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Low  cost  Cu-based  catalysts  have  became  an  attractive  option  in catalyzing  ethanol  formation  from  syngas
(2CO + 4H2 = C2H5OH  + H2O).  In this  study,  the complex  mechanism  of ethanol  formation  from  syngas
on Cu(1  0 0) surface  has been  investigated  using  density  functional  theory  (DFT)  calculations  together
with  periodic  slab  models,  in which  all  possible  formation  pathways  of  CHx(x =  1–3)  and  C2 oxygenates
of ethanol  precursor,  as  well  as  the  hydrogenation  of  C2 oxygenates  to ethanol  have been  considered.
Our  results  suggest  that  ethanol  formation  starts  with  CO  hydrogenation  to  CHO,  subsequently,  CHO
is  further  hydrogenated  to CH3O via  CH2O intermediate,  CH3O is eventually  hydrogenated  to  CH3OH;
alternatively,  CH3O dissociation  with  hydrogen-assisted  can  also  produce  CH3;  then,  CHO  insertion  into
CH3 can  lead  to the  key  intermediate  CH3CHO,  which  is  successively  hydrogenated  to ethanol  via CH3CH2O
intermediates;  moreover,  among  all  reactions  related  to CH3 species,  CHO  insertion  into  CH3 to  CH3CHO
is  the  most  favorable  reaction,  which  is responsible  for C2 oxygenates  formation.  In the  overall  process
of  ethanol  synthesis,  CH3OH is more  easily  formed  than  CH3, and  ethanol  formation  is  controlled  by CH3

formation,  which  means  that  the  preferable  CH3OH  formation  rather  than  CH3 is  responsible  for  the low

productivity  and selectivity  of ethanol.  Therefore,  aiming  to obtain  high  productivity  and  selectivity  to
ethanol  from  syngas  on  Cu  catalyst,  we  need  to selectively  modify  Cu  catalyst  by  using  the  promoters
and/or  supports,  which  should  be  able  to boost  CH3 formation  and/or  suppress  CH3OH  formation,  this
result  can  be  applied  to selectively  modify  and  develop  the  novel  Cu-based  catalyst  towards  ethanol
formation  from  syngas.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ethanol (C2H5OH) has been widely used as the feedstock for the
ynthesis of various products (e.g., chemicals, fuels, and polymers),
eanwhile, it has also been commercially used as an additive and

ther applications [1–6]. Ethanol synthesis from syngas is one of the
romising processes in industry [7–10]; however, a number of sur-

ace intermediates and competing elementary reactions is involved
n this chemical process, the use of known catalysts still exhibits
ow yield and poor selectivity [7,11]. Thus, for ethanol synthesis

rom syngas, developing a efficient and high selective catalysts has
ecome the focus of attention in this field.

∗ Corresponding author at: No. 79 Yingze West Street, Taiyuan 030024, PR China.
el.:  +86 351 6018239; fax: +86 351 6041237.
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R. Zhang).

ttp://dx.doi.org/10.1016/j.molcata.2015.04.015
381-1169/© 2015 Elsevier B.V. All rights reserved.
Nowadays, Rh-based catalysts are the most studied systems
and the only group of materials for syngas conversion into
ethanol, rather than via methanol [12,13], in which two key
steps is involved in ethanol formation, one is surface hydrocarbon
CHx(x = 1–3) formed by the direct CO dissociation or CO dissocia-
tion with hydrogen-assisted, the other is the C C chain formation
[7,11,14,15]. However, the expensive cost and limited supply of
Rh-based catalysts have restricted their applications to be used
as industrial catalysts [2,4]. Therefore, low cost Cu-based catalysts
have became an attractive option, up to now, Cu-based catalysts
have been widely used and produced good results for ethanol for-
mation from syngas in the temperature range of 280–310 ◦C at
pressures of about 40–100 bar [6,8,16–20].

As mentioned above, many experimental studies have been car-
ried out to investigate ethanol formation from syngas on Cu-based

catalysts; however, few studies at the molecular level for the for-
mation mechanism of ethanol from syngas on Cu-based catalysts
have been reported due to the complexity of the reactions. Recently,
theoretical calculations have been widely used as a valuable tool to

dx.doi.org/10.1016/j.molcata.2015.04.015
http://www.sciencedirect.com/science/journal/13811169
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Table 1
The comparisons for the adsorption energies (kJ mol−1) of key adsorbed species on
Cu(1  0 0) surface with the different slab layers.

Adsorbed species p(3 × 3)

6 layer 5 layer 4 layer 3 layer

CH3O 283.2 287.2 288.1 286.9
CH3OH 31.7 30.5 36.3 37.2
CO  92.5 81. 9 85.4 102.3
CH3CO 175.0 170.5 186.8 188.0
CH3CHO 22.4 20.9 26.7 26.4

Table 2
The comparisons for activation barrier and reaction energies (kJ mol−1) of CH3 and
CH3OH formations starting from CH3O on Cu(1 0 0) surface with different slab layers
and different cell size.

Elementary reaction p(3 × 3) p(3 × 4)

6 layer 5 layer 4 layer 3 layer 3 layer

CH3O + H → CH3 + OH Ea 151.8 157.9 156.8 154.5 165.4
�H  −14.7 −18.7 −23.3 −16.2 −14.6
16 H. Zheng et al. / Journal of Molecular 

robe into the mechanism of several typical reactions [21–27]. By
eans of theoretical calculation at the molecular level, a detailed

nvestigation of ethanol formation from syngas on Cu catalyst will
ot only help us better illustrate the underlying mechanisms, but
lso provide a clue for selective modification of Cu-based cata-
ysts to improve catalytic performance towards ethanol. Nowadays,
nly our previous studies by using density functional theory (DFT)
alculations have investigated the CHx formation from syngas on
u(1 1 1) [28], the formation mechanism of C2 oxygenates form syn-
as on Cu(1 1 0) [29]. In addition, ethanol formation from syngas on
he stepped Cu(2 1 1) surface has been examined [30], however, all
ossible formation pathways of CHx(x = 1–3) on Cu(2 1 1) have not
een considered. More importantly, Cu particles primarily expose
he Cu(1 1 1) and Cu(1 0 0) facets under reducing conditions (such
s ethanol and methanol synthesis from syngas) [31]. Therefore, it is
ecessary to investigate ethanol formation from syngas on Cu(1 1 1)
nd Cu(1 0 0) surfaces.

In this study, the formation mechanism of ethanol from syngas
n Cu catalyst have been systematically investigated by density
unctional theory (DFT) together with the periodic slab models, Cu
atalyst is modeled by using Cu(1 0 0) surface (the reasons for the
hoice of Cu(1 0 0) surface is given in the main text). The mech-
nism includes all possible formation pathways of CHx(x = 1–3)
pecies, C C chain of ethanol precursor, as well as ethanol, aiming
o identify the preference mechanism, determine the key reaction
ntermediates, illustrate the function of Cu in ethanol formation,
nd provide as a clue for the selective modification of Cu-based cat-
lyst to achieve high productivity and selectivity to ethanol, which
ay  be also applied to other metal or alloy surfaces.

. Computational details

.1. Surface model

For Cu catalyst, TEM experiments have shown that under reduc-
ng conditions, Cu particles primarily expose Cu(1 1 1) and Cu(1 0 0)
acets [31]. Meanwhile, for the RWGS reaction [32], CO2 dissoci-
tion on Cu(1 0 0) surface is more easier than that on Cu(1 1 1).
urther, DFT calculations by Wang et al. [33] show that the cat-
lytic activity for water follows the order of Cu(1 0 0) > Cu(1 1 1).
bove studies suggest that Cu(1 0 0) surface with the more open
urface and more coordinative unsaturated sites is more active than
u(1 1 1) surface. Thus, Cu(1 0 0) surface is employed to model the
u catalyst in this study; in addition, the most stable face-center-
ubic (1 1 1) surface of close-packed Cu metal, Cu(1 1 1), has been
lso employed to investigate the catalytic behavior of the key steps
nvolved in ethanol formation, as shown in Supplementary mate-
ial.

Cu(1 0 0) surface is obtained from the experimental fcc crys-
al structure with the lattice parameter of 3.62 Å [31]. A periodic
(3 × 3) unit cell comprising nine atoms in each layer is used, which
orresponds to an adsorbate surface coverage of a 1/9 of a mono-
ayer (ML). Cu(1 0 0) surface is modeled using a three-layer slab

odel with a 15 Å vacuum between any two successive slabs. Dur-
ng the optimization, the atoms in the upper two layers together

ith the adsorbates are allowed to relax, whereas, the bottom layer
s fixed at their bulk positions. As shown in Fig. 1, Cu(1 0 0) − [3 × 3]
urface morphology has three different adsorption sites: Top Bridge
nd Hollow.

To confirm the sufficiency of a three-layer p(3 × 3) unit cell
odel, as shown in Table 1, we investigate the adsorption of key
dsorbed species (CH3O, CH3OH, CO, CH3CO and CH3CHO) at their
ost stable sites on four-layer, five-layer and six-layer p(3 × 3)
odels (top two layers with adsorbates are relaxed, and other lay-

rs are fixed), our results suggest that the adsorption energies for
CH3O + H → CH3OH Ea 66.9 70.3 71.2 85.4 76.9
�H  −13.8 −7.9 −4.8 −3.4 4.5

several species is different with the change of slab layer, however,
the difference for the adsorption energy is acceptable, which does
not affect the trend of adsorption energy for these adsorbed species.
Meanwhile, the key elementary reactions of CH3 and CH3OH for-
mations starting from CH3O are also discussed on p(3 × 3) model
with different slab layers, as shown in Table 2, we  still obtain that
the activation barrier of CH3 and CH3OH formations starting from
CH3O is slightly different with the change of slab layer, however,
CH3OH is still more easily formed than CH3. Thus, the number of
Cu slab layer cannot obviously affect our qualitative analysis in this
study.

On the other hand, to probe into the effect of cell size on the cal-
culated results, the adsorption of the largest system CH3CO at the
most stable bridge site is investigated on the three-layer p(2 × 2),
p(2 × 3), p(3 × 4) and p(4 × 4) models, respectively, which have
the adsorption energies of 169.0, 170.4, 179.2 and 185.6 kJ mol−1,
respectively, these results suggests that the adsorption energy on
p(3 × 4) (179.2 kJ mol−1) and p(4 × 4) (185.6 kJ mol−1) models are
close to that (188.0 kJ mol−1) on a p(3 × 3) model. Meanwhile, start-
ing from CH3O, the activation barrier and reaction energy of CH3
and CH3OH formations on the three-layer p(3 × 3) and p(3 × 4)
model are calculated, suggesting that CH3OH is more easily formed
than CH3, namely, the cell size of Cu slab layer can not obviously
affect the qualitative comparison for the main reaction pathway.

Therefore, taking the calculation efficiency into consideration
on Cu catalyst, in order to qualitatively understand the formation
mechanism of ethanol from syngas, our calculated systems with
a 3-layer p(3 × 3) model is suitable and enough, moreover, this
model has been widely employed in the previous studies about the
molecule adsorption and reaction mechanism on transition metal
surfaces [34,35].

2.2. Calculation methods

Self-consistent periodic DFT calculations are performed using
the Vienna ab initio simulation package (VASP) [36,37]. The inter-
action between ionic cores and electrons is described by the
projector-augmented wave (PAW) method [38]. The exchange-
correlation energy is calculated within the generalized gradient

approximation (GGA) [39] together with the Perdew–Wang func-
tional (GGA-PW91) [40]. A plane wave basis set is 400 eV to solve
the Kohn–Sham equations. The Brillouin zone is sampled using
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Fig. 1. The structure and ad

 3 × 3 × 1 Monkhorst–Pack k-point grid (11 k-points) [41] with
ethfessel–Paxton smearing of 0.1 eV [42]. The relaxation of the

lectronic degrees of freedom is assumed to be converged, if
he total energy change and the band structure energy change
etween two steps are both smaller than 10−5 eV. A forces differ-
nce between two steps less than 0.03 eV/Å is used as the criterion
or convergence of ionic relaxation.

The climbing-image nudged elastic band method (CI-NEB)
43,44] is used to investigated the reactions paths. Transition states
ave been optimized using the dimer method [45,46]. The transi-
ion state is thought to be converged when the forces acting on
he atoms are all small than 0.05 eV/Å for the various degrees of
reedom set. In addition, in the discussion of the DFT results, no
ero point energy (ZPE) corrections are included in this study. The
olecules in the gas phase are calculated using a 10 × 10 × 10 Å

ubic unit cell.
On the other hand, to validate the reliability of the selected

ethod, the geometrical parameters of CO molecule in gas phase
re calculated using the different functionals (PW91, PBE and LDA),
ur results show that the length and stretching frequency of C O
ond using LDA functional are rC O = 1.135 Å and vC O = 2180 cm−1,
espectively; those using PBE functional are rC O = 1.144 Å and
C O = 2113 cm−1, respectively; however, those values using PW91
unctional are rC O = 1.142 Å and vC O = 2125 cm−1, respectively,

hich accords with the experimental values of 1.128 Å [47] and
C O = 2138 cm−1 [48], and 2143 cm−1 [49–51], respectively, as well
s other DFT calculated values 2121 cm−1 [48], and 2120 cm−1 [50].
s a result, GGA-PW91 functional is used throughout the present
ork.

. Results and discussion

It is well known that syngas mainly contains CO and H2 along
ith a small amount of CO2 [52], meanwhile, the extensive studies

bout C2H5OH formation form syngas on Rh-based catalysts have
een reported [7,9,11,15], in which only CO hydrogenation to form
2H5OH are considered. On the other hand, when CO2 hydrogena-
ion is considered to form C2H5OH, on the basis of the number of

 atom in C2H5OH, we think CO2 firstly needs to be converted to
O, then, CO hydrogenates to product C2H5OH. More importantly,
ince Cu catalyst shows a good catalytic activity toward CO2 con-
ersion to CO via the RWGS reaction [53], we can conclude that CO
ormation from CO2 on Cu catalysts is facile, and C2H5OH synthesis
s controlled by other key steps involving in CO hydrogenation to
2H5OH. As a result, in this study for C2H5OH formation from syn-
as, on the basis of above analysis, we skip CO2 hydrogenation on Cu
atalyst for C2H5OH synthesis, and only focus on CO hydrogenation
o C2H5OH.
In this section, the formation mechanism of CHx(x = 1–3) species
s firstly investigated to obtain the most favored form of CHx species
ccording to the proposed reaction network of CHx(x = 1–3) species
ormed from syngas. Then, starting from the most favored CHx
Fig. 2. The possible reaction network of CHx(x = 1–3) formation from syngas.

species, the possible formation pathways of C2 oxygenates are dis-
cussed to obtain the preference mechanism. Further, the preference
mechanism for the hydrogenation of the most favored C2 oxy-
genates to C2H5OH is identified. Finally, we generally discuss the
formations of CHx(x = 1–3) species, C2 oxygenates and C2H5OH, as
well as other mentioned reactions in C2H5OH  formation.

3.1. CHx(x = 1–3) formation from syngas

Previous studies have investigated CO hydrogenation and
dissociation to C1 oxygenates on different metal catalysts
[23,27,31,54–57], as a result, the formation network of CHx(x = 1–3)
from syngas on Cu(1 0 0) surface have been designed, which is sim-
ilar with our previous studies on Cu(1 1 1) [28] and Cu(1 1 0) surface
[29], as illustrated in Fig. 2, it includes all possible formation path-
ways of CHx(x = 1–3) species. In addition, we think that hydrogen
atom is available for each hydrogenation step, and do not consider
the energy needed to dissociate molecular hydrogen. By investi-
gating the formation network of CHx(x = 1–3) species, an optimal
formation path of CHx(x = 1–3) species can be obtained.

The most stable configurations of reactants and possible
intermediates on Cu(1 0 0) surface are presented in Fig. 3, the cor-
responding energies and key geometric parameters are listed in
Table 3. We  can clearly obtain that the closed-shell species (such as
CO, CH3OH, CH2O and H2O) only weakly binds to Cu(1 0 0) surface,
while other open-shell species strongly interact with the surface.
3.1.1. CO initial step
For CO initial step, as shown in Fig. 2, two possibilities exist:

one is the formations of C and O by direct CO dissociation; the
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Fig. 3. The side and top views for the most stable adsorption configurations of reactants and all possible intermediates involved in the formation of CH (x = 1–3) species
o d ora
l

o
p
w
fi

3
c
t
s
o

n  Cu(1 0 0) surface. The C, O, H, and Cu atoms are shown in the grey, red, white, an
egend, the reader is referred to the web version of this article.)

ther is the formations of COH or CHO by CO hydrogenation. Fig. 4
resents the potential energy diagram of these reactions together
ith the structures of initial states (ISs), transition states (TSs) and
nal states (FSs).

.1.1.1. CO dissociation. In this step, the most stable adsorption

onfiguration of CO is chosen as the initial state, which goes through
he C O bond scission via the transition state TS1 leading to final
tate, C + O; this reaction has a significantly high activation barrier
f 391.1 kJ mol−1 with the high reaction energy of 112.4 kJ mol−1,
x

nge balls, respectively. (For interpretation of the references to colour in this figure

suggesting that the direct CO dissociation is very difficult to occur
on Cu(1 0 0) surface.

3.1.1.2. CO hydrogenation. Starting from the initial state, CO + H, CO
and H adsorb at the adjacent two hollow sites. For CHO forma-
tion, H adatom interacts with C atom of adsorbed CO via TS3. This

reaction has an activation barrier of 100.9 kJ mol−1 with the reac-
tion energy of 56.8 kJ mol−1. For COH formation, an alternative CO
hydrogenation via TS2, this reaction has a high activation barrier of
182.6 kJ mol−1 with the reaction energy of 70.8 kJ mol−1.
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Table  3
Adsorption energies and key geometric parameters for various species involved in CHx(x = 1–3) formation on Cu(1 0 0) surface.

Species Eads/kJ mol−1 Adsorption configuration DCu−X/Å Bonding details

Bond Length/Å

C 736.0 Hollow: through C 1.91 — —
O  672.5 Hollow: through O 2.00 — —
H  360.6 Hollow: through H 1.88 — —
CO  102.3 Hollow: through C 2.13 C O 1.20
CH  600.5 Hollow: through C 1.99 C H 1.11
CH2 391.0 Hollow: through C 2.11 C H 1.12
OH  377.5 Hollow: through O 2.17 O H 0.98
COH 367.2 Hollow: through C 2.03/2.03/2.04/2.04 C O/O H 1.37/0.98
CHO  193.8 Hollow: C B,O B 2.03/2.04/2.14/2.15 C O/C H 1.31/1.11
CH2O 54.8 Hollow: C B,O B 2.16/2.18/2.01/2.02 C O/C H 1.38/1.11
CH3O 286.9 Hollow: through O 2.16/2.16/2.20/2.20 C O/C H 1.45/1.10
CH3 214.4 Bridge: through C 2.08/2.19 C H 1.11/1.10/1.10
CHOH 216.2 Bridge: through C 2.01/2.02 C H/C O/O H 1.10/1.35/0.99
CH2OH 169.6 Bridge: C-top O-top 

H2O 31.5 Top: through O 

CH3OH 37.2 Top: through O 

Fig. 4. The potential energy diagram of CO initial step together with the side and
top  views for the structures of initial states (ISs), transition states (TSs) and final
s

k
t
d
o
s

1–3 dominantly contributes to CH formation through the reaction
process of CHO + H → CHOH → CH + OH, the corresponding rate-
tates (FSs). Bond lengths are in Å. See Fig. 3 for color coding.

We  can see from Fig. 4 that CHO is more easily formed both
inetically and thermodynamically than COH and CO dissocia-
ion, which means that CO hydrogenation on Cu(1 0 0) surface

ominantly contributes to CHO formation. Thus, the formation
f CHx(x = 1–3) species is only considered starting from CHO
pecies.
2.00/2.21 C H/C O/O H 1.09/1.46/0.98
2.24 O H 0.98
2.11 C H/C O/O H 1.10/1.45/0.98

3.1.2. CH formation
Starting from CHO and CHO + H, as shown in Fig. 2, four pathways

of CH formation exist: Path 1–1 is CHO dissociation into CH + O; Path
1–2 is CHO dissociation with hydrogen-assisted into CH + OH; Path
1–3 is CHO hydrogenation to CHOH, followed by its dissociation
into CH + OH; Path 1–4 is CHO hydrogenation to CHOH, followed by
its dissociation with hydrogen-assisted into CH + H2O. Figs. 3 and 5
present the potential energy diagrams of these reactions together
with the structures of ISs, TSs and FSs.

In Path 1–1, starting from CHO, and the C O bond scission of
CHO via TS1-1 leads to CH + O, both species bind at two adjacent
hollow site; the distance between C and O atoms is increased from
1.31 Å in CHO to 1.89 Å in TS1-1 and 2.87 Å in CH + O;  this reaction
has a higher activation barrier of 134.3 kJ mol−1 with the reaction
energy of 24.6 kJ mol−1.

In Path 1–2, starting form CHO + H, the C O bond scission of
CHO with hydrogen-assisted can form CH + OH via TS1-2, the acti-
vation barrier of this reaction is 147.7 kJ mol−1, it is exothermic by
56.5 kJ mol−1.

In Path 1–3, starting from CHO + H, CHOH can be formed by H
adatom interacting with the O atom of adsorbed CHO via TS1-3;
the distances between H adatom and O decrease from 3.10 Å in
CHO + H to 1.44 Å in TS1-3; this reaction has an activation barrier
of 64.8 kJ mol−1 with the reaction energy of 32.0 kJ mol−1; then, the
C O bond cleavage of CHOH form CH + OH via TS1-4. In TS1-4, CH
and OH binds at the hollow and top sites, the distances between C
and O atoms are 1.95 Å; this reaction is exothermic by 66.2 kJ mol−1

with an activation barrier of 88.5 kJ mol−1.
In Path 1–4, similar to Path 1–3, CHO is firstly hydro-

genated to CHOH, alternatively, the C O bond scission of CHOH
with hydrogen-assisted lead to CH + H2O via TS1-5. In CH + H2O,
CH binds at the hollow site, H2O plane is nearly parallel to
Cu(1 0 0) surface, and is far away the surface; the distances
between C and O atoms increase from 2.09 Å in TS1-5, 4.48 Å
in CH + H2O from 1.35 Å in CHOH + H, and the distances between
H and O decrease from 3.44 Å in CHOH + H to 2.68 Å in TS1-
5, 0.98 Å in CH + H2O; this reaction has an activation barrier
of 133.1 kJ mol−1 with the reaction energy of −65.2 kJ mol−1.
As shown in Fig. 5, we  can obtain that Paths 1–1, 1–2, 1–3
and 1–4 have the highest barriers of 134.3, 147.7, 120.5 and
165.1 kJ mol−1, and the reaction energies are 24.6, −56.5, −34.2
and −33.2 kJ mol−1, respectively, these results show that Path
controlled step occurs at TS1-4, which has an activation barriers
of 88.5 kJ mol−1.
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Fig. 5. The potential energy diagram of CH formation together with the side 

.1.3. CH2 formation
For CH2 formation, eight possible paths exist, as shown in Fig. 2;

igs. 3 and 6 present the potential energy diagram of these path-
ays together with the structures of ISs, TSs and FSs.

In Path 2–1, starting from CHO + H, the C O bond scission of
HO with hydrogen-assisted can form CH2 + O via TS2-1, which
as an activation barrier of 118.9 kJ mol−1 with the reaction energy
f 32.4 kJ mol−1. In Path 2–2, CHO is first hydrogenated to CH2O
ia TS2-2, the activation barrier and reaction energy are 49.6 and
39.7 kJ mol−1, respectively; then, the C O bond cleavage of CH2O

eads to CH2 + O via TS2-3, which have the activation barrier and
eaction energy of 186.5 and 72.1 kJ mol−1, respectively. In Path
–3, as described in Path 2–2, CHO is first hydrogenated to CH2O;
hen, the C O bond scission of CH2O with hydrogen-assisted can
orm CH + OH via TS2-4, this reaction has a high activation barrier
2
f 170.7 kJ mol−1, and it is exothermic by 19.8 kJ mol−1.

In Path 2–4, similar to Path 1–3, CHO is first hydrogenated
o CHOH; subsequently, the C O bond scission of CHOH with
p views for ISs, TSs and FSs. Bond lengths are in Å. See Fig. 3 for color coding.

hydrogen-assisted can form CH2 + OH via TS2-5, the correspond-
ing reaction energy is −71.8 kJ mol−1, the activation barrier is
91.0 kJ mol−1. In Path 2–5, similar to Path 1–3, CHO is firstly
hydrogenated to CHOH; subsequently, CHOH hydrogenates to form
CH2OH via TS2-6 with the activation barrier and reaction energy of
38.0 and −48.6 kJ mol−1, respectively; finally, the C O bond cleav-
age of CH2OH results in CH2 + OH via TS2-8, this has an activation
barrier of 108.8 kJ mol−1 with the reaction energy of −21.4 kJ mol−1.
For Path 2–6, similar to Path 2–2, CHO is firstly hydrogenated
to CH2O; subsequently, CH2O hydrogenates to CH2OH via TS2-
7, which have the activation barrier and reaction energy of 95.5
and 3.4 kJ mol−1, respectively; Further, the C O bond scission of
CH2OH can form CH2 + OH, as presented in Path 2–2. For Paths
2–7 and 2–8, similar to Paths 2–5 and 2–6, respectively, CHO is
firstly hydrogenated to CH OH; then, the C O bond cleavage of
2
CH2OH with hydrogen-assisted leads to CH2 + H2O via TS2-9, which
has an activation barrier of 92.1 kJ mol−1, and it is exothermic by
19.6 kJ mol−1.
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Fig. 6. The potential energy diagram of CH2 formation together with the side 

As shown in Fig. 6, we can obtain that the highest bar-
ier (55.8 kJ mol−1) of Path 2–8 is lower than those of
ther seven pathways, suggesting that Path 2–8 dominantly
ontribute to CH2 formation by the reaction process of
HO + 3H → CH2O + 2H → CH2OH + H → CH2 + H2O, the corre-
ponding rate-controlled step occur at TS2-7 with an activation
arrier of 95.5 kJ mol−1.
.1.4. CH3 formation
For CH3 formation, five possible paths exist, as shown in Fig. 2;

igs. 3 and 7 present the potential energy diagram of these path-
ays together with the structures of ISs, TSs and FSs.
p views for ISs, TSs and FSs. Bond lengths are in Å. See Fig. 3 for color coding.

In Path 3–1, similar to Path 2–2, CHO is first hydrogenated
to CH2O; subsequently, the C O bond scission of CH2O with
hydrogen-assisted leads to CH3 + O via TS3-1, this reaction has
an activation barrier of 152.8 kJ mol−1, it is exothermic by
59.4 kJ mol−1. In Path 3–2, similar to Path 2–2, CHO is first hydro-
genated to CH2O; subsequently, CH2O is hydrogenated to CH3O
via TS3-2, the activation barrier and reaction energy are 28.4 and
−77.4 k mol−1, respectively; further, the C O bond scission of CH3O

leads to CH3 + O via TS3-3, the activation barrier and reaction energy
are 165.5 and 17.9 kJ mol−1, respectively.

In Path 3–3, similar to Path 3–2, CHO is first hydrogenated
to CH3O; subsequently, the C O bond scission of CH3O with
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Fig. 7. The potential energy diagram of CH3 formation together with the side

ydrogen-assisted lead to CH3 + OH via TS3-4, this reaction
as an activation barrier of 154.5 kJ mol−1, it is exothermic by
16.2 kJ mol−1. In Paths 3–4 and 3–5, as described in Paths 2–5 and
–6, CHO is first hydrogenated via CHOH and CH2O intermediates
o CH2OH; then, the C O bond scission of CH2OH with hydrogen-
ssisted results in CH3 + OH via TS3-5, the activation barrier and
eaction energy are 96.3 and −97.6 kJ mol−1, respectively.

As shown in Fig. 7, we can obtain that the highest barriers (49.6
nd 49.6 kJ mol−1) of Paths 3–2 and 3–3 are lower than those of
ther pathways, however, the activation barrier (165.5 kJ mol−1) of
he rate-controlled step in Path 3–2 occurring at TS3-3 is larger
han that for Path 3–3 (154.5 kJ mol−1). Thus, Path 3–3 is domi-
antly responsible for CH3 formation through the reaction process
f CHO + 3H → CH2O + 2H → CH3O + H → CH3 + OH.

.1.5. Brief summary
On the basis of above results, we can obtain that CHO forma-
ion is more favorable both kinetically and thermodynamically
han COH and CO dissociation for CO initial step. As a result, all
H x(x = 1–3) species are formed starting with CHO or CHO + H on
u(1 0 0) surface.
p views for ISs, TSs and FSs. Bond lengths are in Å. See Fig. 3 for color coding.

The potential energy diagram of the optimal paths of
CHx(x = 1–3) formation are illustrated in Fig. 8, with respect to
CHO + H, we can see the highest barrier and reaction energy (49.6
and −133.2 kJ mol−1) of CH3 formation in a red line are lower than
those of CH formation (120.5 and −34.2 kJ mol−1) in a black line and
CH2 formation (55.8 and −55.9 kJ mol−1) in a pink line, suggesting
that CH3 is much easily formed both kinetically and thermodynam-
ically than CH and CH2. Therefore, among all CHx(x = 1–3) species,
CH3 is the most favorable monomer.

On the other hand, as mentioned above, CH3O is formed by
CH2O hydrogenation, subsequently, the most favored monomer,
CH3, is formed by the reaction of CH3O + H → CH3 + OH, in which
the hydroxyl OH will be also formed. Meanwhile, previous studies
[58–60] have shown that on Cu and PdZn catalysts, OH can reacts
very easily with CH2O to form CH2OOH, the reported activation
energy barrier for this reaction on Cu(1 1 1) surface is 17 kJ mol−1

[58], or even 11 kJ mol−1 [59], as well as 15 kJ mol−1 on PdZn
catalyst [60]. As a result, we  further investigate the reaction of

CH2O + OH → CH2OOH, our results show that this reaction has an
activation barrier of 67.0 kJ mol−1, and it is slightly endothermic by
1.9 kJ mol−1. However, the reaction of CH2O + H → CH3O has a small
activation barrier of 28.4 kJ mol−1, and it is strongly exothermic
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Fig. 8. The potential energy diagram for the optimal path

y 77.4 kJ mol−1. The activation barrier of CH2O + OH → CH2OOH
s higher by 38.6 kJ mol−1 than that of CH2O + H → CH3O, suggest-
ng that CH2O is more easily hydrogenated to CH3O rather that
eing reacted with OH to CH2OOH. In addition, we think that the
H involving in ethanol formation from syngas mainly reacts with

 to form water.

.2. CH3OH formation and its effect on CH3 formation

Above results suggest that all CHx(x = 1–3) species come from
he dissociation of CHxO and CHxOH intermediates formed by CHO
ydrogenation, However, when above reactions occurs, since Cu
atalyst can also exhibit good catalytic performance for CH3OH for-
ation from syngas [27], CHxO and CHxOH intermediates can also

e hydrogenated to form CH3OH As a result, CH3OH formation by
HO hydrogenation is also investigated. Fig. 9 presents the potential
nergy diagram of CH3OH formation together with the structures
f ISs, TSs and FSs.

For Path 4–1, similar to Path 3–2, CHO is firstly hydrogenated
o CH3O via CH2O intermediate; subsequently, CH3O can be hydro-
enated to CH3OH via TS4-1, the activation barrier and reaction
nergy of this reaction are 85.4 and −3.4 kJ mol−1. For Path 4–2,
imilar to Path 2–5, CHO is firstly hydrogenated to CH2OH via CHOH
ntermediate; then, the hydrogenation of CH2OH can form CH3OH
ia TS4-2, this reaction has an activation barrier of 49.9 kJ mol−1, it
s exothermic by 85.2 kJ mol−1. For Path 4–3, similar to Path 2–6,
HO is first hydrogenated to CH2OH via CH2O intermediate; then,
H2OH hydrogenation can form CH3OH via TS4-2.

As shown in Fig. 9 that the highest barrier (49.6 kJ mol−1) of
ath 4–1 in a red line is lower than those of other two path-
ays, meanwhile, the rate-controlled step of Path 4–1 occur

t TS4-1, the activation barrier and reaction energy are 85.4
nd −3.4 kJ mol−1, respectively. Thus, Path 4–1 dominantly con-
ributes to the formation of CH3OH through the reaction process of
HO + H → CH2O + H → CH3O + H → CH3OH.

On the other hand, an optimal pathway for
nitial CO hydrogenation on Cu(1 0 0) surface is
O + 3H → CHO + 2H →nCH2O + H → CH3O, which is also the

ommon reaction pathway of CH3 and CH3OH formations. Fig. 10
ummaries the potential energy diagram for the most favorable
athway of CH3 and CH3OH formation, it can be seen that the
ate-controlled step of CH3 formation occur at TS3-4 with the
Hx(x = 1–3) formation starting from CHO hydrogenation.

activation barrier of 154.5 kJ mol−1, which is larger than that of
CH3OH formation (85.4 kJ mol−1), suggesting that CH3OH is more
easily formed than CH3. Since CHx formation is thought to be a
key step for C2 oxygenates formation of C2H5OH precursor from
syngas, more CHx sources should be obtained for the formations
of C2H5OH and hydrocarbons [3,7,29,61], namely, to achieve high
productivity and selectivity to C2H5OH from syngas on Cu catalyst,
more CH3 should be boost and/or minimize CH3OH formation.

3.3. C2 oxygenates formation

For C2 oxygenates formation, the studies on Rh and Co cata-
lysts by Zhao et al. [15] found that CHO insertion into CHx(x = 1–3)
is superior and/or competitive to CO insertion and carbene cou-
pling for chain growth; moreover, Choi and Liu [7] have found that
CH3 is the most favored monomer on Rh(1 1 1) surface among all
CHx(x = 1–3) species, meanwhile, the productivity and selectivity
of C2H5OH is controlled by CH3 hydrogenation to CH4 formation
and CO insertion into CH3 to C2 oxygenates. In this study, CH3 are
the most favored monomer formed by syngas on Cu(1 0 0) surface,
in order to illustrate C2 oxygenates formation, we  further inves-
tigate CO insertion into CH3, CHO insertion into CH3, as well as
CH3 hydrogenation, dissociation and coupling on Cu(1 0 0) surface.
Fig. 11 illustrates the potential energy diagram for these reactions
together with the structures of ISs, TSs and FSs.

For CO insertion into CH3, starting from CH3 + CO, CH3 and CO
bind at the bridge and top sites, respectively; CO insertion into
CH3 can form CH3CO via TS5-1. The distances of two  C atom are
decreased to 1.98 Å in TS5-1 from 3.66 Å in CH3 + CO. This reac-
tion has an activation barrier of 97.4 kJ mol−1, it is exothermic by
19.9 kJ mol−1. CH3CO adsorbs at the bridge site via both C and O
atoms with the adsorption energy of 188.0 kJ mol−1.

For CHO insertion into CH3, starting from CH3 + CHO, CH3 and
CHO adsorb at the bridge and hollow sites, respectively; CHO
insertion into CH3 can form CH3CHO via TS5-2. The distances
of two  C atom are decreased to 2.18 Å in TS5-2, from 3.89 Å in
CH3 + CHO. This reaction has an activation barrier of 41.9 kJ mol−1,
and it is largely exothermic by 96.4 kJ mol−1. CH3CHO locates

at the top site via O atoms with only an adsorption energy
of 26.4 kJ mol−1.

For CH3 hydrogenation, starting from CH3+H, CH3 and H bind at
the bridge and hollow sites, respectively; CH3 hydrogenation can
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Fig. 9. The potential energy diagram for the optimal paths of CH3OH formation by CHO hydrogenation together with ISs, TSs and FSs. Bond lengths are in Å. See Fig. 3 for
color  coding.
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Fig. 10. The potential energy diagram for the most favorable pa

orm CH4 via TS5-3. The distance between C and H is decreased

o 1.85 Å in TS5-3 from 3.25 Å in CH3 + H. This reaction has an
ctivation barrier of 77.9 kJ mol−1 with the large reaction energy
f −71.1 kJ mol−1. CH4 is far away from the surface with only an
dsorption energy of 6.4 kJ mol−1.
 CH3 and CH3OH formations starting from CHO hydrogenation.

For CH3 dissociation CH2 + H via TS5-4, this reaction has an acti-

vation barrier of 129.7 kJ mol−1, and it is largely endothermic by
85.7 kJ mol−1.

For CH3 coupling, starting from CH3 + CH3, two CH3 radical
bind at the adjacent bridge site, CH3 coupling can form C2H6 via
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ig. 11. The potential energy diagram of CO and CHO insertion into CH3, as well a
u(1  0 0) surface. Bond lengths are in Å. See Fig. 3 for color coding.

S5-5. This reaction has an activation barrier of 132.0 kJ mol−1, and
t is largely exothermic by 132.9 kJ mol−1. C2H6 is far away from the
urface with only an adsorption energy of 19.1 kJ mol−1.
Considering CHO formation by CO hydrogenation, as shown
n Fig. 11, the highest barriers of CO insertion into CH3, CHO
nsertion into CH3, as well as CH3 hydrogenation, dissociation
nd coupling are 97.4, 100.9, 134.7, 186.5 and 188.8 kJ mol−1,
hydrogenation, dissociation and coupling of CH3 together with ISs, TSs and FSs on

respectively, which means that CO and CHO insertion into CH3
to CH3CO and CH3CHO is two parallel and dominant reactions,
which is dominantly responsible for C2 oxygenates formation of
ethanol precursor. More importantly, when CHO insertion into CH
3
to CH3CHO (Ea = 41.9 kJ mol−1, �H = −96.4 kJ mol−1) occurs, CHO
can also be hydrogenated to CH2O, this reaction has an activation
barrier of 49.6 kJ mol−1 with the reaction energy of −39.7 kJ mol−1,
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Table 4
The activation barriers and reaction energies for the reactions of CO or CHO insertion
into CH3, CH3 hydrogenation to CH4, as well as CH3 and CH3OH formations on Cu
and  Rh surfaces.

Surface Elementary reaction Ea/kJ mol−1 �H/kJ mol−1

Cu(1 0 0) CH3 + CHO → CH3CHO 41.9 −96.4
CH3 + H → CH4 77.9 −71.1
CH3O + H → CH3 + OH 154.5 −16.2
CH3O + H → CH3OH 85.4 3.4

Rh(1 1 1)a CH3 + CO → CH3CO 89.7 14.5
CH3 + H → CH4 55.0 −19.3
CH O → CH + O 102.3 −18.3
26 H. Zheng et al. / Journal of Molecular 

uggesting that CHO hydrogenation to CH2O is energetically com-
atible with CHO insertion into CH3 to CH3CHO, namely, partial
HO involves in hydrogenation to form CH3 via the interme-
iates CH2O and CH3O, and the rest inserts into CH3 to form
H3CHO. Therefore, when more CH3 is formed by CO hydrogena-
ion, Cu(1 0 0) can exhibit a good catalytic activity and selectivity to
2 oxygenates by CHO insertion into CH3 rather than hydrocarbons.

In addition, the most stable face-center-cubic (1 1 1) surface of
lose-packed Cu metal, fcc(1 1 1), has been also employed to inves-
igate the catalytic behavior of the key steps involved in ethanol
ormation. Fig. 12 presents the potential energy diagram of CO and
HO insertion into CH3, as well as the hydrogenation, dissociation
nd coupling of CH3 on Cu(1 1 1) surface, the detailed information
n Cu(1 1 1) surface are given out in the Supplementary mate-
ial. The calculated results show that the highest barriers of CO
nsertion into CH3, CHO insertion into CH3, as well as CH3 hydro-
enation, dissociation and coupling are 97.3, 131.9, 159.2, 201.3
nd 247.8 kJ mol−1, respectively, which means that CO insertion
nto CH3 to CH3CO is the dominant reactions for C2 oxygenates
ormation; Secondly, CHO insertion into CH3 to CH3CHO is also
esponsible for C2 oxygenates formation. Thirdly, the hydrocarbons
re formed by the hydrogenation, dissociation and coupling of CH3
pecies. Therefore, similar to Cu(1 0 0) surface, when more CH3 is
ormed by CO hydrogenation, CH3CO and CH3CHO are the dominant
xistence form of C2 oxygenates on Cu(1 1 1) surface.

.4. C2H5OH formation

As mentioned above, CH3CO and CH3CHO are the dominant exis-
ence form of C2 oxygenates. Thus, we continue to investigate the
ormation of C2H5OH by the successive hydrogenation of CH3CO
nd CH3CHO, respectively. Fig. 13 presents the potential energy dia-
ram of CH3CO and CH3CHO hydrogenation to C2H5OH on Cu(1 0 0)
urface together with the structures of ISs, TSs and FSs.

.4.1. CH3CO hydrogenation to C2H5OH

.4.1.1. CH3CO hydrogenation. One is CH3CHO formation; the other
s CH3COH formation. Starting from CH3CO + H(1), CH3CO can
ydrogenate to CH3CHO via TS6-1, this reaction has an activation
arrier of 42.2 kJ mol−1, and it is endothermic by 22.8 kJ mol−1.
lternatively, beginning with CH3CO + H(2), CH3CO can hydro-
enate to CH3COH via TS6-2, this reaction has an activation barrier
f 74.1 kJ mol−1, and it is endothermic by 41.7 kJ mol−1. CH3COH

ocates at the top site with an adsorption energy of 175.7 kJ mol−1.
Above results show that CH3CO hydrogenation to CH3CHO is

ore easily formed both kinetically and thermodynamically than
H3COH, suggesting that CH3CHO is the dominant product of
H3CO hydrogenation. So far, little information about key inter-
ediates CH3CO, CH3CHO and CH3COH in ethanol formation on

u(1 0 0) surface is reported; only our previous studies shows that
H3CO is the key intermediate for ethanol formation from syngas
n Cu(2 1 1) surface [30], CH2CO is the dominant form of C2 oxy-
enates formed by syngas on Cu(1 1 0) surface [29]; these results
how that the existence form of C2 oxygenates on Cu-based catalyst
s very sensitive to the structure of Cu surface.

.4.1.2. CH3CHO hydrogenation. One is to form CH3CH2O; the other
s to form CH3CHOH. Starting from CH3CHO + H(1), CH3CH2O is
ormed via TS6-3, which has an activation barrier of 29.3 kJ mol−1,
nd it is exothermic by 60.1 kJ mol−1; CH3CH2O locates at the
ollow site an adsorption energy of 258.4 kJ mol−1. Alternatively,

tarting from CH3CHO + H(2), CH3CHOH can be formed via TS6-4,
hich has an activation barrier of 107.1 kJ mol−1, and it is endother-
ic  by 22.4 kJ mol−1; CH3CH2O adsorbs at the hollow site with an

dsorption energy of 258.4 kJ mol−1.
3 3

CH3O + H → CH3OH 88.8 3.9

a The studies by Choi and Liu in Ref. [7].

Above results show that for CH3CHO hydrogenation, CH3CH2O
is more easily formed both favorable both kinetically and ther-
modynamically compared to CH3CHOH, namely, CH3CH2O is the
dominant product for CH3CHO hydrogenation on Cu(1 0 0) surface.

3.4.1.3. CH3CH2O hydrogenation to C2H5OH. For CH3CH2O hydro-
genation, starting from CH3CH2O + H, CH3CH2O hydrogenation can
form C2H5OH via TS6-5. This reaction has an activation barrier
of 70.8 kJ mol−1, and it is slightly endothermic by 6.0 kJ mol−1.
C2H5OH leaves away from the surface with only an adsorption
energy of 24.1 kJ mol−1.

3.4.2. CH3CHO hydrogenation to C2H5OH
As described in CH3CO hydrogenation to form C2H5OH,

CH3CHO hydrogenation prefers to form CH3CH2O, then,
CH3CH2O hydrogenation leads to C2H5OH. Thus, the
pathway for CH3CHO hydrogenation to C2H5OH is that
CH3CHO + 2H → CH3CH2O + H → C2H5OH.

3.4.3. Comparisons of the key step for C2H5OH formation
between Cu and Rh surfaces

Previous DFT studies by Choi and Liu [7] have investigated
ethanol formation from syngas on Rh catalyst; aiming to under-
stand the catalytic efficiency of Cu in ethanol formation, we further
qualitatively compare the key reaction steps of ethanol formation
between Cu catalyst with those reported results on Rh catalyst,
Table 4 lists the corresponding activation barrier and reaction
energy of key steps on Cu and Rh surfaces.

We can obtain that CO + 3H → CHO + 2H → CH2O + H → CH3O on
Cu and Rh surfaces is the common optimal pathway, and CH3OH
is more easily formed than CH3. Starting from CH3, Choi and Liu
have found that on Rh(1 1 1) surface, CH4 is more easily formed
than CH3CO via CO insertion into CH3. However, Cu(1 0 0) surface
in this study show that CHO insertion into CH3 to CH3CHO is more
favorable than CH4 formation; meanwhile, our previous studies on
Cu(2 1 1) surface also show that CH3CO formed by CHO insertion
into CH3 is more favorable than CH4 formation [30]; these results
means that Cu catalyst can exhibit a better selectivity to C2 oxy-
genate of C2H5OH precursor rather than CH4, this is different from
that on Rh catalyst.

3.5. General discussions

Fig. 14 presents the optimal reaction pathway of
C2H5OH formation from syngas on Cu(1 0 0) surface. It
can be seen that C2H5OH formation on Cu(1 0 0) sur-
face is to first produce CH3 species via the process of

CO + 4H → CHO + 3H → CH2O + 2H → CH3O + H → CH3 + OH, then,
CHO insertion into CH3 can form CH3CHO, and followed by suc-
cessive hydrogenation to C2H5OH. CH3 formation via the reaction
of CH3O + H → CH3 + OH is the rate-limiting step of the overall
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ig. 12. The potential energy diagram of CO and CHO insertion into CH3, as well a
u(1  1 1) surface. Bond lengths are in Å. See Fig. 3 for color coding.

onversion with a significantly high activation barrier
f 154.5 kJ mol−1. Meanwhile, CH3OH can be formed
y the reaction process of CO + 4H → CHO + 3H → CH O
2

 2H → CH3O + H → CH3OH, and the reaction of CO + H → CHO is
he rate-limiting step with an activation barrier of 100.9 kJ mol−1.
urther, compared to CHO insertion into CH3 to CH3CHO, the
hydrogenation, dissociation and coupling of CH3 together with ISs, TSs and FSs on

formations of CH4, CH2 and C2H6 by the hydrogenation, dissocia-
tion and coupling of CH3 are all very difficult to occur due to the
high activation barrier.
Our results on Cu(1 0 0) surface show that CH3OH is the main
product from syngas, which accords with the general fact that
Cu catalyst can exhibit good catalytic performance for CH3OH
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ig. 13. The potential energy diagram of CH3CO and CH3CHO hydrogenation toget
oding.
rom syngas [29], and CHx(x = 1–3) formation cannot compete
ith CH3OH formation. Then, among all CHx(x = 1–3) species, CH3

re the most favorable species. Thus, the productivity and selec-
ivity of C2H5OH is low due to less CH3 sources on Cu(1 0 0)
ith ISs, TSs and FSs on Cu(1 0 0) surface. Bond lengths are in Å. See Fig. 3 for color
surface, and only two  variables significantly affect the produc-
tivity and selectivity of C2H5OH, one is CH3 formation, the
other is CH3OH formation. The productivity and selectivity of
C2H5OH can be enhanced by lowering the activation barrier of



H. Zheng et al. / Journal of Molecular Catalysis A: Chemical 404 (2015) 115–130 129

 for C

C
f

c
c
C
C
u
i
a
i
C
t
n
a
C
C
t
o
s

4

t
e
t
m
t
c
s
t
C
e
C
e
t
g

Fig. 14. Schematic of the optimal reaction pathway

H3 formation and/or increase the activation barrier of CH3OH
ormation.

On the basis of above results, we can obtain that when Cu-based
atalysts are developed for C2H5OH formation from syngas, the
atalytic performance of the materials toward the formations of
H3 and CH3OH have to be especially considered. To achieve high
2H5OH productivity and selectivity, promoters and/or supports
sed for Cu catalysts should maximizes CH3 formation and/or min-

mizes CH3OH formation, in this way, more CH3 sources will be
vailable for C2 oxygenates formation of C2H5OH precursor by CHO
nsertion into CH3, as a result, the productivity and selectivity of
2H5OH can be enhanced. On the other hand, the insight into reac-
ion mechanism of C2H5OH formation from syngas on Cu catalyst
ot only obtain that how the Cu catalyst functions, but also predicts
nd provides a clue to selectively modify and develop the novel
u-based catalyst to enhance the catalytic performance towards
2H5OH formation. In addition, extensive calculations for quantita-
ive investigations into the effect of the promoters and/or supports
n C2H5OH formation would be desirable, but this is beyond the
cope of our present study, and will be carried out in our next work.

. Conclusions

In the present study, the reaction mechanism of C2H5OH syn-
hesis from syngas on Cu(1 0 0) surface has been systematically
xplored; here, our results are obtained using density functional
heory method together with periodic slab model. The preference

echanism of C2H5OH formation from syngas has been obtained;
wo products, CH3OH and C2H5OH, are mentioned in the overall
onversion process. Our results show that ethanol formation from
yngas starts with CHO formation by CO hydrogenation, in which
he direct CO dissociation is difficult to occur. Starting from CHO,
HO is further hydrogenated to CH3O via CH2O intermediate, CH3O
ventually hydrogenates to form CH3OH, and CH3 is formed via

H3O dissociation with hydrogen-assisted, in which CH3OH is more
asily formed than CH3. Further, CHO insertion into CH3 can form
he key intermediate CH3CHO, followed by the successive hydro-
enation to C2H5OH via CH3CH2O intermediates, in which CHO

[

[

[

2H5OH synthesis from syngas on Cu(1 0 0) surface.

insertion into CH3 to CH3CHO is the most favorable reaction among
all reactions related to CH3 species. In addition, Cu(1 0 0) surface is
highly selective for CH3OH rather than CH3, further C2H5OH. There-
fore, the productivity and selectivity of C2H5OH can be enhanced by
lowering the activation barrier of CH3 formation and/or increasing
the activation barrier of CH3OH formation, which means that pro-
moters and/or supports should be added into Cu to help minimize
CH3OH formation and/or maximize CH3 production.
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