Chemical Engineering Science 224 (2020) 115785

Contents lists available at ScienceDirect == CHEMICAL
ENGINEERING

SCIENCE

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Syngas-to-C, oxygenates on Cu-based catalyst: Quantitative insight into @)
the balancing effect of active Cu®*(0 < & < 1) sites R

Cong Wei?, Riguang Zhang **, Lixia Ling?, Debao Li®, Bo Hou", Baojun Wang **

2 Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan 030024, Shanxi, PR China
bState Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan 030001, Shanxi, PR China

HIGHLIGHTS GRAPHICAL ABSTRACT
« The precise role of Cu®(0 < § < 1)
sites is quantitatively revealed in %3'
syngas-to-C, oxygenates. ée\fate Valence St \96;1 -
« The Cu* and Cu® sites dominantly te:

contribute to the conversion of syngas

to form methanol. lJ
« The moderate valence state (0.43 and 03% &

0.51) Cu®(0 < & < 1) sites mainly ‘?“‘ g

catalyze syngas-to-C, oxygenates. C‘ji)d? C) (
« The redox properties of Cu,0 should & QV0Cess of % ‘ﬁg

be enhanced to form moderate C*j%) _5 7 < ]

valence state Cu®(0 < & < 1) sites. § &5 S <i§0
« The electronic properties well — < g ?—D-

illustrate the precise role of sfu}‘: +5 & ,,ﬁ»f B

Cu®(0 < & < 1) sites. % |®) 0\ Q;cﬁ

S
zfo Mo,c\,\a"‘ Syngas A7el<4 9 S
’IO

ARTICLE INFO ABSTRACT
Article history: Cu-based catalysts can experimentally catalyze the conversion of syngas-to-C, oxygenates, however,
Received 21 March 2020 since the chemical state of Cu sites dynamically evolves in the reaction process, no consensus has been
Received in revised form 5 May 2020 reached on the precise roles of active Cu®*(0 < & < 1) sites. Here we resolve this long-term dispute with a

Accepted 7 May 2020

Available online 16 May 2020 series of highly comparable Cu catalyst. The results for the first time quantitatively identify the precise

role of Cu®(0 < & < 1) sites in adjusting the catalytic activity and selectivity of syngas conversion over
Cu-based catalysts, which is well illustrated in the view of electronic properties. Our quantitative results
show that the moderate valence state Cu®*(5 = 0.43 and 0.51) sites can highly-active and highly-selective
C. ox catalyze the conversion of syngas to produce C, oxygenates, which is also indirectly supported by the
2 OXygenates . . f . S

Cu catalyst reported experiment studies. It is proposed that the balancing effect of Cu® and Cu* species in the exper-
Active sites iment contribute to high catalytic performance toward the formation of C, oxygenates.

Valence state © 2020 Elsevier Ltd. All rights reserved.
Density functional theory

Keywords:
Syngas conversion

1. Introduction

C, oxygenates (typically such as ethanol) formed by syngas
(CO + H,) is thought to be a promising approach, which can convert
carbon dioxide, natural gas, biomass and coal into high value-
added chemicals (Hindermann et al, 1993; Subramani and
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Gangwal, 2008; Chuang et al., 1985; Pan et al., 2007). Nowadays,
Rh-based catalysts have presented effectively catalytic perfor-
mance toward the conversion of syngas to produce C, oxygenates,
however, the poor CO conversion rate and few storage quantities of
noble metal Rh hinder its wide utilization in industry (Pan et al.,
2007; Mei et al., 2010; Subramanian et al., 2010; Mo et al., 2009;
Haider et al., 2009). Alternatively, a low cost Cu-based catalysts,
the easier modification with transition metals and the high CO con-
version rate, are commonly used in the conversion of syngas to
produce C, oxygenates (Sun et al., 2016; Yue et al., 2014; Gupta
et al, 2011; Su et al, 2016; Prieto et al., 2014; Zhang et al.,
2019). However, the Cu-based catalysts previously employed in
syngas conversion to ethanol lead to a rapid decrease of ethanol
selectivity due to the change of active phase in the reduction and
reaction processes (Gupta et al, 2011; Su et al., 2016; Prieto
et al,, 2014; Wang et al., 2017; Xiang et al., 2015; Morrill et al.,
2013); which limited its further industrial applications. Thus, the
deeper understandings that how do the Cu-based catalysts work
under the realistic conditions become very necessary for the
rational design of Cu-based catalyst. In addition, two critical steps
for the conversion of syngas to C, oxygenates on the Rh-based and
Cu-based catalysts have been generally accepted (Hindermann
et al., 1993; Zhang et al, 2019; Zhao et al., 2011; Schumann
et al., 2018; Choi and Liu, 2009); the first is to produce the key
CH,(x = 1-3) intermediates, the second is the carbon chain forma-
tion of C, oxygenates.

The present understanding about the active phase of Cu-based
catalyst in the conversion of syngas to produce C, oxygenates
mainly concentrated on the Cu*, Cu®"(0 < & < 1) and Cu® species
due to the easier reduction of Cu?* species under the reducing
atmosphere and at the temperature of 500-623 K (Maimaiti
et al.,, 2014; Zuo et al., 2013; Li et al., 2019), for example, the sys-
tematical investigations by Maimaiti et al. (2014 ) revealed that the
CuO can be reduced to Cu,0 at approximately 360 K and ultimately
be reduced to metal Cu at 780 K. Meanwhile, several excellent
studies showed that the Cu*, Cu®*(0 < 5 < 1) and Cu® species always
co-exist on the Cu-based catalysts, especially, the chemical state of
Cu species in the Cu-based catalysts dynamically evolves during
the process of the reaction (Kuld et al., 2016; Eren et al., 2015;
Yue et al., 2013), such as, Li et al. (2019) found that the peaks of
Cu,0 were significantly weakened, accompanied by the Cu diffrac-
tion peaks obviously sharpened as the ethanol production from
syngas over the Cu-based catalysts, indicating that Cu particles
aggregate during the reaction process. Further, the experiment
and theoretical studies by Tissot et al. (2019) clearly presented
the reduction process of Cu,0O surfaces under the hydrogen-rich
reducing atmosphere, firstly, a large number of OH species were
observed on the Cu,O surface, subsequently, a large number of
metal Cu clusters appeared on the catalyst surface, which were
attributed to that H takes away the O on the Cu,0 surface, resulting
in the oxygen vacancies formation and the reconstruction of sur-
face Cu atoms to Cu clusters. Moreover, the phenomenon that
the specifically designed Cu/Cu,0O interface is more active for the
reduction of CO, to methanol was reported by Chang et al.
(2018). It is concluded that Cu,0 catalyst under the reducing atmo-
sphere firstly go through the formation of surface oxygen vacan-
cies, which promotes the reorganization of the surface Cu atoms;
subsequently, the surface Cu atoms are aggregated to form the
Cu/Cu,0 interfaces or completely reduced to form metal Cu cluster
along with the progress of the reaction.

As mentioned above, since different active phases of Cu cata-
lyst co-exist and evolve dynamically during the reaction process,
it is very difficult to quantitatively identify the precise roles of
Cu*, Cu®(0 < & < 1) and Cu° species, and the attribution of active
phase for the Cu catalyst remains controversial yet (Kuld et al.,
2016; Sa et al., 2010; Gokhale et al., 2008; Behrens, 2012; Cant

et al., 1985; Chung et al., 1992), for example, the Cu® species is
considered to be the active phase in the hydrogenation reactions
of DMO (Zhao et al., 2013; Yin et al.,, 2009; Yin et al., 2010; Yin
et al,, 2008; Gong et al., 2012) or DME (San et al., 2009), whereas
the Cu* species is acted as the active phase for ethanol formation
from CO (Zuo et al., 2013; Li et al., 2019; Sun et al., 2019) or DMO
(He et al., 2011) hydrogenation; meanwhile, the considerable
researches about the hydrogenation reactions showed that there
may be a synergetic effect of the Cu® and Cu* species, i.e. Cu®*(0 <-
d < 1) species (Yue et al,, 2013; Wang et al., 2015; Zheng et al,,
2015), such as, Wang et al. (2015) found that the appropriate ratio
of Cu* and Cu® species enhanced the activity of DMO hydrogena-
tion to form ethanol over the Cu/SiO, catalysts. The similar results
were drawn by Zheng et al. (2015) that the imbalance distribution
of the Cu* and Cu® species leads to the rapid decrease of ethanol
selectivity in DMO hydrogenation. Further, the interface between
the Cu* species and the highly dispersed CuO,(x = 0.2-0.5) species
was observed to be more active for CO oxidation (Eren et al.,
2015; Wang et al., 2015). Therefore; above analysis show that dif-
ferent valence states of Cu catalysts as the active sites exhibit
important role in the hydrogenation reactions related to the
C—0 bond, as a result, for the conversion of syngas to produce
C, oxygenates, the deep insights into the catalytic performance
of Cu catalysts with different valence states would be significant
for revealing the precise roles of Cu*, Cu®*(0 < & < 1) and Cu°® as
the active sites.

Further, the experiment by Li et al. (2019) revealed that the Cu*
site is beneficial to the formation of CH30H in syngas conversion;
the Cu®"(0 < & < 1) sites between Cu® and Cu* species effectively
increase ethanol selectivity. Theoretically, numerous studies about
the conversion mechanism of syngas-to-C, oxygenates have been
carried out on the (1 1 1) (Sun et al, 2013; Sun, 2013); (21 1)
(Zhang et al., 2013); (1 1 0) (Sun, 2013; Zhang et al., 2013) and
(1 0 0) (Sun, 2013; Zheng et al., 2015) surfaces of Cu® species as
the active sites, methanol is the dominant product. Thus, the
Cu®(0 < 5 < 1) sites with both Cu® and Cu* species simultaneously
as the active sites should play a crucial role to modulate the cat-
alytic performance of Cu catalyst toward C, oxygenates synthesis
from syngas. Especially, for the Cu®*(0 < & < 1) sites with the meta-
stable state structure, the studies by Greiner et al. (2017) believed
that the catalyst materials in the presence of the metastable state
are close to a thermodynamic phase transition, which presents dis-
tinct catalytic performance. However, up to now, the quantitative
insight into the precise role of Cu®*(0 < & < 1) sites in catalyzing
the conversion of syngas-to-C, oxygenates are still lacking in the
theoretical and experimental studies, and what is the precise
valence state of Cu®(0 < & < 1) sites to exhibit excellent catalytic
performance toward the syngas-to-C, oxygenates.

In this study, focusing on quantitatively identifying the precise
role of Cu species with different valence states as the active sites in
the conversion of syngas-to-C, oxygenates, here, the metal Cu and
Cu,0 are used to simulate the Cu catalyst corresponding to the Cu®
and Cu” species acted as the active sites, respectively; meanwhile,
three mixed Cu,0, model surfaces are constructed to simulate the
Cu catalyst with different metastable state Cu®*(0 < § < 1) structure
as the active site based on a reducible support. Then, DFT calcula-
tions with microkinetic modeling are employed to fully investigate
the mechanism of syngas conversion to produce C, oxygenates on
the Cu* and Cu®'(0 < & < 1) species as the active site, and compared
with the previous work of Cu® species, which can reflect the effect
of Cu valence state on the catalytic performance under the reduc-
ing conditions. Finally, the differential charge density, Bader charge
and density of states are fully analyzed to obtain the relationship
between the electronic properties of Cu®*(0 < & < 1) sites and
the catalytic performance for the conversion reaction of syngas
to produce C, oxygenates.
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2. Computational methods
2.1. Surface model

Cu,0 catalyst is selected to model Cu® active sites, the (11 1)
surface was extensively considered as an ideal model of Cu,O cat-
alysts due to its higher stability, larger surface ratio and the most
catalytically active obtained in the theoretical (Islam et al., 2009;
Sun et al., 2008; Sun et al.,, 2007) and experimental studies
(Schulz and Cox, 1991; Lin et al, 1992; Onsten et al., 2009;
Bendavid and Carter, 2013; Nilius et al., 2016; Bendavid and
Carter, 2013; Huang, 2016), moreover, the presence of coordina-
tion unsaturated Cu® active sites can enhance the adsorption abil-
ity of key intermediates (Huang, 2016; Yang et al., 2018). Our
results also showed that the coordination-unsaturated Cu® site
has strong adsorption ability for the key intermediates (CO, CHO,
CH,0, CH30, CHOH and CH,0H) in CO activation to form CH, spe-
cies (see Table S1). Thus, the Cu,O(1 1 1) surface (named as Cu,0
(11 1)) is used to simulate the Cu* active sites (see Fig. 1a).

Since the surfaces structure of metal oxides usually present the
surface vacancies under the realistic conditions, and therefore
affect its catalytic performance, such as surface reactivity (Yin
et al., 2007). For the Cu,0(1 1 1) surface, it can be partially reduced
to yield the surface oxygen-vacancy in the reducing atmosphere,
resulting in the formation of the metastable Cu®*(0 < & < 1) struc-

ture; meanwhile, previous studies showed that the loss of all
Cu,0(1 1 1) surface oxygen atoms is thermodynamically favored
(Nie et al., 2014). Zhang et al. (2013, 2011, 2010) proved that the
Cu,0(1 1 1) with oxygen-vacancy presents better catalytic activity
for the adsorption and dissociation of O,, H, H,O and H,S species.
Thus, the Cu,0(1 1 1) with oxygen-vacancy is applied to investi-
gate the effect of the metastable Cu®*(0 < & < 1) sites on the forma-
tion of CH, and C; oxygenates in this study, as shown in Fig. 1b and
1c, the Cu,0(1 1 1) with oxygen-vacancy are established by remov-
ing one and two surface Oy, atoms corresponding to the content of
25% and 50% surface oxygen-vacancy, named as Cu,O(1 1 1)-Oy35
and Cu,O(1 1 1)-Oyso surfaces, respectively, in which the
coordination-unsaturated Cu is assumed to be the Cu®"(0 < & < 1)
site. Obviously, the oxygen vacancies induce the reconstruction
of surface Cu atoms to form the surface Cu clusters (Chang et al.,
2018; Yang et al., 2018).

As mentioned above, along with the formation of more oxygen-
vacancies over the Cu,0(1 1 1) surface, the reconstruction of sur-
face Cu atoms leads to their aggregation to form the Cu/Cu,0 inter-
faces or further be completely reduced to form the metal Cu under
the reducing atmosphere. Thus, the reconstruction of surface Cu
atoms to form the Cu/Cu,0 interfaces is considered to be the meta-
stable Cu®*(0 < & < 1) active site, as shown in Fig. 1d, a tetrahedron
Cuy cluster was adsorbed on the Cu,0(1 1 1)-Oys¢ surface (named
as Cu/Cuy0(1 1 1)-Oysp), where the coordination-unsaturated Cu at
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Fig. 1. Surface morphology of Cu,0(1 1 1) surface (a) perfect, (b) one oxygen-vacancy, (c) two oxygen-vacancy, (d) Cus supported over two oxygen-vacancy, and (e) the Cu
(11 1) surface, which are named as Cu,0(1 1 1), Cu;0(1 1 1)-Oyz5, Cu0(1 1 1)-Oys50, Cu/Cuz0(1 1 1)-Oys0 and Cu(1 1 1) surfaces, respectively. The red, orange and pink balls
denote O, Cu atoms and the Cu atoms of Cuy cluster, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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the interface is assumed to be the Cu®'(0 < & < 1) active site. In
addition, the Cuy cluster in both three-dimensional and two-
dimensional configurations are considered to model the aggrega-
tion of Cu®, the three-dimensional Cuy, cluster not only has higher
stability than the two-dimensional one, but also represent the
smallest unit of a three-dimensional configuration that can reflect
both interactions of metal-metal and metal-support (Zhang et al.,
2012; Zhang et al., 2011). The Cu(1 1 1) surface is selected to sim-
ulate the Cu® active sites (Sun et al., 2013; Sun, 2013), as shown in
Fig. 1e.

Further, in order to verify the existence of the metastable
Cu®'(0 < & < 1) structures on the Cu,0(1 1 1)-0y25, Cu,0(1 1 1)-
Oys0 and Cu/Cuy0(1 1 1)-Oys59 surfaces (Fig. 1b-d), the analysis of
the electronic properties is carried out, as presented in Fig. 2a,
the overlap between O,;, and Cusg, the differential charge (details
in Fig. S1) between the coordination-unsaturated Cu and its adja-
cent O atoms for the Cu,O(1 1 1)-Oyzs, Cu0(1 1 1)-Oys9 and Cu/
Cu0(1 1 1)-Oyse surfaces are lower than those of the Cu,O
(1 1 1) surface, suggesting that the interaction between Cu and O
atoms on the CupO(1 1 1)-Oyns, Cu0(1 1 1)-Oyse and Cu/Cuy0
(11 1)-Oys0 surfaces is weaker than that on the Cu,0(1 1 1) surface,
which is also confirmed by the results of Bader charges of Cu (0.33,
0.27, 0.23 vs. 0.52 e) and the Cu-O bond lengths (1.949, 1.966,
1974 vs. 1.930 A) (see Fig. 2b). Correspondingly, the
coordination-unsaturated Cu exists in the form of the metastable
Cu®(0 < & < 1) sites over the Cu,0(1 1 1)-Oy25, Cu,0(1 1 1)-Oysg
and Cu/Cuy0(1 1 1)-Oysp surfaces.

Finally, to further quantitatively obtain the precise valence state
of the metastable Cu®"(0 < & < 1) sites corresponding to the Cu,0
(1 1 1)-Oy325, Cu0(1 1 1)-Oysp and Cu/Cup0(1 1 1)-Oys0 surface
models, the relationship between the Bader charge and the valence
state of Cu®"(0 < 5 < 1) sites over the Cu,0(1 1 1), Cu,0(1 1 1)-Oyys,
Cu,0(1 1 1)-Oys0, Cu/Cuy0(1 1 1)-Oys50 and Cu(1 1 1) surfaces are
obtained (see Fig. S2). Our results show that the Cu®'(0 < § < 1)
sites over the Cu,O(1 1 1), Cu,0O(1 1 1)-Oyzs, Cu0(1 1 1)-Oysp,
Cu/Cuz0(1 1 1)-Oys50 and Cu(1 1 1) surfaces correspond to the pre-
cise valence states of 0.99, 0.62, 0.51, 0.43 and —0.06, respectively,
in which the valence states of 0.99 and —0.06 for the Cu,0(1 1 1)
and Cu(1 1 1) surfaces are nearly close to the valence state of
Cu* and Cu® sites, respectively.

Therefore, in this study, the Cu(1 1 1) surface is selected to sim-
ulate the Cu® active sites. Four types of Cu,O(1 1 1) surfaces, the

perfect, 25% and 50% surface oxygen-vacancies, as well as Cuy clus-
ter adsorbed over the 50% oxygen-vacancies surfaces, have been
employed to simulate the Cu* and Cu®*(0 < & < 1) active sites, a p
(2 x 2) supercell slab model with eight atomic layers separated
by 15 A vacuum is employed for these Cu,0(1 1 1) surfaces, in
which the adsorbed species and the upper six atomic layers of
the slab model are allowed to relax, while the bottom two atomic
layers of the slab model are fixed.

2.2. Calculation methods

All calculations of the adsorption and reaction are implemented
by spin-polarized density functional theory (DFT) using Dmol?
code in Material Studio 8.0. The generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) is imple-
mented for the electronic exchange and correlation (Delley,
1990; Tian et al., 2007). Effective Core Potentials (ECP) is set, and
the double numerical plus polarization (DNP) basic set is used
developed (Delley, 1990; Tian et al., 2007; Zhou et al., 2007). The
energy convergence, maximum force and maximum distance are
set at 2.0 x 107° Ha, 2.0 x 1073 Ha-A~! and 5.0 x 1072 A, respec-
tively. A Monkhorst-Pack with 3 x 3 x 1 k-point mesh sampling
is employed in the surface Brillouin zone, a Methfessel-Paxton
smearing of 0.005 Ha is employed to accelerate convergence. The
transition state (TS) is obtained using the complete LST/QST
method (Halgren and Lipscomb, 1977; Govind et al., 2009). More-
over, the optimized transition state with the only one imaginary
frequency is confirmed, then, the transition state connected with
the reactant and product is verified by the method of TS
confirmation.

Since the formation of C; oxygenates via syngas conversion usu-
ally occurs at the temperature of 500-623 K (Egbebi et al., 2010;
Glezakou et al., 2012; Yin et al., 2003), all energies including the
adsorption of the species and the reactions mentioned in the con-
version of syngas-to-C, oxygenates are calculated at 525 K in our
study (see details in the Part 1 of Supplementary Material).

3. Results and discussions

It is widely accepted that the mechanism of syngas conversion
to produce C, oxygenates involves two key steps (Zhang et al.,
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Fig. 2. (a) Projected electronic density of states (pDOS) of coordination-unsaturated Cu atom and its adjacent O atom resulting from the d-p orbital interactions, as well as the
corresponding two dimensional representation of charge difference at the coordination-unsaturated Cu and its adjacent O horizontal face on the Cu,O(1 1 1), Cu,0(1 1 1)-
Oy2s, Cu0(1 1 1)-0y50 and Cu/Cu,0(1 1 1)-0y50 surfaces; (b) The relationship of the Cu-O bond length of the coordination-unsaturated Cu atom and its adjacent O with the
Bader charge of the coordination-unsaturated Cu atom over the Cu,0(1 1 1), Cu;0(1 1 1)-Oy25, Cu,0(1 1 1)-Oys0, and Cu/Cu,0(1 1 1)-Oysg surfaces.
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2019; Zhao et al., 2011; Schumann et al., 2018; Choi and Liu, 2009;
Sun et al., 2013; Sun, 2013; Zhang et al., 2013; Zhang et al., 2013;
Zheng et al., 2015); the first step is the formation of key CH, inter-
mediates by the C—0 bond scission of CO into C, followed by suc-
cessive hydrogenation; alternatively, CO hydrogenation to produce
CH,O or CH,.;OH(x = 1-3) intermediates, followed by its C—0 bond
scission, in which methanol can be formed by CH,O or CH, ;OH
(x = 1-3) hydrogenation. The second step is to produce C,
oxygenates via the insertion of CO/CHO into the favored
CHy(x = 1-3) monomer, in which methane and C, hydrocarbons
can be yielded by the hydrogenation and coupling of CH, species,
respectively. In this study, the possible reaction steps in the mech-
anism of syngas conversion to produce C, oxygenates on the Cu,0
(1 1 1), CU20(1 1 1)—0\,25, CUZO(] 1 l)_OVSO and CU/CUzo(l 1 1)—OV50
surfaces were investigated. Table 1 listed the activation energy
barriers and reaction energies of the considered reaction steps at
525 K. In addition, the corresponding reaction steps on the Cu
(1 1 1) surface have been examined in our previous studies (Sun
et al.,, 2013; Sun, 2013).

3.1. The production of key CHy(x = 1-3) intermediates

3.1.1. The adsorption of the key intermediates

The adsorption energy plays a vital role in the evaluation of the
binding strength between the intermediates and the catalyst sur-
faces. The corresponding stable configurations (Fig. S3), adsorption
free energies (Table S1) and the C—O bond lengths (Table S2) of the
key intermediates (CO, CHO, CHOH, CH,O, CH,OH and CHs0O)
involved in CO activation to produce CH, intermediates are com-
pared among the Cu,O(1 1 1), Cu,0(1 1 1)-Oyzs, Cu0(1 1 1)-0ys0
and Cu/Cu0(1 1 1)-0ys0 surfaces. The results show that the most
stable adsorption sites are the coordination-unsaturated Cu* site
or the Cu®*(0 < & < 1) sites consisted by the original coordination-
unsaturated Cu atom and its surrounding coordination-saturated
Cu atom over the four surfaces, namely, the coordination-
unsaturated Cu atoms can be considered as the active site, which
is also supported by Huang (2016) and Yang et al. (2018) for the
adsorption of CO, and CO on the Cu,O(1 1 1) surface that
the coordination-unsaturated Cu is also the active sites due to
the strong adsorption ability.

Table 1

As presented in Fig. 3, the length of C—O bond in the CH,O
(x = 0-3) and CH,OH(x = 1,2) intermediates over the Cu,O(1 1 1)-
Oy25, Cu0(1 1 1)-0Oy50 and Cu/Cu,0(1 1 1)-0y50 surfaces are longer
than those over the Cu,0(1 1 1) surface, namely, the easier scission
of C—0 bond in CH,O(x = 0-3) and CH,OH(x = 1,2) species on these
metastable surfaces potentially promote the formation of key CH,
intermediate, especially, the Cu/Cu,0(1 1 1)-Oyso surface with Cu/
Cu,0 interface.

3.1.2. CO initial activation

The initial activation of CO involves direct CO dissociation and
CO hydrogenation to CHO or COH. Since the occurrence of direct
CO dissociation on the Cu (Sun et al., 2013; Sun, 2013; Zhang
et al., 2013; Zhang et al., 2013; Zheng et al., 2015) and Rh (Zhao
et al., 2011; Choi and Liu, 2009; Kapur et al., 2010; Yang et al,,
2016) catalysts is difficult, moreover, the (1 1 1) (Sun et al,
2013; Sun, 2013); (1 1 0) (Sun, 2013; Zhang et al.,, 2013) and
(100)(Sun, 2013; Zheng et al., 2015) surfaces of Cu catalysts pre-
fer to catalyze CO hydrogenation to produce CHO instead of COH;
thus, in this study, only the hydrogen-assisted CO to produce CHO
is investigated for CO initial activation on the Cu,O(1 1 1), Cu,0
(] 1 1)—0\,25, CUZO(l 1 ])—0V50 and CU/CUzO(l 1 1)—OV50 surfaces.
As illustrated in Fig. 4a, the Cu,0(1 1 1) surface with the Cu" sites
has better catalytic activity for CO initial activation compared to
the Cu® sites (Sun et al., 2013) (86.2 vs. 105.8 kJ-mol~'). Meanwhile,
the interface Cu®*(0 < & < 1) site of Cu/Cu,0(1 1 1)-Oyso surface is
more favorable for CO initial activation in kinetics than the
Cu®(0 < & < 1) site of Cu,0(1 1 1)-Oy25 and Cu,0(1 1 1)-Oys0 sur-
faces (78.0 vs. 124.0 and 100.6 kJ-mol~1). Further, CO initial activa-
tion at the interface Cu®*(0 < & < 1) site of Cu/Cu,0(1 1 1)-Oys0
surface is more favored in kinetics than that at the Cu* and Cu°
sites.

As mentioned above, the interface Cu®*(0 < & < 1) site is more
favorable CO initial activation than the Cu® site, the analysis of
pDOS on the Cu/Cu,0(1 1 1)-0ys50 and Cu,0(1 1 1) surfaces was car-
ried out to further illustrate the correlations of the catalytic perfor-
mance with the electronic properties, as shown in Fig. 4b, CO is
inclined to bind with the interface Cu-Cu bridge site of Cu/Cu,0
(1 1 1)-Oyse surface, whereas CO is adsorbed at the top
coordination-unsaturated Cu site of Cu,0(1 1 1) surface, as a result,
the difference of CO adsorption sites leads to different hybridiza-

Calculated activation energy barrier (AG,) and reaction energy (AG) of the elementary reactions involving in the formation of C, oxygenates from syngas over the Cu,0(1 1 1),
Cu0(1 1 1)-0y25, Cup0(1 1 1)-Oysp and Cu/Cuy0(1 1 1)-Oysp surfaces at 525 K, respectively.

Reactions* AG4(AG)/k]-mol™!

Cu* site Cu®*(0 < & < 1) sites

Cu,0(1 1 1) Cu0(1 1 1)-Oyzs Cu0(1 1 1)-Oyso Cu/Cus0(1 1 1)-Ouso
Rx-1 CO+H - CHO 86.2(~0.5) 124.0(48.1) 100.6(46.0) 78.0(3.4)
Rx-2 CHO - CH+0 387.5(315.4) 299.4(88.4) 258.7(121.0) 215.8(42.1)
Rx-3 CHO + H — CHOH 78.4(—56.8) 66.1(25.4) 82.3(40.5) 125.9(36.0)
Rx-4 CHOH — CH + OH 249.4(184.4) 185.3(—89.8) 203.5(103.4) 220.1(98.3)
Rx-5 CHO + H - CH,0 8.6(—67.5) 60.6(—29.5) 84.0(—17.9) 79.9(-17.7)
Rx-6 CH,0 — CH, + 0 262.4(234.5) 260.2(45.6) 106.7(~37.2) 121.5(~36.5)
Rx-7 CH,0 + H — CH,0H 11.6(—69.0) 127.7(~215) 126.9(—8.3) 114.5(—23.8)
Rx-8 CHOH + H — CH,OH 5.7(—97.1) 65.1(—52.8) 37.1(-65.6) 16.3(—68.3)
Rx-9 CH,OH — CH, + OH 176.2(114.3) 133.5(—29.2) 176.1(14.0) 191.4(~17.2)
Rx-10 CH,0 + H — CH;0 8.8(—103.8) 9.1(-112.7) 179.9(—31.9) 209.0(-11.3)
Rx-11 CH;0 - CH3+0 221.8(152.8) 175.9(-60.9) 171.1(-89.9) 231.7(-145.6)
Rx-12 CH,0 + H — CH;0H 13.3(~133.5) 36.7(—94.9) 443(—9.7) 85.8(3.1)
Rx-13 CH,OH + H — CH;OH 8.2(—149.8) 46.5(—98.3) 57.4(—60.9) 59.6(—57.8)
Rx-14 CH, + H — CH, 97.1(~188.6) 126.5(—67.1)— 38.9(—50.7) 53.9(—45.6)
Rx-15 CHs +H — CH, 101.6(—49.0) 35.5(—54.2) 94.1(—66.8) 92.2(—67.0)
Rx-16 CH, + CH, — CoHg 135.0(—312.6) 96.2(—254.6)— 103.5(—44.1) 107.7(-42.1)
Rx-17 CO + CH, — CH,CO 90.6(—142.4) 136.5(—36.4)— 92.5(—18.3) 90.9(—24.6)
Rx-18 CHO + CH, — CH,CHO 70.0(~152.8) 82.9(~108.7)— 16.8(—142.7) 20.0(—148.9)

* It is noted that the values of x is 1-4 corresponding to the Cu;O(1 1 1), Cuz0(1 1 1)-Oy3s5, Cuz0(1 1 1)-Oys and Cu/Cu,0(1 1 1)-Oys0 surfaces, respectively.
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Fig. 3. The C—O0 bond length of key intermediates CO, CHO, CHOH, CH,OH, CH50
and CH30H on the Cu,O(1 1 1), Cup0(1 1 1)-Oy3s, Cu0(1 1 1)-Oys0 and Cu/Cu,0
(11 1)-Oysp surfaces, respectively.
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Fig. 4. (a) The potential energy diagram of CO initial activation together with the
transition state on the Cu;O(1 1 1), Cu0(1 1 1)-Oy55, Cuz0(1 1 1)-Oys0 and Cu/Cu,0
(11 1)-Oysp surfaces, respectively; (b) Projected electronic density of states (pDOS)
of CO and its adsorption Cu sites on the Cu,O(1 1 1) and Cu/CuO(1 1 1)-Oyso
surfaces. Bond lengths are in A. The orange and red balls represent Cu and O atom of
the catalyst surfaces; the gray, white and green balls are the C, H and O atoms
participating into the reaction. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

tion degree between the anti-bond orbital of CO and the d-orbital
of Cu/Cuy0(1 1 1)-Oys¢ interface site, and the Cu/Cu,O(1 1 1)-
0,50 surface is obviously stronger than that of Cu,0(1 1 1) surface,
that is, the amount of electrons transferred from the metal d-or-

bital to the anti-bond orbital of adsorbed CO increases, resulting
in the C—0O bond weakening of CO at the interface site of Cu/
Cuy0(1 1 1)-Oysp surface (Sung and Hoffmann, 1985; Hu et al.,
1995), which is in good agreement with our kinetic results.

3.1.3. The formation of CH, intermediate and CH;0H

Based on above analysis, the initial activation of CO dominantly
lead to CHO species, beginning with the CHO and CHO + H species,
according to previous studies (Sun et al., 2016; Yue et al., 2014;
Gupta et al., 2011); the possible formation routes of CH, interme-
diate and methanol are considered, Fig. 5 shows the energy profile
for the optimal formation routes of CH,(x = 1-3) and CH50H (see
details in Figs. S4-S9).

On the Cu,0(1 1 1) surface, as presented in Fig. 5a, the domi-
nant route of CH formation is CHO + H - CHOH — CH + OH with
the overall energy barrier of 192.6 k]-mol~! and reaction energy of
127.6kJ-mol~'. The route of CHO +H — CH,0 +H — CH,OH — CH, +-
OH mainly produce CH, with the overall energy barrier of
39.7 kJ-mol~! and reaction energy of —22.2 kj-mol~'. Only the
route of CHO + H - CH,0 + H - CH30 — CHj3 + O contributes to
CH; formation with the overall energy barrier of 50.5 kj-mol~'.
Meanwhile, due to the close activation energy barriers of CH,0 +
H — CH30 and CH,0 + H —» CH,OH (8.8 and 11.6 kJ-mol~!), metha-
nol formation is competitive between the routes of CH,O0 + H — C
H3;0 + H - CH30H and CH,0 + H - CH,OH + H — CH30H corre-
sponding to the same overall energy barrier of 8.6 k]-mol~!, which
are exothermic by 286.3 and 304.8 kJ-mol~!, respectively. As a
result, CH, monomer is preferentially formed in kinetics among
the CH,(x = 1-3) species (39.7 vs. 192.6, 50.5 k]-mol~!). Moreover,
methanol formation is also kinetically preferred in comparison
with CH,(x = 1-3) formation (8.6 vs. 192.6, 39.7 and 50.5 kJ-mol™1),
that is, the Cu,0(1 1 1) surface dominantly contribute to the for-
mation of methanol instead of CH, intermediates.

Similar to the Cu,0(1 1 1) surface, as presented in Fig. 5b-d, on
the Cu,0(1 1 1)-0,,5 surface, the overall energy barriers for the for-
mation of CH, CH,, CH3 and CH30H correspond to 210.7, 106.1, 60.6
and 60.6 k]-mol~!, respectively; CH;0 — CHjs + O is very difficult in
kinetics compared to CH30 + H — CH50H (175.9 vs. 36.7 kJ-mol ™),
hence, the Cu,0(1 1 1)-0,;5 surface is more favorable for methanol
formation instead of CH, intermediates. Interestingly, both Cu,0
(1 1 1)-Oys0 and Cu/Cu,0(1 1 1)-Oys0 surfaces are favorable for
the formation of the most preferred CH, intermediate in kinetics
(88.8 and 103.8 kJ-mol~!), which becomes energetically competi-
tive with methanol formation (82.3 and 96.8 kJ-mol™!).

3.2. The effect of Cu®*(0 < 5 < 1) sites on the formation of preferred
CH, monomer

As presented in Fig. 6a, the preferred CH, monomer on the Cu,0
(11 1) surface is CH, formed by the C—0 bond breakage of CH,OH
intermediate; moreover, CH3;OH formation is much easier in kinet-
ics than CH, formation (8.6 vs. 39.7 kj-mol~"), thus, the Cu* sites
dominantly contribute to CH;0H formation. For the Cu®* (0 <8< 1)
sites, on the Cu,0(1 1 1)-0,,5 surface, CH; is also the preferred CH,
monomer arisen from the breakage of C—0 bond in CH,OH species,
while CH30H formation is preferred in kinetics compared to CH,
formation. On the Cu,O(1 1 1)-Oys5¢ and Cu/Cu,0(1 1 1)-Oy5¢ sur-
faces, CH, intermediate is still the preferred CH, monomer formed
by the breakage of C—0 bond in CH,0 species; meanwhile, CH;0H
formation is energetically competitive with CH, formation. Fur-
ther, syngas conversion on the (1 1 1) (Sun et al.,, 2013; Sun,
2013); (2 1 1) (Zhang et al,, 2013) ; (1 1 0) (Sun, 2013; Zhang
et al., 2013) and (1 0 0) (Sun, 2013; Zheng et al., 2015) surfaces
of Cu catalyst acted as the Cu® sites showed that the preferred
CH, species is CH, or CHs; while CH30H formation is kinetically
preferred in comparison with CH,(x = 1-3) formation. Therefore,
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compared to the Cu,0(1 1 1), Cu(1 1 1) and CuO(1 1 1)-Oy5 sur-
faces, both Cu,O(1 1 1)-Oy50 and Cu/Cu,0(1 1 1)-Oys5q surfaces sig-
nificantly favored the production of the preferred CH, monomer
and suppress CH3;OH formation.

To gain further insight into the effect of Cu®*(0 < & < 1) sites on
the formation of preferred CH, monomer under the typical exper-
imental conditions, the microkinetic modeling calculations (Choi
and Liu, 2009; Liu et al., 2017; Shetty et al., 2010) have been carried
out at a typical operating condition (Pco = 4 atm, Py, = 8 atm,
T = 525 K) for the formation of CHy(x = 1-3) from syngas over
the CUQO(] 1 ]), CU20(1 1 1)-0\,25, CUQO(] 1 ])-Ovso and CU/CUzo
(1 1 1)-Oyso surfaces, which will allow us to obtain the activity
and selectivity (see details in the Part 7 of Supplementary Mate-
rial). The surface coverage of the mentioned species, the formation
rates of CH, intermediate and methanol are presented in Table 2.
As indicated in Fig. 6b, the formation rate of CH, species is much
faster than those of CH and CHj3 species on the Cu,O(1 1 1), Cu,0
(1 1 1)-Oy25, Cu0(1 1 1)-0Oy50 and Cu/Cu0(1 1 1)-Oysp surfaces,
thus, the CH, species is the preferred CH, monomer. Meanwhile,
the activity order of the preferred CH, monomer production is
Cu/Cuy0(1 1 1)-Oy50~Cuy0(1 1 1)-0Oy59 > Cu0(1 1 1)-0Oy25 > Cuy0
(11 1), namely, compared to the Cu” sites over the Cu,0(1 1 1) sur-
face, the Cu®(0 < & < 1) sites over the Cu,O(1 1 1)-Oyy5, Cu,0
(1 1 1)-0Oysp and Cu/CuO(1 1 1)-Oys0 surfaces significantly
enhanced the catalytic activity of CO activation and conversion to
produce the preferred CH, monomer, especially, the moderate
valence state (0.43 and 0.51) Cu®(0 < & < 1) sites over the Cu/
Cu,0(1 1 1)-Oys0 and Cu,0(1 1 1)-0y50 surfaces. Further, the rela-
tive selectivity of the preferred CH, species along with methanol
formation is defined as sqy, = ety s x 100% , the selectivity of

(e Frerizon)
the preferred CH, monomer on the Cu,O(1 1 1), Cu,0(1 1 1)-
Oy25, Cu0(1 1 1)-Oys0 and Cu/Cuy0(1 1 1)-Oys50 surfaces are 0%,
0%, 87.5% and 83.9%, respectively. Thus, compared to the Cu* and
Cu? sites, the moderate valence state Cu®*(6 = 0.43 and 0.51) sites
can highly-active and highly-selective catalyze CO activation to
form the preferred CH, monomer, which also agree with our DFT
results that the CH, monomer is preferentially formed over the
CU20(] 1 ])-OV50 and CU/CU20(1 1 ])-0V50.

On the other hand, since the moderate valence state Cu®*(5=0.43
and 0.51) sites at 525 K can highly-active and highly-selective cat-
alyze CO activation to form the preferred CH, monomer, the effect
of reaction temperature on the catalytic activity and selectivity of
CH, formation over the Cu,O(1 1 1)-Oys0 and Cu/Cu,O(1 1 1)-
Oys0 surfaces was considered. As shown in Fig. 7(a) and (b), on
the CuO(1 1 1)-Oys0 and Cu/Cu,0(1 1 1)-0ys0 surfaces, the forma-
tion rate of CH,(x = 1-3) and CH30H increases obviously when the
reaction temperature increases from 450 K to 700 K, but CH, spe-

cies is still the preferred CH, monomer. Meanwhile, the effect of
reaction temperature on the relative selectivity of the preferred
CH, species along with CH30H formation was further considered;
on the Cu,0(1 1 1)-0Oy50 surface, as presented in Fig. 7(c), the selec-
tivity of the most favored monomer CHj firstly increases and then
decreases with the reaction temperature increasing from 450 K to
700 K, especially, when the reaction temperature is higher than
600 K, the selectivity of CH, decreases sharply; when the temper-
ature is at 525 K, it has the best CH, selectivity; however, on the
Cu/Cuy0(1 1 1)-0y50 surface, as presented in Fig. 7(d), the selectiv-
ity of the most favored monomer CH, decreases with the reaction
temperature increasing from 450 K to 700 K, namely, the low tem-
perature is in favor of the selectivity of the most favored monomer
CH, on the Cu/Cu,0(1 1 1)-Oys5q surface.

Based on above DFT calculations and microkinetic modeling on
the Cu* and Cu®(0 < & < 1) sites, taking previous studies over the
Cu® sites into consideration (Sun et al., 2013; Sun, 2013; Zhang
et al., 2013; Zhang et al., 2013; Zheng et al., 2015), we can obtain
that CH, species is the preferred CH, monomer on the Cu’(0 <8 < 1)
sites; moreover, when the Cu* and Cu° sites corresponding to
higher and lower valence state are acted as the active site in the
process of syngas conversion, the production of methanol is more
advantageous in kinetics than that of CH,; whereas the moderate
valence state Cu®(8 = 0.43 and 0.51) sites are acted as the active
site, the formation of the preferred CH, intermediate is more con-
ducive than methanol formation, namely, in the reducing atmo-
sphere of syngas conversion, the Cu catalyst prepared in
experiment should focus on the metastable Cu®*(0 < & < 1) surface
with the moderate valence state Cu®(s = 0.43 and 0.51) sites,
which can highly-active and highly-selective catalyze syngas con-
version to produce the preferred CH, monomer instead of
methanol.

Further, our results show that although the surface geometrical
structure of Cu,0(1 1 1)-Oy;5 is similar to that of Cu;0O(1 1 1)-Oyso,
Cu0(1 1 1)-Oyys surface exhibits high selectivity of methanol
instead of CH, intermediate and C, oxygenates, while Cu,0
(11 1)-0Oysp surface can highly-active and highly-selective catalyze
syngas conversion to produce the preferred CH, monomer instead
of methanol. Meanwhile, the surface geometrical structure of Cu,0
(1 1 1)-Oys9 is quite different from that of Cu/Cu,O(1 1 1)-Oysp,
however, the adsorption configuration of the key species (CO,
CHO, CHOH, CH,0, CH,0H and CHs0) involved in CO activation
to produce CH, intermediates are similar between Cu,O(1 1 1)-
Oys0 and Cu/Cuy0(1 1 1)-0Oysp surfaces (See Part 4 of Supplemen-
tary Material), moreover, both Cu,0(1 1 1)-Oyso and Cu/Cu,0
(1 1 1)-Oyso surfaces can highly-active and highly-selective cat-
alyze CO activation to form the preferred CH, monomer and C,

Table 2
The surface coverage of all species, the formation rates of CH, intermediate and methanol over the Cu,0(1 1 1), Cu;0(1 1 1)-Oy3s, Cu;0(1 1 1)-Oys0, and Cu/Cuz0(1 1 1)-Oys at
525 K.
Parameters Cu,0(111) Cuy0(1 1 1)-Oy25 Cuy0(1 1 1)-Oys0 Cu/Cuy0(1 1 1)-Oys50
Coverage Oco 1.00 x 10° 1.00 x 10° 9.97 x 107! 8.76 x 107!
Oy 3.67 x 1077 2.47 x 1077 7.38 x 1076 1.32 x 1077
Octio 2.28 x 10710 7.15 x 107° 3.20 x 107° 4.60 x 107°
OcHoH 3.64 x 10718 3.88 x 10°° 429 x 10710 2.15 x 10716
OcHz0 217 x 1071 147 x 10°1° 3.46 x 108 1.24 x 107!
Octz0H 9.28 x 10713 9.55 x 107! 1.05 x 1078 1.54 x 1077
Octz0 2.01 x 10°1° 6.34 x 10713 7.16 x 10716 1.07 x 1074
0 3.74 x 1078 1.95 x 10°° 3.89 x 1074 3.16 x 10°°
Formation rates (s~ ) Tew 8.05 x 10736 328 x 10721 2.00 x 1072 1.30 x 1072
TcH2 1.85 x 10722 136 x 1077 2.90 x 107° 2.00 x 107°
reus 3.00 x 10726 2,67 x 1073 6.44 x 10724 2.56 x 10%°
Temson 526 x 107> 468 x 1079 413 x 108 3.84 x 1076
Relative selectivity (%) N 0 0 87.5 83.9
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oxygenates. On the other hand, the catalytic activity of transition
metals is closely related to their corresponding d-electrons and/
or empty d-orbitals (Carter, 2008; Zhang et al., 2017; Hammer
and Nerskov, 1995). As presented in Fig. 8; the d-band center of
the moderate valence state Cu®*(d = 0.43 and 0.51) sites (Cu,0
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Fig. 8. Projected density of states (pDOS) plots of the d-orbitals is corresponds to
coordination-unsaturated Cu atom and the surrounding coordination-saturated Cu
atom on the (a) Cu,0(1 1 1), (b) Cuy0(1 1 1)-0,35, () Cuz0(1 1 1)-Oys0, (d) Cu/Cu0
(11 1)-Oys0 and (e) Cu(1 1 1) surfaces. The vertical red dotted lines represent the
location of d-band center, and the vertical black solid lines indicate Fermi energy
level. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

(1 1 1)-Oys0 and Cu/CuO(1 1 1)-Oyso surfaces correspond to
—1.79 and —1.75 eV) are closer to the Fermi level in comparison
to the Cu* and Cu® sites (Cu,0(1 1 1) and Cu(1 1 1) surfaces corre-
spond to —2.28 and —2.47 eV), namely, the closer the d-band cen-
ter of Cu®"(0 < & < 1) sites to the Fermi level is, the more active the
formation of the preferred CH, monomer is, which well explained
our results obtained by the DFT calculations and microkinetic mod-
eling. Above these results show that the catalytic performance of
Cu®(0 < 5 < 1) active sites is dominantly affected by the electronic
effect instead of the geometry effect.

3.3. The formation of C, oxygenates

Lots of recent studies (Choi and Liu, 2009; Kapur et al., 2010;
Yang et al., 2016; Liu et al., 2017; Sun, 2013; Zhang et al., 2013;
Zhang et al., 2013; Zheng et al., 2015) showed that once CHy(x = 1-
3) species were produced, the reactions including the hydrogena-
tion of CH, to CH,4, CH,-CH, coupling to C, hydrocarbons and the
insertion of CHO/CO into CH, to C, oxygenates may occur, in which
the formation of C, hydrocarbons and CH,4 reduce the selectivity
and production of C, oxygenates (Zhang et al., 2019; Choi and
Liu, 2009; Egbebi et al., 2010; Glezakou et al., 2012; Sun, 2013;
Zhang et al., 2013; Zhang et al., 2013; Zheng et al., 2015). As men-
tioned above, since the preferred CH, species is CH, monomer on
the Cu,O(1 1 1), Cu(1 1 1), Cuz0(1 1 1)-Oys, Cuy0(1 1 1)-Oysp
and Cu/Cu,0(1 1 1)-Oys5¢ surfaces, starting with the preferred CH,
monomer, the related reactions of CH, monomer are examined.

Fig. 9 displays the overall energy barriers for the related reac-
tions of CH, species on the five surfaces (see details in Figs. S10
and S11). On the Cu,O(1 1 1) surface, the formations of CH,,
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Fig. 9. The overall energy barriers for the reactions related to CH, species on the
Cuy0(1 1 1), Cuz0(1 1 1)-0Oy25, Cuz0(1 1 1)-Oysp , Cu/Cuz0(1 1 1)-Oys0 and Cu(11 1)
(Sun, 2013) surfaces at 525 K.

C,H,4, CH,CO and CH,CHO have the overall energy barriers of 97.1,
135.0, 90.6 and 70.0 kJ-mol~!, respectively, namely, the C, oxy-
genates CH,CHO is preferentially formed. Similar to the Cu,O
(1 1 1) surface, the Cu,0(1 1 1)-Oy3s5, Cu,0(1 1 1)-Oys¢ and Cu/
Cu,0(1 1 1)-0y5¢ surfaces are also in favor of CH,CHO formation
by CHO reaction with CH, in kinetics (82.9, 16.8 and 20.0 kJ-mol~1).
However, on the Cu(1 1 1) surface acted as the Cu° sites (Sun et al.,
2013; Sun, 2013); the preferred CH, or CH3 monomer is inclined to
C,H, formation by CH, self-coupling or CH, formation by CHs
hydrogenation, respectively. Thus, the Cu,0(1 1 1), Cu,0(1 1 1)-
Oy25, Cu0(1 1 1)-0Oys0 and Cu/Cu0(1 1 1)-Oysq surfaces not only
exhibit excellent selectivity toward C, oxygenates, but also sup-
press the production of CH4 and C, hydrocarbons.

3.4. The effect of Cu®*(0 < & < 1) sites on the formation of C,
oxygenates

As described above, the Cu* and Cu®*(0 < & < 1) sites is highly-
selective for C, oxygenates formation; whereas the Cu° sites exhi-
bits preferable selectivity toward methane and C, hydrocarbons
instead of C, oxygenates (Sun et al., 2013; Sun, 2013). Thus, once
the preferred CH, species was generated, compared to the Cu®
sites, both Cu* and Cu®"(0 < & < 1) sites essentially improve the
selectivity of C, oxygenates CH,CHO.

The selectivity of C; oxygenates is quantitatively obtained by a
descriptor of the barrier difference between C, oxygenates (CH,-
CHO) and primary by-products (CH4 or C;H,) (Zhang et al., 2019;
Zhang et al., 2013; Zhang et al., 2013), in which the larger the bar-
rier difference is, the higher the selectivity of C, oxygenates is. As
shown in Fig. 9, the energy barrier differences on the five surfaces
with the Cu®, Cu* and Cu®*(0 < § < 1) sites correspond to the values
of —40.1,27.1,13.3,26.3 and 33.9 k]-mol !, respectively, indicating
that the selectivity of C, oxygenates follows the order of Cu/Cu,0
(1 1 1)-Oyso > Cu0(1 1 1)~Cu0(1 1 1)-Oys0 > Cu0(1 1 1)-
0,25 > Cu(1 1 1). Moreover, the formation activity of C, oxygenates
follows the order CuyO(1 1 1)-Oys50 > Cu/Cuy0(1 1 1)-0ys0 > Cu(1
11)>Cuy0(111)>Cuy0(1 1 1)-0Oy35 with the corresponding over-
all energy barriers of 16.8, 20.0, 49.6, 70.0 and 82.9 kJ-mol~!
respectively. Further, as presented in Fig. 8, the d-band center of
Cu(1 1 1) surface as the Cu® sites goes away from the Fermi level
in comparison to the Cu* and Cu®(0 < & < 1) sites, whereas that
of Cu,0(1 1 1)-Oys0 and Cu/Cuy0(1 1 1)-Oys0 surfaces with the
moderate valence state Cu®*(é = 0.43 and 0.51) sites is more close

to the Fermi level, namely, the Cu®(0 < & < 1) sites where the d-
band center is closer to the Fermi level exhibit high activity for
C, oxygenates formation, which is similar to our results for the for-
mation of the preferred CH, monomer. Thus, under the reducing
atmosphere of syngas conversion, once the preferred CH, mono-
mer is formed, for the metastable state Cu®*(0 < & < 1) structures,
the moderate valence state Cu®'(6 = 0.43 and 0.51) sites can
highly-active and highly-selective catalyze the syngas conversion
to produce C, oxygenates instead of that to produce methane
and C; hydrocarbons.

3.5. Comparisons about Cu®*(0 < & < 1) sites between the
experimental and calculated results

In the experiments, considerable efforts have probed into the
formation of C, oxygenates from syngas over Cu-based catalysts,
which have indirectly confirmed our theoretical results that a
moderate valence state Cu®* sites was beneficial to higher alcohols
formation and the Cu®*(0 < & < 1) site is determined by the ratio of
Cu®/(Cu® + Cu*) or Cu*/(Cu® + Cu*) (Li et al., 2019; Sun et al., 2019;
Yoshihara et al., 1995; Shi et al., 2017; Zuo et al., 2014; Deng et al.,
2019; Yu et al.,, 2013; Li et al., 2017). For example, Yoshihara et al.
(1995) simulated methanol synthesis over the clean polycrys-
talline Cu foil by kinetics method, and proved that metallic Cu
was the active site for methanol synthesis on Cu/ZnO catalyst. Sim-
ilarly, Shi et al. (2017) also found that the nitrogen-doped carbon-
nanotube-supported Cu-Fe catalyst with a high ratio of Cu®/(Cu® +-
Cu*) promoted CH3;OH formation. Namely, when the ratio of Cu®/
(Cu® + Cu*) in Cu-based catalyst is close to 1 (Cu®*(8 — 0)), metha-
nol is the main product during syngas conversion. On the other
hand, Zuo et al. (2013, 2014) prepared CuZnAl catalyst through
complete liquid-phase technology and obtained Cu® and Cu* spe-
cies on the catalyst surface by XPS characterization; for ethanol
formation from syngas, it was found that the balanced Cu®-Cu*
sites on the ZnO surface are necessary for ethanol formation, while
too high or too low Cu” is not conducive to the formation of etha-
nol; moreover, the identical conclusions were also obtained by
Deng et al. (2019) and Yu et al. (2013) that only when the ratio
of Cu*/Cu® was moderate, the selectivity of high alcohols increased
significantly. Further, the Cu-Al oxide catalysts were synthesized
by Li et al. using the impregnation method (Li et al., 2017); the
results revealed that the ratio of Cu*/(Cu*+Cu®) has great effects
on product selectivity in CO hydrogenation: methanol was obvi-
ously increased when Cu*/(Cu*+Cu®) is low (<0.4) or high (close
to 1), ethanol was increased significantly when the ratio of Cu*/
(Cu*™+Cu®) is moderate (0.54), which is consistent with the observa-
tion from the results of direct synthesis of ethanol from CO hydro-
genation over the Cu/SiO, catalysts prepared by ammonia vapor
method (Li et al.,, 2019). Recently; Sun et al. (2019) designed a
“spherical-platelike” (CuMn-Co) nanosized particles structure
novel CuCoMn ternary catalyst, experimental characterization
found that the Mn species in the optimized CuCoMn catalyst can
modified the chemical states of Cu species resulting in an appropri-
ate ratio of surface Cu*/(Cu® + Cu*) and further improve the selec-
tivity of ethanol. Yue et al. (2014) reported that synthesizing
higher alcohols from syngas required the synergistic effects of
Cu*-Cu® sites, in which Cu* species acted as the stabilizer of the
methoxy and acyl species, Cu® species activated H,; the appropri-
ate amounts of Cu* and Cu® existed, the higher alcohols formation
would be promoted.

Based on above experimental studies, it is found that the
Cu®(0 < & < 1) sites with the moderate valence state Cu®* can pro-
mote the C-O cleavage of CH,O, and significantly increase the
amounts of CH, species and further promote the selectivity of C,
oxygenates. However, when the Cu®* (8 — 1) and Cu®*(8 — 0) sites
with higher and lower valence state are acted as the active site in
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the process of syngas conversion, the concentration of CH,O spe-
cies increased on the catalyst surface by limiting the C-O cleavage
in CH4O, then, the CH,O species basically underwent hydrogena-
tion to produce methanol.

In summary, taking two key steps of syngas-to-C, oxygenates
into consideration, CO activation to produce the key CH, interme-
diate and the formation of C, oxygenates, our results for the first
time found that over the Cu-based catalysts, the Cu* and Cu® sites
acted as the higher and lower valence state active sites, exhibit
high selectivity of methanol instead of CH, intermediate and C,
oxygenates; whereas the moderate valence state Cu® (s = 0.43
and 0.51) sites are acted as the active site, both can highly-active
and highly-selective catalyze syngas conversion to produce CH,
intermediate and C, oxygenates instead of that to produce metha-
nol and hydrocarbons. Therefore, in the experiment preparation of
the catalyst, keeping a moderate Cu®/Cu* ratio can gain high pro-
portions of the moderate valence state Cu®*(0 < § < 1) sites to real-
ize the balancing effect of active Cu®"(0 < & < 1) sites, contributing
to excellent activity and selectivity toward the conversion of
syngas-to-C, oxygenates; moreover, the redox properties of Cu,0
should be enhanced by doping other metal promoter, contributing
to more surface oxygen-vacancies leading to surface Cu recon-
struction, which is in favor of the formation of the moderate
valence state Cu®*(0 < & < 1) sites. The balancing effect of active
species reported here have potential to contribute to understand-
ing the catalytic essence of Cu catalyst in the heterogeneous
catalysis.

4. Conclusions

In this study, the precise role of Cu®*(0 < 5 < 1) sites in the con-
version of syngas-to-C, oxygenates over the Cu catalysts is quanti-
tatively identified using DFT calculations and microkinetic
modeling. Here, the Cu* and Cu® sites were modeled using the
Cu0(1 1 1) and Cu(1 1 1) surfaces, respectively; the metastable
Cu®"(0 < & < 1) sites from the high to low valence state were mod-
eled using the Cu,0(1 1 1)-0y35, Cuy0(1 1 1)-Oys9 and Cu/Cu,0
(1 1 1)-0ys0 surfaces; these five surface models reflect the reduc-
tion process from the Cu* to Cu® species under the reducing atmo-
sphere of syngas conversion. The results showed that CH,
monomer is the preferred CH, species on the Cu catalysts with
the Cu®(0 < & < 1) sites, when the Cu* and Cu® sites are acted as
the active site, methanol is preferably formed; whereas the moder-
ate valence state Cu®(6 = 0.43 and 0.51) sites is more conducive to
the formation of the preferred CH, monomer. Moreover, starting
from the preferred CH, monomer, the moderate valence state
Cu®(6 = 0.43 and 0.51) sites exhibit highly-active and highly-
selective toward the conversion of syngas-to-C, oxygenates. Thus,
the moderate valence state Cu®(é = 0.43 and 0.51) sites domi-
nantly contribute to the formation of C, oxygenates instead of CHs-
OH or hydrocarbons. Further, the analysis of electronic properties
well reveals this phenomenon. Therefore, under the reducing
atmosphere for the conversion of syngas-to-C, oxygenates, the
experimental preparation of Cu catalyst should focus on the high
proportions of metastable Cu®*(0 < § < 1) structures with the mod-
erate valence state Cu®*(6 = 0.43 and 0.51) sites, which can be real-
ized by adjusting the redox properties of Cu* species using metal
promoters, contributing to more surface oxygen-vacancies leading
to surface Cu reconstruction; the results of this study not only help
peer scientists understand the reaction theories associated with
the experimental results, but also help them advance the design
of cost-effective and structure-tunable Cu-based catalysts (materi-
als) with highly catalytic performances needed for the conversion
of syngas-to-C, oxygenates in industry, which can have broad
impact on catalyst development.
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