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Size dependence of C, oxygenate formation from syngas on Cu cluster has been investigated to qualita-
tively probe into the effect of Cu cluster size on the selectivity of C; oxygenates, which includes two key
steps: CHy and C; oxygenate formations; Cuy3, Cusg and Cuss clusters have been employed to model dif-
ferent sizes of Cu cluster. Here, density functional theory method has been performed. Our results show
that the adsorption ability of the species involving in C, oxygenate formation decreases with the increas-
ing of Cu cluster size; Cu cluster size significantly affects the dominant existence forms of CHy(x=1-3)

Is(%\g/v;srds: species and C, oxygenates. Among three Cu clusters, Cu;3 cluster exhibits the highest selectivity toward
C, oxygenates C, oxygenates compared to other two clusters, suggesting that Cu cluster size can affect the selectivity
Cu cluster toward C, oxygenates, moreover, the smaller Cu cluster size is, the higher the selectivity of C; oxygenates
Size effect is. That is probably related to the high concentration of low-coordinated defect sites on small size Cu clus-
Selectivity ter, which results in the higher activity and selectivity toward C, oxygenates. The identification of higher

Density functional theory intrinsic selectivity of C; oxygenates, active sites, and stronger cluster size effect would be valuable for

developing more efficient and stable Cu catalyst with higher selectivity toward C, oxygenate in syngas

conversion.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that syngas conversion to C, oxygenates
(typically referred to as ethanol, etc.) has become an important
industrial process for the production of clean liquid energy fuels
and valuable chemical feedstock, however, the low yield and poor
selectivity of C; oxygenates are the major hurdles associated with
the use of catalysts [1-3]. Thus, it is significantly essential to
develop the catalysts with higher yield and selectivity of C; oxy-
genates from syngas.

Four types of catalysts, Cu-based catalysts, Rh-based catalysts,
modified Fischer-Tropsch catalysts and Mo-based catalysts [4-7],
have been studied for syngas conversion to C, oxygenates, among
them, Rh-based catalysts directly convert syngas to C; oxygenates,
however, the major barrier to its large-scale application is their pro-
hibitive cost [6,8]. Nowadays, Cu-based catalysts, as an industrial
catalysts, have become an attractive option to produce C, oxy-
genates from syngas at the pressures of about 40-100bar in the
temperature range of 280-310°C [9-14].
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Recently, size-selected subnanometer transition metal clus-
ters have received considerable attention in catalysis due to their
unique electronic and catalytic properties, which are different from
bulk metal surfaces and larger nanoparticles [15-19].Since both the
size and the coordination numbers of the nanoparticle are differ-
ent from those of bulk metal surface, both can significantly affect
the chemical reactivity. Especially, for the metal nanocluster, an
up-shift of the average energy for d-electron states originates from
the finiteness of cluster size, thus, the higher average energy of d-
electron states leads to the higher catalytic activity and the stronger
interaction of cluster with the adsorbed species [16]. Moreover, the
catalytic activity of metal cluster depends on the cluster size, for
example, the reactivity of Au cluster increases with the decreas-
ing of cluster size [20]. Fajin et al. [21] have discussed the effects
of Pt cluster size and structure on the homolytic H,O dissociation
on Pt clusters (n=13, 19, 38, 55, 79 and 140), suggesting that the
activation barrier increases with the increasing of cluster size. Xie
and Gong [22] have studied the interaction of Auss cluster with
small molecules CO and O,, indicating that the Auss cluster can
enhance the reaction process, CO + 0, — CO5 + O, in which the reac-
tion barrier is only about half electron volts. In addition, R6sch
and co-workers [23-25] have investigated CO adsorption on Pt and
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Pd clusters, and obtain the effect of cluster size on CO adsorption
properties.

For Cu cluster, Knickellbein [26] experimentally found that the
ionization of Cup up to 150 atoms corresponds to the electronic
shell and subshell closings. Kostko et al. [27] obtained that Cusg
cluster is an oblate structure by photoelectron spectroscopy. Zhang
and co-workers [28] examined the structures and binding energies
of Cu clusters (n=2-70,147,500) using Monte Carlo and Embedded-
Atoms Method, suggesting that Cu clusters (n=2-70) are formed
by gradually increasing atoms to the icosahedral surface at 300K;
moreover, the higher the symmetry is, the more stable Cu cluster
is. Meanwhile, Winter et al. [29] presented the evidence that small
Cu clusters showed both the jellium-like electronic behavior and
icosahedral geometrical structure. The experimental studies by Lu
et al. [30] have synthesized the stable Cug and Cu;3 nanocluster.

On the other hand, Cu nanocluster has exhibited the remark-
able catalytic activity [15,31-38], DFT studies by Fernandez et al.
[15] have shown that the barrier of O, dissociation decreases with
the increasing of cluster atomicity on Cu ,(n=3-8,13,38) clusters.
First-principles calculations by Lee et al. [32] have proved that a
Cusg cluster exhibits the higher catalytic selectivity for ethylene
epoxidation compared to Ausg cluster. Liu et al. [34] have exper-
imentally obtained that Cuy cluster supported on Al,03 exhibits
the highest activity for CO, hydrogenation to CH3OH at a low
CO, partial pressure, namely, small Cu cluster is the excellent
and efficient catalyst. DFT studies by Yang et al. [35] show that
Cuyg cluster presents a higher activity than Cu(111) surface for
CO hydrogenation to methanol. Zuo et al. [36] investigated the
effect of Cu cluster size on CH3OH dissociation using DFT calcula-
tions, suggesting that the effect of cluster size is beneficial for CH,O
dehydrogenation, which inhibits CH,O desorption as a by-product.
Liu and Rodriguez [37] investigate the water-gas-shift reaction on
Cuyg cluster and Cu(100) surfaces, suggesting that the WGS activ-
ity of Cuyg is higher than that of Cu(100) surface, which agrees
well with the experimental observations. Further, CO, adsorption
and activation over medium sized Cuy(n=7, 13 and 19) clusters
[39], methanol decomposition on Cuy clusters [40], and the size
dependence of the adsorption energy for sulfur on (111) facets of
tetrahedral Cu clusters up to sizes of ~300 atoms [41] have been
systematically examined using DFT calculations.

Up to now, to the best of our knowledge, the understanding
about the underlying mechanism of C; oxygenate formation from
syngas on Cu cluster, as well as the size effect of Cu cluster on the
catalytic performance of C; oxygenate formation remains unelu-
cidated theoretically at a molecular level. As a result, in order to
search the novel Cu-based catalyst with the improved catalytic
activity and selectivity toward C, oxygenates, it is necessary to
probe into C, oxygenates formation from syngas on different size
of Cu clusters, and further identity the size effect of Cu cluster on
the catalytic performance of C, oxygenates.

In this study, Cuy3, Cuszg and Cuss cluster models have been
employed to represent different sizes of Cu cluster. Then, the
adsorptions of all possible species involved in C, oxygenate
formation have been examined on three Cu clusters. Further, the
effect of by-product (methanol and methane) on the selectivity of
C, oxygenates has been discussed in detail. Finally, the obtained
results may provide some information for the design and opti-
mization of highly-efficient Cu-based catalysts in C, oxygenate
formation from syngas.

2. Computational details
2.1. Computational method

All DFT calculations have been performed using Dmol3 program
package in Materials Studio 4.4 [42,43], where the gener-

alized gradient approximation (GGA) with the Perdew-Wang
exchange-correlation functional (PW91) are employed, which has
been widely used for the calculations of cluster models and the
studies about syngas conversion, moreover, the obtained results
are oftenreliable [44,45].In the computation, the double-numerical
basis set with a polarization d-function (DNP) is chosen to expand
the valence electron functions. The orbital cutoff range is 4.0 A, and
the smearing value is set to be 0.005 hartree. The inner electrons of
Cu atoms are kept frozen and replaced by an effective core potential
(ECP), and other atoms are treated with all-electron basis set.

In order to determine the accurate activation barrier of the reac-
tion, the complete LST/QST approach is used to search the transition
state of the reaction [46,47]. Frequency analysis has been used to
validate the transition state with only one imaginary frequency;
moreover, TS confirmation is also performed on every transition
state to confirm that they lead to the desired reactants and prod-
ucts [48]. The reaction energy (AE), activation barrier (E;) and
adsorption energy (E,4s) with zero-point vibrational energy (ZPE)
corrections [21] are obtained; the detailed descriptions are pre-
sented in the Supplementary material.

2.2. Surface model

In the calculation, the structural stability of nanocluster is a key
factor [49]. For Cu cluster, many isomers exist, and the number of
cluster isomer increases rapidly with the increasing of cluster size.
In this study, Cuy3, Cusg and Cuss nanoparticles with the measuring
diameters of 5, 8 and 10 A have been employed to investigate the
effect of Cu cluster size on C, oxygenate formation. Fig. 1 presents
the most stable configurations of Cuy3, Cusg and Cuss clusters.

Although a face centered cubic structure is the most stable
structure of bulk Cu, another icosahedron structure with five-fold
symmetry has been found in nano-sized systems. It is well-known
that Cu(111) surface has the lowest surface energy; in order
to decrease the surface energy, an icosahedron structure with
five-fold symmetry is formed including twenty (111) surfaces.
Meanwhile, for Cujz cluster, previous studies [15,49-55] have
shown that for a 13-atom Cu nanocluster, the icosahedron structure
is the most stable than other isomers; thus, Cu;3 cluster with the
icosahedron structure has been considered (see Fig. 1(a)), which is
a core-shell structure with 12 atoms in outer shell and an atom in
core shell; moreover, all the shell atoms have the same coordina-
tion number 6, thus only three adsorption sites exist: Top, Bridge
and Hcp.

For Cusg clusters, the truncated octahedron structure for the fcc
lattice is more stable than other isomers, which is identified by
previous studies [15,53-60]. Fig. 1(b) presents Cusg clusters with
an outer shell of 32 atoms and a core shell of 6 octahedral atoms,
moreover, the outer shell has 8 atoms at the center of (111) facet
and 24 atoms on (100) facet. Due to outer shell atoms with the
coordination number 6 and 9, Cusg cluster has eight adsorption
sites: Top I, Top I, Bridge I, Bridge I, Bridge III, Fcc, Hcp and Hollow.
Top I is the vertex of (100) facet and in six coordination with five
atoms on the outer shell and one atom in the core shell. Top II is
the center of (111) facet and in nine coordination with six atoms on
the outer shell and three atoms in the core shell. Other adsorption
sites are formed on the basis of Top I and Top II sites.

For Cuss cluster, the highly symmetric structure holds the obvi-
ous predominance in isomers, the icosahedron Cuss cluster is the
most stable structure, which is also identified by previous stud-
ies [30,53,54,61-64]. As shown in Fig. 1(c), Cuss cluster comprises
three shells with an outer shell of 42 atoms, second shell of 12
atoms and a core atom; moreover, the outer shell corresponds to
(111) facet. Similarly, the outer shell atoms of Cuss cluster has the
coordination number 6 and 8, thus, Cuss cluster has six adsorp-
tion sites: Top I, Top II, Bridge I, Bridge II, Fcc and Hcp. Top I is the
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Fig. 1. The side and top views of (a) Cuy3 cluster, (b) Cusg cluster, and (c) Cuss cluster.

vertex of the icosahedron and in six coordination, whereas Top II
is in eight coordination; Other adsorption sites are formed on the
basis of the Top I and Top II sites.

3. Results and discussion
3.1. Adsorption of all possible species in C, oxygenate formation

The adsorptions of all species involved in C; oxygenate forma-
tion over Cuy3, Cusg and Cuss clusters have been examined, and the
most stable adsorption configurations with the adsorption ener-
gies on Cuq3, Cusg and Cuss clusters are presented in Figs. 2-4,
respectively.

Our results show that besides CH; and C,Hg species, other
species are found to be strongly bound to Cu clusters, which is sim-
ilar to that on the flat and stepped Cu surfaces [65-67]. Table 1
list the adsorption energies and sites of the common species in C,

oxygenate formation on Cuy3, Cusg and Cuss clusters. For exam-
ple, the adsorption energies of CH, species are 412.8, 341.4 and
327.2kJmol~! on Cuy3, Cusg and Cuss clusters, respectively. Obvi-
ously, CH, interaction with Cuy3 cluster is the strongest, then, Cusg
cluster, and Cuss cluster is the weakest.

As shown in Fig. 5, for all common species involved in C, oxy-
genate formation on Cuq3, Cusg and Cuss clusters, the bonding
strength of Cu cluster follows the order: Cuy3 occupies the first
place, the second is Cusg, Cuss is the third, suggesting that the
adsorption ability decreases with the increasing of Cu cluster size. In
the view of adsorption configurations, these species are adsorbed
at Hcp site on Cuq3 cluster; at Top I, Bridge I and Hollow sites of
(100) facet on Cusg cluster, which is similar to the step edge sites of
Cu(211) surface; on Cuss cluster, these species are bonded near the
vertex of icosahedron structure, including Top I, Bridge I and Hcp
sites.
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Table 1

Adsorption sites and adsorption energies (E,qs/k] mol~1) for the most stable adsorption configurations of the species involved in C; oxygenates formation from syngas on
Cuy3, Cusg and Cuss clusters.

Species Cuys cluster Cusg cluster Cuss cluster

Sites Eads Sites Eaas Sites Eaas
C Hcep 586.4 Hollow 566.5 Hcep 509.8
[0} Hcp 569.2 Hollow 5233 Hcp 486.5
H Hcp 272.8 Bridge II 240.3 Fcc 239.2
OH Hcp 412.5 Bridge II 349.3 Hcp 302.5
Cco Hcp 1721 Top | 104.5 Top I 109.3
CHO Hcp 246.5 Bridge | 195.1 Bridge I 157.5
COH Hcp 389.6 Hollow 3154 Hcp 285.4
CH Hcp 590.1 Hollow 542.5 Hcep 485.1
CH, Hcp 412.8 Hollow 3414 Hcp 327.2
CH3 Bridge 218.7 Bridge 11 195.7 Bridge | 165.1
CHa4 Top 18.1 Hcep 17.2 Top I 18.0
CHOH Bridge 296.5 Bridge | 248.3 Bridge | 2224
CH,0 Hcp 138.0 Hollow 835 Bridge | 54.4
CH,OH Bridge 209.4 Bridge | 178.7 Bridge | 144.7
CH50 Hcp 288.1 Bridge | 261.7 Hcp 2323
CH;0H Top 61.3 Top 1 48.5 Top 1 495
CH3CO Hcp 246.7 Bridge I 205.5 Bridge | 169.5
CH;CHO Hcp 118.5 Bridge | 59.4 Top 65.8
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Fig. 3. The most stable adsorption configurations and the corresponding adsorption energies of all possible species involved in the formation pathway of C; oxygenates on

Cusg cluster. See Fig. 2 for color coding.

Therefore, it is concluded that the size of Cu cluster obviously
affect the adsorption ability of the species involving in C; oxy-
genate formation; moreover, the adsorption ability decreases with
the increasing of cluster size, which agrees with previous DFT cal-
culations that metal nanoparticles exhibit higher adsorption ability
than bulk metal (large particle) [36-38]; among Cuq3, Cusg and Cuss
clusters, Cuy3 cluster presents the strongest adsorption ability.

3.2. CHx(x=1-3) formation

CHx(x=1-3) formation has two possibilities [67-69]: one is CO
direct dissociation into C, followed by C hydrogenation to form
CHx(x=1-3); the other is CO hydrogenation to CHxO or CHxOH
intermediates, followed by its C—0 bond cleavage without or with
H-assisted to form CHy(x=1-3). Table 2 lists the activation barriers
and reaction energies of all possible elementary reactions in C; oxy-
genate formation on Cuy3, Cusg and Cuss clusters. Figs. 6-8 present
the potential energy profile for the most favorable formation path-
way of CHx(x = 1-3) and CH3OH together with the initial states (ISs),
transition states (TSs) and final states (FSs) on Cu;3, Cuzg and Cuss
clusters, respectively.

On the other hand, previous studies about CO hydrogenation
reactions have not considered the effect of presence of H atom on
reaction mechanism [2,70-72], however, the calculated results can
clarify the reaction mechanism, which agrees with the reported
experiments. Moreover, although a lot of energetically most sta-
ble H species exist on the surface in hydrogenation reaction, when
the hydrogenation reaction occurs under a realistic condition, only
one H adatom interacts with the corresponding adjacent adsorbed
species. Thus, the effect of the presence of H atoms on reaction
mechanism can be negligible under a realistic condition, as a result,
all different hydrogenation steps involve the addition of atomic
hydrogen on the surface, and only one H atom is presented on the
surface for each hydrogenation step in this study.

3.2.1. COinitial step

Figs. S1-S3 present the potential energy diagram for CO ini-
tial step (R1-R3) together with the ISs, TSs and FSs on Cuq3, Cusg
and Cuss clusters, respectively. Our results show that when CO
and H are co-adsorbed on these three Cu clusters, the clusters
show rather low catalytic activity toward CO direct dissociation;
CO hydrogenation to CHO is more favorable both kinetically and
thermodynamically than COH formation and CO direct dissociation.

As a result, CHO is the dominant product of CO initial step on
Cuy3, Cusg and Cuss clusters, which agree with Cu(100), (110),
(111) and (211) surfaces [65-67,73]. Thus, we only consider the
subsequent formations of CHy, CHxO and CH,OH starting with CHO
species.

3.2.2. CH formation

Starting from CHO and CHO +H species, the C—O bond cleavage
of CHO can form CH (R4); CHO hydrogenates to produce CHOH,
followed by its C—0 bond cleavage to CH (R5, R6). Moreover, CHO
hydrogenation to CH,O (R7) is examined.

As presented in Figs. S4-S6, on Cu;3 and Cuss clusters, CH is
dominantly formed by the pathway CHO — CH+O (R4) with the
activation barriers of 139.6 and 206.6 k] mol~!, respectively, which
are more favorable than the pathway CHO +H — CHOH — CH + OH
(R5, R6) with the overall activation barriers of 183.3 and
241.4k] mol~1!, respectively. However, on Cusg cluster, CH is dom-
inantly formed by the pathway CHO +H — CHOH — CH + OH with
the overall activation barrier of 193.1 k] mol~!, which is more favor-
able than the pathway CHO — CH+O with the activation barrier
of 261.0kJ mol~!. More importantly, as shown in Figs. 6-8, start-
ing from CHO and CHO+H species, compared to CH formation,
CHO+H — CH;O0 is the most favorable reaction, which have the
much lower activation barriers of 76.5, 76.8 and 64.1 k] mol~! on
Cuy3, Cusg and Cuss clusters, respectively. Therefore, starting from
CHO species, CH;0 is the dominant product on these three Cu clus-
ters.



R. Zhang et al. / Applied Surface Science 407 (2017) 282-296 287

Y » 5

i & ) —

PN INCT NS,
7 A @\

CH;OH (49.5)

CH:2CO (62.0)

/)

CH:CHO (218.1)

o CUNC A 7

CH:2CH3 (166.0)

CH;CO (169.5)

CH3CHO (65.8)

Fig. 4. The most stable adsorption configurations and the corresponding adsorption energies of all possible species involved in the formation pathway of C, oxygenates on

Cuss cluster. See Fig. 2 for color coding.

2
S

Adsorption energy (kJ.mol 1)
8 2
o o
/
L=
/

w
=3
o

=
2 8
o o

¢, <,
%, %,

COO&Q?OOO&Q?Q&Q\‘; ng‘g

%
Fig. 5. The comparison chart for the adsorption energies of the common species
involved in C, oxygenate formation on Cuy3, Cusg and Cuss clusters.

3.2.3. CH, formation

Starting from CH,O species, one is the direct C—0 bond cleav-
age of CH,0 (R8) to form CHj; the other is CH,0 hydrogenation to
CH,OH (R9), followed by its C—O bond rupture of CH,OH to form
CH, (R10) (see Figs. S7-S9).

As shown in Figs. 6-8, CH, prefers to be formed by CH,O
direct dissociation (CH,O — CH, +0) on Cuys cluster; however,
CH,0+H — CH,0H — CH, +OH is the most favorable pathway of

CH, formation on both Cuszg and Cuss clusters. On the other hand,
CH,0 +H — CH30 (R11) has the lower barrier than CH, formation,
namely, CH, O prefers to be hydrogenated to CH30 on these three
Cu clusters.

3.2.4. CH3 formation

Starting from CH3O species, the detailed potential energy dia-
grams of the reactions related to CH3 formation together with the
corresponding structures on Cuy3, Cusg and Cuss clusters are pre-
sented in Figs. S10-S12.

Our results show that the pathway
CO+3H— CHO+2H — CH,0+H — CH30 — CH3 + 0 is dominantly
responsible for CHs; formation on three Cu clusters. Moreover,
CH30 hydrogenation to CH30H (R14) is considered. By comparison,
CHj3 formation is more favorable CH3OH formation on Cuy3 cluster;
however, CH30 prefers to be hydrogenated to CH3OH rather than
being formed CH3 in kinetics on both Cusg and Cuss clusters.

3.2.5. The most favorable CHy (x =1-3) monomer and CH3;0H
formations

On Cuq3 cluster, as shown in Fig. 6, with respect to CO+H
species, CH is formed via the pathway of CO+H— CHO — CH+0O
with the overall barrier and reaction energy of 225.5
and 190.0kJmol-!; CH, is formed via the pathway of
CO+2H— CHO+H— CH,0 — CH,+0 with the overall barrier
and reaction energy of 226.9 and 42.6 kj mol~!; CHjs is formed via
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Table 2

Calculated activation barriers (Ea/k] mol~') and reaction energies (AH/k] mol~1) of the elementary reactions involved in C; oxygenates from syngas on Cuy3, Cusg and Cuss

clusters.

Elementary reactions Cuys cluster

Cusg cluster Cuss cluster

E, AH E, AH Ea AH
(R1) CO—C+0 3613 199.0 332.7 140.7 3718 2136
(R2) CO+H— CHO 1393 85.9 108.0 53.8 163.7 82.4
(R3) CO+H - COH 3136 136.6 305.4 106.9 3285 133.3
(R4) CHO— CH+0 139.6 104.1 261.0 14.6 206.6 55.4
(R5) CHO+H — CHOH 1458 96.7 157.5 52.9 1109 51.5
(R6) CHOH — CH+OH 86.6 -82.0 140.2 ~106.4 189.9 -3438
(R7) CHO+H — CH,0 765 5.0 76.8 -20.7 64.1 ~15.0
(R8) CH,0— CH, +0 136.0 ~483 215.1 9.0 2462 432
(R9) CH,0+H — CH,0H 1585 742 150.0 273 106.6 53
(R10) CH,0H — CH, +OH 90.0 ~104.0 110.0 -50.8 1324 -299
(R11) CH,0+H - CH;0 106.6 ~228 65.7 -39.1 386 —64.1
(R12) CH;0— CH3 +0 155.0 -71.0 210.7 ~252 2019 -263
(R13) CH30+H - CHs +OH - - - - 2718 -234
(R14) CH;0+H - CH;0H 2085 87.6 188.6 484 177.1 118
(R15) CH+CO — CHCO 90.1 -7.7 - - - -
(R16) CH +CHO — CHCHO 76.9 ~108.9 - - - -
(R17) CH+H- CH, 102.4 7.8 - - - -
(R18) CH—C+H 182.9 72.3 - - - -
(R19) CH+CH— CoH, 91.3 ~117.2 - - - -
(R20) CH +CH, — CHCH, 169.6 —413 - - - -
(R21) CH +CH; — CHCH; 98.0 -12 - - - -
(R22) CH, +CO — CH,CO 208.4 5.8 86.0 -195 191.1 —11.1
(R23) CH, + CHO — CH,CHO 160.1 -843 99.8 ~149.7 131.2 —142.7
(R24) CH, +H — CHs 141.8 7.3 99.1 —542 1111 419
(R25) CH, — CH+H 94.5 -78 95.3 ~252 174.4 342
(R26) CH, +CHy — C3Hy 2402 -298 160.4 -138.8 194.8 ~130.9
(R27) CH, + CH3 — CH,CHj 160.4 12.8 - - 174.1 —54.4
(R28) CH; +CO — CH5CO 137.4 296 - - 129.3 15
(R29) CHj; + CHO — CH3CHO 66.2 -299 - - 90.4 ~100.3
(R30) CH3+H - CHy 147.9 323 162.1 -239 106.3 —476
(R31) CH; — CH, +H 149.0 7.3 - - 162.5 51.3
(R32) CH3 +CH3 — CyHg 199.5 347 - - 180.9 -773
(R33) CHCO +H - CH,CO 170.4 16.3 - - - -
(R34) CHCO +H — CHCHO 1214 -198 - - - -
(R35) CHCO +H — CHCOH 2246 64.5 - - - -
(R36) CHCHO+H — CH,CHO 134.7 -33 - - - -
(R37) CHCHO +H — CHCHOH 161.0 100.5 - - - -

the pathway of CO +3H — CHO +2H — CH,O +H — CH30 — CH3 +O
with the overall barrier and reaction energy of 223.1
and —-29kJmol-!; CH30H is formed via the pathway of
CO+4H — CHO +3H — CH,0+2H — CH30+H — CH30H with
the overall barrier and reaction energy of 276.6 and 155.7 k] mol .
These results show that CHy (x=1-3) formations have the similar
overall barrier, which are much lower than CH3OH formation
(225.5/226.9/223.1 vs. 276.6 k mol~1). As a result, all CHy (x=1-3)
species are abundant on Cuys cluster rather than CH30H, namely,
the small Cuq3 cluster exhibits the high selectivity toward CHy
(x=1-3) rather than CH30H.

On Cusg cluster, as shown in Fig. 7, with respect
to CO+H species, the overall barrier of CH, formation
(CO+H— CHO+H— CH;0+H — CH,0OH— CH, +OH) is lower
than CH and CHs formations (183.1 vs. 211.3/204.7 k] mol-1),

indicating that CH, is the most favored CHx monomer.
For CH3OH formation, the most favorable route is
CO+4H — CHO +3H — CH,0 +2H — CH30 +H — CH30H with

the overall barrier of 182.6 k] mol~1, which is energetically com-
patible with the formation of the most favored CH, monomer
(183.1kJmol-1).

On Cuss cluster, as shown in Fig. 8, with respect to CO+H
species, CH, CH, and CH3 formations (CO+H— CHO— CH+O,
CO+3H— CHO +2H — CH,0 +H — CH,0H — CH; + OH and
CO+3H— CHO+2H— CH,0+H— CH30 - CH3+0) have the
overall barriers of 289.0, 205.1 and 205.2 k] mol~1, respectively,
which are less favorable than CH3OH formation (CO+4H—
CHO+3H— CH,0+2H— CH30+H — CH30H) with the overall

barrier of 180.4kJ mol~!. Thus, both CH, and CH3 species are the
most favored CHy monomer; however, CH3OH is the main product
on Cuss cluster.

On the basis of above results, we can conclude that CHy (x=1-3)
species are abundant on Cujz cluster rather than CH3OH. On
Cusg cluster, only CH, monomer is the abundant CHy species,
which competes with CH30H formation. However, on Cuss clus-
ters, CH30H formation is more favorable than the most favored
monomer CH, and CH3 species. Thus, compared to CH30H for-
mation, the selectivity of CHy(x=1-3) species decreases with the
increasing of Cu cluster size. As a result, Cu;3 cluster can provide
more abundant CHy species to participate into C, species forma-
tion than other larger Cu clusters, moreover, more CHy sources are
beneficial to produce C, oxygenates [2,65,68,74].

3.3. C—C chain formation of C, oxygenates

For C—C chain formation, previous studies by Zhao et al. [75]
found that CHO insertion into CHy (x=1-3) is superior and/or
competitive to CO insertion and carbene coupling on Rh(111) and
Co(0001) surface; moreover, Wang et al. [65,66] have shown that
both CH; and CH3 species are the precursor for C—C chain formation
on Cu(110) and Cu(100) surfaces.

In this section, we further investigate CO/CHO insertion into
the most favored CHxy monomer to form C, oxygenates, and CHy
coupling to form C, hydrocarbons, as well as CHy dissociation
and hydrogenation on Cujs, Cusg and Cuss clusters, respectively.
Fig. 9 presents the simplified potential energy profile for the most
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favorable pathway of C, oxygenates formation on Cuy3, Cuszg and 3.3.1. Cuys cluster

Cuss clusters. Since CHy(x=1-3) species are abundant on Cuy3 cluster rather
than CH3OH, all reactions related to CHx(x = 1-3) species are exam-
ined on Cuy3 cluster.
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As shown in Fig. S13, for CH species, considering CHO formation
by CO hydrogenation, it can be found that CH species prefers to
form C; oxygenate CHCO by CO insertion into CH (CH + CO — CHCO)
rather than that by CHO insertion (90.1 vs. 162.8 k] mol~1). More-
over, among all reactions related to CH species (R15-R21), only
the reaction of CH+CH — CyH, is competitive with CO insertion

(91.3 vs. 90.1 k] mol~1). However, CO is the most abundant species
in syngas conversion confirmed by experiment [76], the coverage
of CO reaches 0.5 ML on Cu(100) surface [77] and Co(0001) sur-
face [78] under the realistic conditions. Therefore, CO insertion into
CH can be accelerated by the abundant coverage of CO; namely,
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C, oxygenate CHCO is the major product from CH species rather
than C, hydrocarbon CyH,.

As shown in Fig. S14, for CH, species, CH, dissociation into CH
is the most favorable reaction with the activation barrier and reac-
tion energy of 94.5 and —7.8 k] mol~! among all reactions related to
CH, species (R22-R27); subsequently, once CH species is formed,
CO insertion into CH species leads to C; oxygenate CHCO. Thus, C;
oxygenates CHCO is the major product from CH; species.

As shown in Fig. S17, for CH3 species, CH+CH3 — CHCH3 is
the most favorable pathway with the lowest activation barrier of
98.0k] mol~; Secondly, CO insertion into CH3 to CH3CO has the
activation barrier of 137.4kJmol~!; Thirdly, CHs hydrogenation
to CHy4 has the activation barrier of 147.9 k] mol-1. However, CH
species prefers to interact with CO to form CHCO with the activa-
tion barrier of 90.1 k] mol~! rather than CH coupling with CHs to
CH3CH, moreover, similar to CH species, due to the abundant cov-
erage of CO, CO prefers to insert into CH3 to form CH3CO. Thus, C,
oxygenate CH3CO is the main product from CHs3 species on Cuqs
cluster.

On the basis of above results, we can obtain that the abundant
CHx(x=1-3) species on Cu;3 cluster dominantly contribute to the
formation of C, oxygenates CHCO and CH3CO.

3.3.2. Cugsg cluster

CH; species is the most favored CHy monomer on Cusg cluster,
as shown in Fig. S15, among all reactions related to CH, species
(R22-R26), CO insertion into CH, to CH,CO is the most favor-
able reaction, which has the activation barrier and reaction energy
of 88.9 and —26.6 k] mol~!, respectively. Thus, the abundant CH,
species on Cusg cluster dominantly contribute to the formation of
C, oxygenate CH,CO. In addition, CH4 formation by CH3 hydrogena-
tion is also examined, this elementary reaction has an activation
barrier of 162.1 k] mol~1, and it is exothermic by 23.9 kj mol-1.

3.3.3. Cus;s cluster

Both CH, and CH3 species are the most favored CHx monomer,
as shown in Fig. S16, for CH, species, CH, + H— CHj3 is the most
favorable reaction, which has the activation barrier and reaction
energy of 111.1 and 41.9 kf mol~1, respectively. Secondly, CH3 cou-
pling with CH, to CH3CH,, has a significantly high activation barrier
of 174.1 k] mol~! with reaction energy of —54.4 k] mol~1. As shown
below, once CH3 is formed by CH, hydrogenation, CH3 prefers to

be hydrogenated to form CHy. Thus, CHy is the major product from
CH, species.

As shown in Fig. S18, for CH;3 species, CH3 prefers to be hydro-
genated to CH,4 with the activation barrier and reaction energy of
106.3 and —47.6 k] mol~1, respectively; Secondly, CO insertion into
CH3 to C, oxygenates CH3CO has the activation barrier and reac-
tion energy of 129.3 and 1.5 k] mol 1, respectively. Thus, CH, is the
major product from CHj species.

On the basis of above results, on Cuss cluster, C; oxygenates
CH3CO is dominantly formed by CO insertion into CH3, however,
CH3 hydrogenation to CH,4 is more favorable than CO insertion
(106.3 vs. 129.3 kJmol~1), in which CH3 species has two sources:
one is CH3O direct dissociation, the other is CH, hydrogenation.
As a result, the abundant CH, and CHj3 species on Cuss cluster
dominantly contribute to CH4 formation.

3.4. Ethanol formation

As mentioned above, C, oxygenate is dominantly formed by
CO insertion into CHy. Both CHCO and CH3CO are the dominant
C, oxygenates on Cuys cluster; CH,CO and CH3CO are the dom-
inant C, oxygenates on Cuszg and Cuss clusters, respectively. In
this section, ethanol formation by the successive hydrogenations of
CH4CO(x=1-3) has been examined on three Cu clusters, as shown
in Figs. S19-S22.

On Cuqs cluster, starting from CHCO and CH3CO, ethanol is
formed by the pathway CHCO+5H— CHCHO +4H — CH,CHO
+3H — CH3CHO +2H — CH3CH,0 +H — C,HsOH and
CH5CO +3H — CH3CHO +2H — CH3CH,0+H — C,Hs0H,  respec-
tively. Whereas, starting from CH3CO, the pathway is
CH3CO +3H — CH3COH +2H — CH3CHOH +H — C;H50H on Cuss
cluster. However, on Cusg cluster, starting from CH,CO, the path-
way is CH,CO+4H— CH,CHO +3H — CH3CHO +2H — CH3CH,0
+H— CyH50H.

3.5. General discussion

3.5.1. The active sites of Cu;3, Cuzg and Cuss clusters

On the basis of above DFT calculations, the adsorption energy
of the species in C, oxygenate formation is significantly influenced
by the size of Cu cluster. Most of species are adsorbed at Hcp site
on Cuqj cluster; the species on Cusg cluster are positioned at (100)
facet, including Top I, Bridge I and Hollow sites; the species on Cuss
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cluster are located near the vertex of the icosahedron, including Top
I, Bridge I and Hcp sites. Interestingly, these favorable adsorption
sites are all edge sites on three Cu clusters, which are similar to the
stepped surfaces, suggesting that the edge sites exhibit the higher
activity than other adsorption sites.

The high activity of edge sites corresponds to the low coordi-
nation number, which can lead to high energy of d-band center.
Wherein, for Cuy3 cluster, all shell atoms have only 6 coordination
atoms, which exhibit the strongest adsorption ability, Cuss cluster
is the most poor, namely, the adsorption ability decreases with the
increasing of cluster size. Moreover, most of the elementary reac-
tions involved in C; oxygenate formation also occurs at the edge
sites of Cu clusters. Further, the enhanced adsorption ability of the
adsorbed species, especially for CHy(x=1-3), C, O and OH, at Cu;3
cluster with the low coordination number becomes a thermody-
namic driving force to lower the barrier for C—O bond breaking
reaction [75,76].

3.5.2. The effect of Cu cluster size on the selectivity between CHy
and CH30H

According to our calculated results, CHO species is the
major product of CO initial step on Cuy3, Cusg and Cuss clus-
ters, which agrees with the previous studies on the flat and
stepped Cu periodic surfaces [65-67,73]. Since CH3O0H is eas-
ily formed from syngas on Cu catalyst, which affects the
productivity and selectivity of CHy species, our results show
that CO+4H — CHO +3H — CH,0+2H — CH30 +H — CH3OH is the
favorable pathway of CH3OH formation on three Cu clusters,
namely, the effect of Cu cluster size on CH3O0H formation pathway
is negligible, which agrees well with the previous reported results
[65-67,76,79-81].

For CH, formation, as shown in Fig. 10, CHx(x=1-3) species are
abundant on Cuy3 cluster; only CH, is abundant on Cusg cluster;
both CH, and CH3 species are the abundant on Cuss cluster and
Cu(111) surface [73]; Thus, CHj is always the abundant CHy species
on Cuq3, Cusg and Cuss clusters, as well as Cu(111) surface.

In order to better understand the effect of Cu cluster size on
the selectivity of CHy species in syngas conversion, it is neces-
sary to quantify the selectivity between the most favored CHy
monomer and CH3OH on Cuy3, Cuszg and Cuss clusters, which is
determined by the effective barrier difference between CHy and
CH3OH [82]. In general, the higher barrier differences between CHy
and CH3OH represent the higher selectivity of CHy. As shown in

Fig. 10, the overall barrier differences between the most favored
CHx monomer and CH30H are 51.1,49.7 and 53.5 k) mol~! on Cuy3
cluster, —0.5kJmol~! on Cusg cluster, —24.8 and —24.7 k] mol~!
on Cuss cluster, as well as —13.6 and —16.1kJmol~! on Cu(111)
surface [73], respectively, suggesting that CHy formation is more
favorable kinetically than CH30OH formation on Cuy3 cluster,
namely, Cuy3 cluster exhibits a good selectivity toward CHy(x=1-3)
species rather than CH3OH. On Cusg cluster, the most favored CH,
monomer competes with CH3OH formation, which reduces the pro-
ductivity and selectivity of CH,. However, on Cuss cluster, CH3OH
prefers to be produced rather than CHx(x=1-3) species, which is
similar to Cu(111) surface [73], suggesting that the size of Cuss
cluster has presented a similar catalytic performance with Cu bulk
surface.

On the basis of above analysis, we can conclude that the selec-
tivity of CHx(x=1-3) species formed by syngas decreases with the
increasing of Cu cluster size. Therefore, Cuy3 cluster may exhibits
a good selectivity toward CHx(x=1-3) species rather than CH;0OH
compared to other large Cu clusters, which can be attributed to that
the enhanced adsorption ability of the adsorbed species, especially
for CHx(x=1-3), C, O and OH at Cuy3 cluster, becomes a thermo-
dynamic driving force to lower the barrier for C—0 bond breaking
reaction [75,76]. As a matter of fact, when the more concentration
of CHy monomer can be obtained to participate into the C—C chain
formation, the productivity and selectivity of C; species may be
significantly improved.

3.5.3. The effect of Cu cluster size between C5 oxygenates and CHy

As shown in Section 3.3, t on Cuy3 cluster, starting from the
most favored CHx(x = 1-3) species, C, oxygenates CHCO and CH3CO
are the dominant products of C, species. On Cusg cluster, starting
from CH; species, C, oxygenate CH,CO is the dominant product
of C, species. On Cuss cluster, starting from CH, and CH3 species,
C, oxygenate CH3CO is the dominant product of C, species. How-
ever, along with C, oxygenate formation, CHy species can be also
hydrogenated to form CHy, which can affect the productivity and
selectivity of C, oxygenates.

As shown in Fig. 9, on Cuy3 cluster, the overall barrier dif-
ferences between CHCO/CH3CO and CH4 formation are 58.9 and
11.6 kf mol~1. On Cusg cluster, the value between CH,CO and CHy is
21.9k] mol~1. On Cuss cluster, the values between CH3CO and CHy4
is —23.0kJmol~'. On Cu(111) surface, the values is —29.1 k] mol~1.
It can be found that once CHyx (x=1-3) monomer is formed,
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C, oxygenates are always the dominant products on both Cu;3
and Cusg clusters. However, on Cuss cluster and Cu(111) surface,
CH4 formation is more preferable than C; oxygenates, namely, the
catalytic performance of Cuss cluster is similar to Cu bulk surface.
Therefore, the selectivity of C; oxygenates on Cu catalyst decreases
with the increasing of Cu cluster size.

Above comparisons about Cu cluster size show that on Cuj3
cluster, the productivity and selectivity of C; oxygenates is higher
than other cluster size, and Cu cluster size can affect the selectivity
toward C, oxygenates; moreover, the smaller Cu cluster size is, the
higher the selectivity of C; oxygenates is. That is probably related
to the high concentration of low-coordinated defect sites on small
size Cu cluster, which results in the higher activity and selectivity
toward C, oxygenates.

3.5.4. Implications for C, oxygenate formation from syngas on Cu
catalyst

Above results clearly demonstrate that Cu cluster size can
induce significant changes to the adsorption energies, and there-
fore to the thermodynamics and kinetics of elementary processes.
Among Cuys, Cusg, Cuss clusters, on Cuys cluster, the formations of
CHy and C, oxygenates are more favorable than CH3OH and CHyg,
suggesting that Cuq3 cluster exhibit the highest catalytic selectivity
toward C, oxygenates rather than CH3OH and CHy. On Cusg clus-
ter, CHy formation competes with CH30H, C; oxygenate formation
is favorable than CH,4 formation, namely, Cusg cluster presents the
high selectivity toward C, oxygenates and CH3OH formations. On
Cuss cluster and the periodic Cu(111) surface, CH3OH formation is
more favorable than CHy formation, which leads to less CHy sources
to participate into C; oxygenates and CH,4 formations, namely, Cuss
cluster and the periodic Cu(111) surface presents the high selectiv-
ity toward CH3OH formation.

The identification of higher intrinsic selectivity of C; oxygenates,
active sites, and stronger cluster size effect of Cu catalyst would
be valuable for developing more efficient and stable Cu catalysts
with higher selectivity toward C; oxygenates in syngas conversion.
Since the selectivity of C; oxygenates on Cu catalyst decreases with
the increasing of Cu cluster size, we could resort to cluster size
control by preparing a large number of small size Cu cluster, such
as, Cuys cluster, to increase the selectivity of Cu catalyst toward C,
oxygenates. Due to the progress of material synthesis, it would be
highly valuable to synthesize Cuy3 cluster.

The understanding about the effect of Cu cluster size in tun-
ing catalytic performance at the atomic level can potentially be
used to develop and design improved catalysts for C, oxygenate
synthesis and other important reactions of interest, in which DFT
calculations and material synthesis would play an essential role. In
addition, under the realistic conditions of syngas conversion, the
presences of support and promoter for the catalysts may have a
significant effect on the binding of adsorbed species, even for the
preferred reaction paths; this study only focus the discussion on the
effect of cluster size on two crucial competing processes, CHy and
C, oxygenate formations. Qualitative investigations into the effects
of support and promoter with extensive theoretical calculations
would be desirable in our future work.

4. Conclusions

A comparative study about the formation mechanism of
CHx(x=1-3) and C, oxygenates from syngas on different size of
Cu clusters, including Cuy3, Cusg and Cuss clusters, has been per-
formed to probe into the effect of Cu cluster size on the selectivity.
Here, the results are obtained using DFT calculations. Our results
show that the adsorption ability of the species involving in syngas
conversion decreases with the increasing of cluster size, in which

Cus3 cluster presents the strongest adsorption ability due to more
edge sites. For CO initial step, CHO formation is the most favorable
on three Cu clusters. Then, starting from CHO, CHx(x=1-3) species
are abundant rather than CH3OH on Cuy3 cluster; whereas, CH, is
the most favored CHy monomer on Cusg cluster, which competes
with CH30H; however, on Cuss cluster, CH3OH prefers to be pro-
duced from syngas rather than the favored monomer CHy(x =2,3)
species, which is similar to the bulk Cu(111) surface. Namely, the
selectivity of CHx(x=1-3) species decrease with the increasing of
cluster size. On the other hand, starting from the most favored CHy
monomer, C; oxygenates formed by CO insertion into CHy are the
dominant products on both Cu;3 and Cusg clusters, however, on
Cuss cluster, CH4 formation is more preferable than C, oxygenates,
suggesting that the selectivity of C, oxygenates decreases with the
increasing of cluster size due to the easy CH4 formation, moreover,
the size of Cuss cluster has presented a similar catalytic perfor-
mance with Cu bulk surface. In general, among Cuy3, Cusg and Cuss
clusters, the smaller the cluster size is, the higher the selectivity of
C, oxygenates is, Cuq3 cluster exhibits the highest productivity and
selectivity toward the formation of C; oxygenates, that is probably
related to the high concentration of low-coordinated defect sites
on small size Cu cluster, which results in the high productivity and
selectivity toward C, oxygenates.
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