE (k] mol™)
R1 CO—~C+0 TS1 (497.0i) 387.4 129.9
R2 CO +H — COH TS2 (1425.8i) 238.6 164.2
R3 CO + H — CHO-CoCu TS3 (237.1i) 112.7 108.9
R4 CO + H — CHO-Cu TS4 (426.91) 72.7 59.2
R5 CHO-Cu — CHO-CoCu TS5 (228.51) 3.6 -109.7
R6 CHO — CH + O TS6 (478.01) 169.2 -0.1
R7 CHO + H — CH + OH TS7 (377.9i) 155.7 12.9
RS CHO + H - CHOH TS8 (1457.1i) 133.0 55.1
R9 CHOH — CH + OH TS9 (378.9i) 102.0 -42.2
R10 CHOH + H — CH + H,0 TS10 (1332.21) 188.1 25.2
R11 CHO + H — CH,0 TS11 (293.1i) 47.7 3.3
R12 CHO +H — CH, + O — — —
R13 CH,O — CH, + O TS13 (448.0i) 126.7 9.7
R14 CH,O0 + H — CH, + OH TS14 (423.4i) 96.2 9.5
R15 CH,0 + H — CH,OH TS15 (1208.61) 108.3 46.3
R16 CH,OH — CH, + OH TS16 (426.01) 51.3 -36.8
R17 CH,0OH + H — CH, + H,O TS17 (716.9i) 128.8 -7.6
R18 CH,O + H — CH;0 TS18 (624.7i) 29.2 3.4
R19 CH,0+H — CH; + O TS19 (532.4i) 110.6 -12.3
R20 CH3;0 — CH3 + O TS20 (558.2i) 111.5 -15.7
R21 CH;0 + H — CH; + OH TS21 (385.3i) 92.8 -30.5
R22 CH3;0 + H —» CH;0H TS22 (1173.71) 103.5 45.1
R23 CH, - CH+H TS23 (729.01) 41.1 5.8
R24 CH, + H — CH; TS24 (797.2i) 19.0 -25.6
R25 CH, + CH, — C,H, TS25 (43.31) 17.7 -104.5
R26 CH, + CO — CH,CO TS26 (384.9i) 39.9 12.1
R27 CH, + CHO — CH,CHO TS27 (250.6i) 24.7 -91.9
R28 CH; — CH, +H TS28 (797.2i) 44.6 25.6
R29 CH; + H — CH, TS29 (624.91) 87.3 -0.2
R30 CH, + CH; — C,H, TS30 (181.5i) 156.2 -39.4
R31 CH; + CO — CH;CO TS31 (397.4i) 83.1 30.4
R32 CH; + CHO — CH3;CHO TS32 (272.2i) 41.1 —66.8
R33 CH,CO + H — CH;CO TS33 (704.8i) 53.0 13.6
R34 CH,CO + H — CH,CHO TS34 (440.6i) 59.4 -0.5
R35 CH,CO + H — CH,COH TS35 (1371.4i) 128.6 69.1
R36 CH,CHO + H — CH;CHO TS36 (642.9i) 42.9 0.1
R37 CH,CHO + H — CH,CHOH TS37 (1238.7i) 94.9 41.4
R38 CH;CO + H — CH;CHO TS38 (372.4i) 57.1 -14.0
R39 CH3;CO + H — CH;CO H TS39 (1384.9i) 123.8 58.7
R40 CH,;CHO + H — CH;CH,0 TS40 (658.7i) 27.5 10.4
R41 CH;CHO + H — CH;CHOH TS41 (1203.1i) 112.8 57.1
R42 CH,CH,O + H — C,H;OH TS42 (1000.9i) 109.6 48.6

As illustrated in Fig. 4, among CH formation pathways,
two parallel pathways, CHO + H — CH + OH and CHO + H —
CHOH — CH + OH, are more favorable dynamically than the
other two pathways; with respect to CHO + H species at the
Co-Cu mixed site; both parallel pathways have the highest
barriers of 155.7 and 157.1 k] mol ™, respectively, and the cor-
responding reaction energy is 12.9 k] mol . Meanwhile, the
rate-determining steps of both parallel pathways are CHO +
H — CH + OH and CHO + H — CHOH with the rate con-
stants of 8.14 x 10™* and 0.36 s, respectively. As a result, the
most favorable pathway of CH formation is CHO + H —
CHOH — CH + OH.

However, CHO hydrogenation to CH,O has only an activa-
tion barrier of 47.7 k] mol™, and the rate constant is 7.14 x
10% s, which is much more favorable than that of CH forma-
tion, suggesting that the CHO species adsorbed at the Co-Cu

This journal is © The Royal Society of Chemistry 2016

mixed site prefers to be hydrogenated to CH,O rather than
being hydrogenated to CHOH and being dissociated into CH,
respectively. Thus, the preferred products from CHO species
should be CH,O at the Co-Cu mixed site.

3.3.2 CH, formation. As mentioned above, CH,O species
adsorbed at the Co-Cu mixed sites is the preferred product
from CHO species; as a result, starting from the initial state
CHO + H, CH,0 and CH,O + H species, five possible path-
ways with six reactions (R12-R17) lead to CH, formation. Our
results show that for R12 (CHO + H — CH, + O), CHO prefers
to be hydrogenated to CH,O, followed by dissociation into
CH, and O. Meanwhile, CH,O hydrogenation to CH;0 (R18)
has been considered.

As presented in Fig. 5, among five possible pathways of
CH, formation, H-assisted CH,O dissociation (R14) and via a
CH,OH intermediate (R15 and R16) are two parallel
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Table 3 The rate constant k (s™) for elementary reactions involved in the formation of CH,, C, oxygenates and hydrocarbons from syngas at different
temperatures on the CoCu(211) surface

Rate constant k (s ™)

Elementary reactions 500 K 525 K 550 K 575 K 600 K
R1 CO—-C+0 6.93 x 107%# 6.18 x 107%¢ 3.72 x 107 1.58 x 1022 4.89 x 1072
R2 CO + H — COH 2.19 x 107 "? 2.49x 10" 4.34x107"° 4.35x107% 3.60x10°®
R3 CO + H — CHO-CoCu 3.80 x 10* 1.45 x 10> 4.89 x 10? 1.49 x 10° 4.151 x 10°
R4 CO + H — CHO-Cu 2.68 x 10° 8.50 x 10° 1.45 x 10° 4.06 x 10° 5.94 x 10°
R5 CHO-Cu — CHO-CoCu 1.58 x 10 1.75 x 10 1.94 x 10 2.13 x 10* 2.32 x 10"
R6 CHO — CH + O 5.73x10°° 415%x107° 2.51x107* 1.31x107° 5.94 x 107
R7 CHO + H — CH + OH 8.14x 10" 5.20 X 10 2.81x 1072 0.13 0.54
RS CHO + H — CHOH 0.36 1.72 7.21 2.67 x 10* 8.90 x 10*
R9 CHOH — CH + OH 2.03 x 10% 7.01 x 10% 2.17 x 10° 6.10 x 10° 1.58 x 10*
R10 CHOH + H — CH + H,0 2.76 x 1077 2.52x10°° 1.89 x 107 1.19x10* 6.46 x 10°*
R11 CHO + H — CH,O 7.14 x 10° 1.31 x 10° 2.27 x 10° 3.76 x 10° 5.98 x 10°
R12 CHO +H — CH, + O — — — — —
R13 CH,0 — CH, + O 0.89 4.06 1.62 x 10" 5.76 x 10" 1.84 x 10>
R14 CH,O + H — CH, + OH 1.88 x 10° 6.11 x 10° 1.79 x 10* 4.81 x 10* 1.19 x 10°
R15 CH,O + H — CH,0OH 2.03 x 10% 7.49 x 10> 2.45 x 10° 7.26 x 10° 1.97 x 10*
R16 CH,OH — CH, + OH 3.17 x 107 6.09 x 107 1.10 x 108 1.91 x 108 3.15 x 108
R17 CH,OH + H — CH, + H,0 0.93 4.35 1.78 x 10* 6.47 x 10* 2.12 x 10>
R18 CH,O + H — CH,;0 2.92 x 10*° 4.27 x 10*° 6.06 x 10™° 8.34 x 10" 1.12 x 10
R19 CH,0+H — CH3; + O 6.22 2.79 x 10" 1.10 x 10> 3.83 x 10> 1.21 x 10°
R20 CH;0 — CH3 + O 4.08 x 10* 1.33 x 10° 3.94 x 10° 1.06 x 10* 2.64 x 10°
R21 CH,0 + H — CH; + OH 8.95 x 10° 2.82 x 10* 8.01 x 10* 2.08 x 10° 5.03 x 10°
R22 CH;0 + H — CH;0H 5.01 x 10> 1.75 x 10° 5.44 x 10° 1.54 x 10* 4.00 x 10*
R23 CH, — CH + H 1.93 x 108 3.23 x 10° 5.16 x 10® 7.95 x 108 1.18 x 10°
R24 CH, + H — CH; 6.09 x 10*° 7.90 x 10*° 1.00 x 10 1.25 x 10 1.53 x 10
R25 CH, + CH, — C,H, 1.96 x 10! 2.55 x 10" 3.23 x 10" 4.02 x 10" 4.93 x 10"
R26 CH, + CO — CH,CO 9.07 x 10° 1.49 x 10° 2.35 x 10° 3.56 x 10° 5.22 x 10°
R27 CH, + CHO — CH,CHO 4.30 x 10*° 5.89 x 10° 7.87 x 10*° 1.03 x 10 1.31 x 10"
R28 CH; — CH, +H 5.45 x 107 9.43 x 107 1.56 x 10° 2.47 x 108 3.78 x 108
R29 CH; + H — CH, 3.23 x 10* 9.49 x 10* 2.54 x 10° 6.24 x 10° 1.42 x 10°
R30 CH, + CH; — C,Hj 2.41 %1072 0.16 0.93 4.56 1.97 x 10"
R31 CH, + CO — CH,CO 1.30 x 10° 3.55 x 10° 8.90 x 10° 2.06 x 10° 4.46 x 10°
R32 CH; + CHO — CH;CHO 3.56 x 10° 6.01 x 10° 9.69 x 10° 1.50 x 10*° 2.24 x 10*°
R33 CH,CO + H — CH,CO 4.67 x 107 9.02 x 107 1.64 x 108 2.85 x 108 4.72 x 108
R34 CH,CO + H — CH,CHO 3.11 x 10° 6.38 x 10° 1.23 x 107 2.24 x 107 3.89 x 107
R35 CH,CO + H — CH,CO H 3.04 1.41 x 10* 5.68 x 10" 2.04 x 10> 6.58 x 10>
R36 CH,CHO + H — CH;CHO 1.36 x 10 2.36 x 10'° 3.91 x 10*° 6.20 x 10" 9.49 x 10"
R37 CH,CHO + H — CH,CHOH 1.84 x 10° 5.76 x 10° 1.63 x 10* 4.23 x 10* 1.02 x 10°
R38 CH,CO + H — CH;CHO 1.16 x 108 2.36 x 10° 4.52 x 108 8.19 x 10° 1.42 x 10°
R39 CH,CO + H — CH,CO H 6.81 2.97 x 10* 1.13 x 10> 3.86 x 10> 1.19 x 10°
R40 CH,CHO + H — CH,;CH,O 6.43 x 10*° 9.34 x 10*° 1.31 x 10 1.80 x 10'* 2.40 x 10"
R41 CH;CHO + H — CH;CHOH 1.29 x 10> 5.01 x 10> 1.72 x 10° 5.32 x 10° 1.50 x 10*
R42 CH;CH,O + H — C,HsOH 5.16 x 10> 1.93 x 10° 6.43 x 10° 1.93 x 10* 5.3 x 10*

pathways; with respect to CHO + H species at the Co-Cu
mixed site, both pathways have the highest barriers of 99.5
and 111.6 k] mol™", respectively. Meanwhile, the rate-
determining steps of both parallel pathways are CH,O + H —
CH, + OH and CH,O + H — CH,OH with the rate constants
of 1.88 x 10° and 2.03 x 10”> s, respectively. As a result, the
most favorable pathway of CH, formation is CH,O + H —
CH, + OH.

However, CH,O hydrogenation to CH;O has the reaction
energy of 3.4 k] mol™ with an activation barrier of 29.2 kJ
mol ™, and the rate constant of this reaction is 2.92 x 10"
s, which is much more favorable than that of CH, forma-
tion and CH,O hydrogenation to CH,OH with the activation
barrier of 108.3 k] mol ™. Moreover, CH,O over the CoCu(211)
surface has a strong adsorption energy of 148.8 k] mol ™, in-

8044 | Catal. Sci. Technol., 2016, 6, 8036-8054

dicating that CH,O prefers to be hydrogenated to CH,;O
rather than being hydrogenated to CH,OH and being dissoci-
ated into CH, as well as CH,O being desorbed from the sur-
face, respectively. Therefore, CH;0 is more likely to be the
preferred intermediate formed by CH,O hydrogenation.

3.3.3 CH; and CH;OH formation. Similarly, starting from
CH,O + H, CH;0 and CH;0 + H species, three possible path-
ways (R19-R21) are responsible for CH; formation. CH;0 hy-
drogenation to CH;OH (R22) has also been considered.

As illustrated in Fig. 6, among three pathways of CH; for-
mation, H-assisted CH;O dissociation (R21) is predominantly
responsible for CH; formation; this elementary reaction is
exothermic by 30.5 kJ mol™ with an activation barrier of 92.8
kJ mol™, and the corresponding rate constant is 8.95 x 10°
s, which is favorable both thermodynamically and

This journal is © The Royal Society of Chemistry 2016



Catalysis Science & Technology

250 TS10 243.2
: .
1 1 \
l‘ ‘\\
200 ‘, :
— i
i TS6 169.2 . \\
S \
g / N Ts7 1557 /| TS9 1571 \
! Y f——
E 1504 ! TS8 133.0 W L L
: VARV ! K v
/
3 100- A N Y e
[ e ’ \ \ /: ’ \\ ‘\ \ A
% 1 H K .7 \ 7:( . \ 80.3
’ 7’
@ 50 {1 1s1t ary N N
2 30,7 \CHOHHH) 551\ O
- . , B
(] ,’1 P \\ N )
8 g \
g 0 ;:/;, ', CH,0 3.3 N \ CH1+209H
CH+0 -0.1 :

CH+H,0 CHO+H(2) TS11

Fig. 4 The potential energy diagram for the formation of CH and
CH,O together with the structures of ISs, TSs and FSs. Bond lengths
are in A. See Fig. 2 for color coding.

kinetically than CH3;0 hydrogenation to CH;OH (R22) with
the activation barrier and reaction energy of 103.5 and 45.1
KkJ mol ™, respectively, and a rate constant of 5.01 x 10> s,

3.4 The most favorable CH, (x = 1-3) monomer and CH;OH
formation

Starting from CHO + H adsorbed at the Co-Cu mixed sites,
Fig. 7 presents the potential energy diagram for the most favor-
able formation pathways of CH,, (x = 1-3) species and CH;OH.

For CH formation, CHO + H — CHOH — CH + OH is the
most favorable pathway with the highest barriers and reac-
tion energy of 157.1 and 12.9 kJ mol™, respectively, and the
rate-determining step is CHO + H — CHOH, which has the
rate constant of 0.36 s~

For CH, formation, the most favorable pathway is CHO +
H — CH,0 + H — CH, + OH, which has the highest barrier
and reaction energy of 99.5 and 12.8 kJ mol™, respectively;
CH,0 + H — CH, + OH is the rate-determining step with the
rate constant of 1.88 x 10° s™".

This journal is © The Royal Society of Chemistry 2016
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are in A. See Fig. 2 for color coding.

For CH; formation, the pathway of CHO + H — CH,0O + H
— CH3;0 — CH; + OH has the highest barrier and reaction
energy of 99.5 and —23.8 kJ mol™, respectively; CH;O + H —
CH; + OH is the rate-determining step with the rate constant
of 8.95 x10° s\,

For CH;O0H formation, the pathway of CHO + H — CH,O
+H — CH30 + H — CH3;O0H has the highest barrier and reac-
tion energy of 110.2 and 51.8 k] mol™, respectively; CH;O +
H — CH;O0H is the rate-determining step with the rate con-
stant of 5.01 x 10% s

The above results show that CH, and CH; species are the
most favorable monomers among all CH, (x = 1-3) species;
moreover, the formation of CH, and CHj; species is favorable
both thermodynamically and kinetically than CH;OH forma-
tion, which means that the CoCu(211) surface exhibits good
selectivity toward the formation of CH, and CH; species
rather than CH;OH in syngas conversion.

On the other hand, CH,, formation via H-assisted CO dis-
sociation is also much more favorable than that via CO direct
dissociation with an activation barrier of 387.4 kJ mol™?,
namely, CH, species is predominantly formed via the
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Fig. 7 The potential energy diagram for the most favorable pathway
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mechanism of H-assisted CO dissociation over the CoCu(211)
surface rather than CO direct dissociation into O and C
followed by C hydrogenation.

Our previous DFT studies about syngas conversion on the
pure Cu(211) surface®® have suggested that CH; species is the
most favorable monomer; however, CH;OH formation is
much more favorable than CH; species formation, which
agrees with the general fact that Cu catalyst shows good cata-
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lytic performance for CH;OH formation from syngas. Clearly,
upon Co doping with Cu, since the Co-based catalyst is in fa-
vor of CH, formation from syngas, the selectivity to CH, (x =
2, 3) species is improved significantly over the Co-decorated
Cu-based catalyst due to the synergetic effect between the ac-
tive Co-Cu dual sites. Therefore, compared to the pure
Cu(211) surface, the CoCu(211) surface can provide more
CH, resources for further C-C chain formation in syngas

conversion.

3.5 The formation of C, hydrocarbons and oxygenates

On the basis of the above results, CH, and CH; monomers
are the dominant existing form of CH, (x = 1-3) species from
syngas on Co-decorated Cu(211) surface; moreover, in syngas
conversion, since the catalyst surface is covered by certain
amounts of hydrogen under realistic reaction conditions, the
formation channel of CH, upon hydrogenation should be in-
volved. Thereby, based on the most favorable CH, and CH;
monomers, CH, hydrogenation could act as an alternative
route for CH; formation. In summary, once the CH, mono-
mer is formed, C-C chain formation starts immediately, and
this process will be presented in the following part.

Starting from the most favorable CH, monomers, CH, and
CH; species, all possible reactions related to CH, and CHj;
species, including the dissociation, hydrogenation, coupling
and CO/CHO insertion, have been examined, in which a de-
tailed discussion about the elementary reactions are
presented in the ESL} Fig. 8 and 9 present the potential en-
ergy profile of these reactions related to CH, and CH; species
together with the corresponding structures, respectively.

As shown in Fig. 8, among all reactions related to CH, spe-
cies, CH, coupling to C,H, (R25) is the most favorable kineti-
cally, which has only an activation barrier of 17.7 kJ mol™
with the reaction energy of -104.5 kJ mol . Meanwhile, CH,
hydrogenation to CH; (R24) has an activation barrier of 19.0
kJ mol ™", which is competitive with CH, coupling. CH, disso-
ciation (R23) and CO insertion into CH, (R26) have the acti-
vation barriers of 41.1 and 39.9 kJ mol™ with the correspond-
ing reaction energies of 5.8 and 12.1 kJ mol ™", respectively.
CHO insertion into CH, to CH,CHO (R27) has the highest
barrier of 72.7 k] mol™*, which is less favorable than CO in-

sertion into CH,. Based on the kinetic data, CH, coupling to
C,H, and CH, hydrogenation to CH; have a small difference in
activation barrier. However, previous results® have suggested
that the saturated coverage of H is 6/12 ML (monolayer) on the
Rh (100) surface, and the coverage of H, can reach 0.3
ML (monolayer)®® on the Co(0001) surface in the presence of 1/3
ML (monolayer) CO in the F-T synthesis process. As a result, un-
der realistic conditions, CH, hydrogenation is much faster than
CH, coupling and CH, dissociation due to the abundant exis-
tence of hydrogen. On the other hand, CO is also considered as
an abundant surface intermediate in syngas conversion, for ex-
ample, CO adsorption reaches 0.5 ML (monolayer) on the
Cu(100) surface® and the Co(0001) surface®” under high temper-
ature and pressure. Theoretical calculations®" have also proved

This journal is © The Royal Society of Chemistry 2016
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that the coverage ratio of CO to CHO is 10° times under typical
F-T conditions. Thus, although CH, coupling is faster than the
CO insertion reaction in kinetics, CO insertion into CH, to C,
oxygenate CH,CO can be accelerated due to the abundant cover-
age of CO, and it is also faster than CHO insertion into CH,
and CH, coupling, which is consistent with the previous stud-
ies.”> Eventually, CH; and C, oxygenate CH,CO should be the
major products among the reactions related to CH, species.

Similarly, as shown in Fig. 9, among all reactions related
to CH; species, CH; dissociation (R28) has the lowest barrier
of 44.6 k] mol " followed by CHO and CO insertion into CH;
to CH3;CHO (R32) and CH;CO (R31) as well as CH; hydroge-
nation to CH, (R29) with the activation barriers of 72.7, 83.1,
and 87.3 kJ mol ™, respectively. CH; coupling (R30) is difficult
to occur due to the high activation barrier of 156.2 kJ mol ™.
Similar to CH, species, starting from CH; species, CH; hydro-
genation to CH, is faster than CH; dissociation owing to the
abundant coverage of hydrogen. Meanwhile, CO insertion
into CH; to CH;CO is accelerated due to the abundant cover-
age of CO; CO insertion is faster than CHO insertion, in
which CHO predominantly contributes to CH, (x = 2, 3) spe-
cies formation via the intermediates CH,O and CH;O. Thus,
among the reactions related to CH; species, C, oxygenate
CH;CO should be the major product followed by CH,.

On the basis of the above analysis, starting from CH, and
CH; species, the CoCu(211) surface exhibits a better selectiv-
ity toward the formation of C, oxygenates CH,CO and CH;-
CO, and CH, is formed as the by-product. Then, CH,CO and
CH;CO can be successively hydrogenated to C,HsOH. A de-
tailed discussion about the elementary reactions involved in
C,H;OH formation is presented in the ESL{ Staring from
CH,CO species, Fig. 10 presents the potential energy profile
of ethanol formation together with the structures of ISs and
TSs.

As shown in Fig. 10, starting from CH,CO, CH,CO hydro-
genation to CH,CHO and CH;CO has an activation barrier of
53.0 and 59.4 k] mol™, respectively, which are favorable than
CH,CO hydrogenation to CH,COH with the activation barrier
of 128.6 k] mol™. Meanwhile, CH,CO has an adsorption en-
ergy of 176.3 k] mol ™", suggesting that CH,CO prefers to be
hydrogenated to CH,CHO and CH3;CO rather than to be
desorbed. Then, starting from CH,CHO and CH;CO, both
can be hydrogenated to CH;CHO with the corresponding acti-
vation barrier of 42.9 and 57.1 kJ mol ™, respectively, which are
much more favorable than CH,CHOH and CH;COH forma-
tion with the corresponding activation barriers of 94.9 and
123.8 kJ mol™*. Moreover, CH,CHO and CH;CO have adsorp-
tion energies of 279.8 and 257.4 kJ mol ™, respectively; there-
fore, CH,CHO and CH;CO prefer hydrogenation to CH;CHO
rather than their corresponding desorption. Similarly,
starting from CH;CHO with an adsorption energy of 129.5 kJ
mol™, CH;CHO hydrogenation to CH;CH,O has the activa-
tion barrier of 27.5 k] mol™, which is also more favorable
than its desorption and CH;CHOH formation. Further,
CH;CH,0 is hydrogenated to ethanol, which is endothermic
by 48.6 k] mol™ with an activation barrier of 109.6 kJ mol™;

Catal. Sci. Technol., 2016, 6, 8036-8054 | 8047



Paper
175
150
! TS39 137.4
T$35 128.6 [
w1251 ! ' ; \ TS42 1196
S 1 i ! ! ! TSM 1124 L
£ 100 N S S S
. N 1 1
3 754 ; GH,COH! ! 7g3g 11723 | ! i :
| prm— | 1
g 7TS34 59.4 ! /7707 1 CH,COH L 56
° /1S3 h [ 156.7_| 1
1S3} ,
2 0] reoy  [f1sselage | CrcHoh CHCHOM
3 W 44 \H.CHO 1sap :
© 254 'y,’r,l i }'I,'/ '\" ,", 271 i
1 4 9 " h —
o] 00/ CHLOMH 136 % 1 ¢y cn,0nH) 100
|CcH,CO4(H) CH,CHO+(H) -0.5 CH,CHO+H) -0.4
25

Reaction coordinate

CH,CHO+H(2) TS37

- =T
CH;CO+H(2) TS39 TS40

TS38 CH;CHO+H(1)

-

R >
CH;CHO+H(2) TS42

TS41 CH;CHO0+H

Fig. 10 The potential energy diagram of CH,CO hydrogenation to
ethanol together with the structures of ISs and TSs. Bond lengths are
in A. See Fig. 2 for color coding.

CH;CH,O has an adsorption energy of 290.9 kJ mol™,
suggesting that CH;CH,O prefers hydrogenation to ethanol
rather than its desorption.

3.6 Microkinetic modeling

In order to estimate the overall reaction rate (r) and the rates
for the major production of CH;0H (rcy,omn), CHy (rcn,), and
C,H;0H (rc u.on) as well as their relative selectivity under typ-
ical experimental synthesis conditions (Pco = 4 atm, Py, =
8 atm, and T = 500-600 K), microkinetic modeling®*°® has
been employed on the CoCu(211) surface. For the micro-
kinetic modeling in syngas conversion, the adsorption pro-
cesses of CO and H, are assumed to be in equilibrium. More-
over, the pseudo-steady-state approximation®® is applied to
other minority species on the catalyst surface, namely, the
production rates and the consumption rates of all species in-
volved are thought to be the same. A detailed description of
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the microkinetic model has been given in the ESL} Table S1
lists all elementary steps involved in the optimal formation
pathways of CH;OH, CH, and C,HsOH as well as the corre-
sponding reaction rate constants at the temperature of 500,
525, 550, 575, and 600 K. The relative selectivity of the prod-
ucts CH,, CH3;0H, and C,HsOH from syngas conversion on
CoCu(211) at different temperatures is presented in Fig. 11.
Here, the relative selectivity is defined by the relative rate for
each product, r/(rcuom + cu, + 'c,u.on), Where i is the spe-
cies of the products.

On the CoCu(211) surface, the productivity of C,H;OH
(reaom = 1.40 x 107> s™' per site) is higher than that of
CH;0H (rcuon = 917 x 10™* s7' per site) and CH, (rcu, =
2.38 x 107 57" per site) at the temperature of 500 K; the same
results can be also obtained under other temperatures. Previ-
ous studies®® have proved that the interaction of CO with the
surface plays an important role in the whole reaction, in
which the weakening CO bonding can decrease the barrier
for CO hydrogenation to CHO and increase the productivity.
Therefore, in our studies, the weak adsorption energy of CO
and the lower barrier for CO hydrogenation to CHO at the Cu
site can accelerate the formation of CH3;OH, CH, and
C,HsOH. More importantly, generation of CH, and CH; spe-
cies via H-assisted CH,O (x = 2, 3) dissociation is more favor-
able than CH3;OH formation. Thus, more CH, and CH; will
be available for the formation of CH, and C, oxygenate
C,H;OH.

As shown in Fig. 11, on the CoCu(211) surface, the relative
selectivity of C,HsOH can reach approximately 80%, which is
much higher than that of CH;0H and CHy,; this result agrees
well with the experimental results,”” suggesting that the cata-
lyst with the large Cu decorated by small Co nanoparticles
improves alcohol selectivity, especially C,-C5 alcohol, and de-
creases the selectivity of methanol as well as methane. With
the increase in temperature from 500 to 600 K, the relative

100
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o
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<

20 _ CH,
— o —* ° CH,OH
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Fig. 11 The relative selectivity of products CH4, CH3zOH, and C,HsOH
from the syngas reaction on CoCu(211) at different temperatures using
the microkinetic modeling technique.
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selectivity of C,H5OH first rises and then moves down. Mean-
while, the variation trend of the relative selectivities of CH;-
OH and CH, is opposite to that of C,HsOH. Moreover, the rel-
ative selectivities of these products change slightly with the
change in temperature. As a result, our designed Co-
decorated Cu-based catalyst can improve the productivity and
selectivity of ethanol significantly.

3.7 General discussion

Overall, the formation mechanism of C, oxygenates from syn-
gas has been systematically investigated using periodic DFT
calculations on Co-decorated Cu(211) surfaces. The most fa-
vorable formation pathways of the possible products, C,
oxygenates C,HsOH, CH,, and CH3;OH, have been identified,
in which ethanol is selected to model a high alcohol.

Fig. 12 presents the reaction mechanisms for the forma-
tion of C, oxygenates and ethanol. Our results show that CO
initial adsorption and activation occur at the Cu sites. CO
prefers to be hydrogenated to CHO at the Cu site; subse-
quently, the CHO species at the Cu site easily migrates to the
most stable Co-Cu mixed sites. Starting from CHO species
adsorbed at Co-Cu mixed sites, CH3;0H is formed by the pro-
cess CHO + H — CH,O + H — CH30 + H — CH3;0H. CH, and
CH; species are the most favorable CH, monomers generated
via H-assisted CH,O (x = 2, 3) dissociation, which is more fa-
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Fig. 12 Schematic of the optimal reaction pathway for C, oxygenate
and ethanol synthesis from syngas on the CoCu(211) surface.
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vorable than CH;O0H formation both thermodynamically and
dynamically, suggesting that the CoCu(211) surface can pro-
vide more CH, resources for the subsequent C-C chain for-
mation in syngas conversion. Further, starting from CH, and
CH; species, CH, is generated by CH, and CH; hydrogena-
tion; CO insertion into CH, and CH; species is the favorable
pathway for the formation of C, oxygenates CH,CO and CH3;-
CO , which prefer to be successively hydrogenated to ethanol
via CH;CHO and CH;CH,O intermediates. Moreover, on the
basis of microkinetic modeling, the selectivity of ethanol can
reach approximately 80%, which is much higher than that of
methanol and methane. As a result, ethanol is the predomi-
nant product in syngas conversion on the CoCu(211) surface.

3.7.1 The active sites of the CoCu(211) surface. On the ba-
sis of the above DFT calculations, in syngas conversion on
the Co-decorated Cu(211) surface, except for the initial CO ac-
tivation and hydrogenation to CHO species at the Cu site, it
can be found that the adsorption of all species and all ele-
mentary reactions involved in syngas conversion occur at the
Co sites or the Co-Cu mixed sites consisting of Co and Cu
atoms rather than the Cu atoms, indicating that the surface
Co sites or the Co-Cu mixed sites over Co-decorated Cu(211)
are the active sites and exhibit the synergetic function be-
tween the active Co-Cu dual-sites for syngas conversion,
which are in agreement with the previous experimental
results.””®

More importantly, CO hydrogenation to CHO at the Cu
site is much more favorable than that at the Co-Cu mixed
site both kinetically (72.7 k] mol™ vs. 112.7 kJ mol™") and
thermodynamically (59.2 kJ mol™ vs. 108.9 k] mol™); subse-
quently, the facile diffusion of CHO species from the Cu site
to the Co-Cu mixed site would increase the concentrations of
CHO species at the Co-Cu mixed site, which also agrees with
the previous studies.”® Furthermore, starting from CHO
adsorbed at the Co-Cu mixed site, CH, (x = 2, 3), CH3;0H,
CH,4, and C,H;OH are all generated at the Co-Cu mixed sites.
Thus, the CHO intermediate plays an important role in syn-
gas conversion over the CoCu(211) surface, and the CHO spe-
cies at the Co-Cu mixed sites is predominantly responsible
for the formation of CH,, CH;OH, CH,, and ethanol.

In general, the Co sites or the Co-Cu mixed sites over the
CoCu(211) surface are the active centers, which predomi-
nantly contribute to the formation of the key intermediates,
CH, (x = 2, 3) and ethanol, and exhibit the synergetic func-
tion between the active Cu-Co dual sites for syngas
conversion.

3.7.2 Comparison of syngas conversion between Cu(211)
and CoCu(211) surfaces. For CH, formation, our previous
DFT studies on the pure Cu(211) surface®® have suggested
that CH; is the most favorable monomer from syngas. How-
ever, CH;OH formation is much more favorable kinetically
than CH; formation; thus, less surface concentration of CH,
monomers can be obtained to participate in the C-C chain
formation, indicating that the Cu(211) surface exhibits good
selectivity toward CH3;0H formation rather than hydrocar-
bons and ethanol, which accords with the general fact that
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Cu catalyst shows good catalytic performance for CH;OH for-
mation from syngas. However, on the CoCu(211) surface, the
most favorable CH, monomers are CH, and CH; species.
Moreover, the formation of CH, and CH; species is more fa-
vorable than CH;OH formation both thermodynamically and
dynamically, suggesting that compared to the pure Cu(211)
surface, the Co-decorated Cu(211) surface exhibits a good se-
lectivity toward the formation of CH, and CH; species rather
than CH;OH in syngas conversion.

On the other hand, for C, oxygenate formation over the
CoCu(211) surface, CH,CO and CH;CO are the major C, oxy-
genates generated from CO insertion into CH, and CHj; spe-
cies, respectively. CH,CO prefers to be hydrogenated to CH,-
CHO and CH;CO, followed by the successive hydrogenation
to ethanol via CH;CHO and CH;CH,O intermediates; ethanol
is selected to model a high alcohol. Moreover, based on
microkinetic modeling, the selectivity of C,Hs;OH can reach
approximately 80%, which is much higher than that of CH;-
OH and CH,. These results show that ethanol is the predomi-
nant product in syngas conversion on the CoCu(211) surface.
On Cu(211) surface,* once the most favorable monomer CH;
is formed, CO insertion into CH; to CH;CO formation is the
most favorable; subsequently, CH;CO is successively hydroge-
nated to ethanol via CH;COH and CH;CHOH intermediates.
However, CH;O0H formation is more favorable than CH; for-
mation; as a result, fewer CH; sources can be obtained to
participate in C-C chain formation, and the productivity and
selectivity of ethanol from syngas is very low due to fewer
CH; sources and more CH;OH formation.

Therefore, compared to the pure Cu(211) surface, the
CoCu(211) surface with Co-promoted Cu catalyst not only
promotes the formation of CH, species and ethanol but also
suppresses CH;OH formation. As a result, the productivity
and selectivity of ethanol can be significantly improved,
namely, the CoCu(211) surface exhibits a relatively good se-
lectivity toward ethanol as a model high alcohol rather than
the dominant product CH;0H on Cu(211) surface.

3.7.3 The role of Cu and Co. Clearly, upon alloying with
Co, the selectivity to ethanol is significantly improved over
Co-decorated Cu catalysts. Thus, we further identify the role
of Cu and Co according to the comparisons between
CoCu(211) and Cu(211) surfaces.*’

It is well-known that Cu alone is inactive in breaking the
C-O bond, which favors CO hydrogenation to CHO**°"~%°
over Co-decorated Cu(211) surface. The adsorption and acti-
vation of CO to form CHO firstly occur at the Cu site, and
subsequently CHO easily migrates from the Cu site to the
most stable Co-Cu mixed site. Compared to CHO adsorption
at the Cu sites, the enhanced adsorption ability of CHO at
Co-Cu mixed sites becomes a thermodynamic driving force
to lower the barrier for CHO diffusion from the Cu site to
Co-Cu mixed sites (155.1 vs. 252.9 k] mol™). The stronger
interaction between the catalyst and the adsorbed CHO spe-
cies is attributed to more electron transfers between the sur-
face Cu/Co atoms and CHO species. The Bader charge of
CHO adsorbed at the Co—Cu mixed site is 0.35 e, while it is
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decreased to 0.30 e at the Cu site; meanwhile, the projected
density of state (pDOS) of CHO adsorbed at the Cu site and
Co-Cu mixed sites on the CoCu(211) surface (see Fig. 13)
shows that the overlap between the p-orbital of C and O
atoms and the d-orbital of Cu and Co atoms is increased
when CHO is adsorbed from the Cu site to the Co-Cu mixed
sites; thus, the interaction between the CHO site and the Co-
Cu mixed site is enhanced. On the other hand, direct dissoci-
ation of CO at the Co site or the Co-Cu dual-site is
suppressed due to the high barrier of 387.4 k] mol ™', which
reduces the surface concentration of coupling monomers,
CH, species, in the initial CO activation stage and therefore
suppresses CH, coupling reactions. Compared to the Co-
based catalysts, this may be one of the reasons why the Co-
decorated Cu-based catalyst shows poor selectivity to C,
hydrocarbons.

The Cu species provides the active sites for CO adsorption
and CO hydrogenation to CHO. The Co species is slightly
negatively charged than the Cu species,'® and electron trans-
fer from surface Cu to Co species occurs, which is proved by
experimental XPS data.>” Our differential charge density of
the Co atom and its surrounding surface Cu atoms over a
CoCu(211) surface and Cu atoms over a Cu(211) surface (see
Fig. 14) shows that there is more charge transfer between the
Co atom and its surrounding surface Cu atoms over the
CoCu(211) surface than that between Cu atoms over the
Cu(211) surface, suggesting that Cu makes its electrons avail-
able to the Co atom over the CoCu(211) surface, namely, the
electron transferred from the surface Cu to Co. Moreover,
Bader charge analysis on CoCu(211) shows that the electron
transferred from the surface Cu to Co is only 0.01 e, namely,
the electron transferred from the surface Cu to Co is negligible,

which is consistent with the previous experimental
(a
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Fig. 13 Projected density of state (pDOS) of CHO adsorbed at the (a)
Cu site and (b) Co-Cu mixed sites on CoCu(211) surface. The p orbital
of C and O atoms (red line) and the d orbital of Cu and Co atoms
(black line).
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(a) Cu211) (b) CoCu(211)

Fig. 14 The differential charge density of (a) Cu atoms over Cu(211)
surface and (b) Co atom and its surrounding Cu atoms over CoCu(211)
surface. The blue and yellow shaded regions represent charge loss and
charge gain, respectively.

studies.?”’'°° The decreasing electron density of Cu facili-

tates the formation of CHO species by CO hydrogenation
compared to that of the pure Cu(211) surface. On the other
hand, CHO easily diffuses to the Co-Cu mixed sites, which
increases the surface concentration of CHO species. Thus,
Cu mainly serves as the reservoir for the key intermediates
CO/CHO, which is consistent with the “dual-site”
mechanism."*"*%?

However, Co alone is active in breaking the C-O
bond,'**'°°> which is the prerequisite for initiating CH, for-
mation and C-C chain formation. Our results show that all
species prefer to interact with Co atoms or the sites
consisting of Co and Cu atoms rather than the Cu atoms,
namely, the enhanced adsorption of small species, especially
for CH, (x = 1-3), C, O, OH, and CH,O at the Co site or the
Co-Cu dual-site becomes a thermodynamic driving force to
lower the barrier for the C-O bond breaking reaction. As
mentioned above, with the addition of Co, the CH,-O (x = 1-
3) bond cleavage steps are all promoted, indicating that Co
species can facilitate the formation of CH, (x = 2, 3) species
and increase the concentration of CH, (x = 2, 3) species
adsorbed at the Co-Cu mixed sites. More importantly, due to
the easier CH,-O (x = 1-3) bond cleavage step, the Co species
suppresses the formation of CH;OH and improves the selec-
tivity of the monomers, CH, and CH; species; meanwhile,
the Co-Cu dual-sites facilitate CO insertion into CH, and
CHj; species.

As mentioned above, Cu provides the undissociated CO/
CHO, whereas Co promotes CH, formation and facilitates the
C-C chain formation. The synergetic effect between the active
Co and Cu sites improves the productivity and selectivity of
ethanol significantly. Either an electronic effect or a geomet-
ric effect has been proposed to explain how the synergetic
interaction between two components affects the catalytic be-
haviors of bimetallic catalysts. The Bader charge analysis in-
dicated above shows that only a negligible charge transfer
(0.01 e) occurs between Co and Cu. Thus, the addition of Cu
takes effect on the geometry of ensembles rather than
electronic property. Recently, a comparative experimental
study of higher alcohol synthesis from syngas over monome-
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tallic Co and bimetallic Cu-decorated Co/SiO, catalysts has
been performed to probe into the role of Cu using ex situ
XRD, XAS and Raman spectroscopy,'®® suggesting that the
role of Cu is to weaken CO/HCO dissociation, reduce the for-
mation of CH, species, and inhibit C-C chain formation; this
experimental study further confirms the roles of Co and Cu
over Co-decorated Cu-based catalyst in this study.

4. Conclusions

Periodic DFT and microkinetic modeling calculations have
been performed to investigate the formation mechanism of
C, oxygenates and ethanol from syngas over a Co-decorated
Cu-based catalyst (CoCu(211) surface), and the results are
expected to probe into the roles of Co and Cu as well as iden-
tify the catalytic selectivity toward C, species based on the
less expensive Cu-based catalyst. The following results are
obtained:

On the CoCu(211) surface, our results show that CO initial
adsorption and activation occur at the Cu sites and CO pre-
fers to be hydrogenated to CHO at the Cu site, and subse-
quently, CHO species at the Cu site easily migrate to the most
stable Co-Cu mixed sites. Starting from CHO species
adsorbed at Co-Cu mixed sites, CH, and CH; species are the
most favorable CH, monomers generated via H-assisted CH,-
O (x = 2, 3) dissociation, which is more favorable than CH;-
OH formation both thermodynamically and dynamically,
whereas on the pure Cu(211) surface, CH; is the most favor-
able monomer; however, CH;OH formation is much more fa-
vorable kinetically than CH; formation. Meanwhile, starting
from CH, and CH; species, the C, oxygenates CH,CO and
CH;CO are the major products from syngas other than C, hy-
drocarbons or CH,. Further, CH,CO and CH;CO prefer to be
successively hydrogenated to ethanol via CH,CHO, CH;CHO,
and CH;CH,O intermediates. Moreover, on the basis of
microkinetic modeling, the CoCu(2111) surface shows high
selectivity for ethanol rather than methanol and methane;
namely, compared to the Cu(211) surface, the CoCu(211) sur-
face significantly improves the productivity and selectivity of
ethanol.

On the other hand, the roles of Co and Cu have been iden-
tified. The function of Cu is to provide the undissociated CO/
CHO at the Cu sites, whereas Co promotes CH, formation by
accelerating C-O bond cleavage and facilitating C-C chain
formation, which is the so-called dual-site mechanism. The
synergetic effect between the active Co and Cu sites is pre-
dominantly responsible for the formation of C, oxygenates
and ethanol. Meanwhile, we believe that the insight derived
from this study can provide a basis for the catalyst design of
C, oxygenate synthesis from syngas over the less expensive
Cu-based catalysts.
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