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ABSTRACT: Density functional theory calculations have been employed to
investigate the effect of promoter Mn on ethanol formation from syngas on a
Mn-promoted MnCu(211) surface. Our results show that CO + 3H — CHO + K g;
2H — CH,0 + H — CH;O is an optimal pathway for the overall CO y ;
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conversion. Starting with CH;0O, CHj is formed via CH;0 — CH; + O. Then,
CHO insertion into CH; can form CH;CHO, and further, CH;CHO is
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successively hydrogenated to ethanol via CH;CH,O intermediate. Meanwhile,
CH,OH is formed via CH;O + H - CH,;OH. Compared to the pure Cu(211)
surface, CH; formation is found to be energetically compatible with CH;OH /
formation on the MnCu(211) surface, which can lead to more CH; sources and /
less CH;OHj thus, the productivity and selectivity of ethanol can be improved.
On the other hand, starting from CHj; the MnCu(211) surface is more
favorable for CHO insertion into CH; to CH;CHO in comparison with CH;
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hydrogenation, dissociation and coupling to CH,, CH,, and C,H, due to their high activation barriers; namely, the MnCu(211)
surface exhibits a better selectivity toward C, oxygenates rather than hydrocarbons. As a result, we can show that, by introducing
promoter Mn into Cu catalyst, the productivity and selectivity to ethanol from syngas can be effectively improved.

1. INTRODUCTION

Syngas, derived from biomass or coal, has drawn more attention
since both sources are abundant, and biomass is a renewable
feedstock.”” Among the products from syngas, ethanol is a
more desirable product as neat fuels, fuel additives, or a carrier
for hydrogen to supply fuel cells and a feedstock for the
synthesis of a variety of chemicals, fuels, and polymers.>®
Nowadays, many studies have focused on the catalytic
conversion of syngas to ethanol; however, no commercial
process exists due to the challenging chemical and technological
barriers, so low yield and poor selectivity for ethanol formation
from syngas remain the major hurdles associated with the use
of known catalysts.” In order to make this catalytic conversion
route commercially attractive, it is essential to develop more
effective catalysts.

Among the existing catalysts, Rh is unique for the production
of C, oxygenates from syngas due to its high selectivity.”’
However, considering the high cost and limited availability of
Rh, it would be preferable to find some other active catalysts
composed of inexpensive metals. Recently, great progress has
been made to improve the activity of catalysts composed of
inexpensive metals, such as the modified Cu-based cata-
lysts,"°"'¢ which have been widely used for C, oxygenates
formation from syngas in the temperature range of 280—310 °C
at pressures of about 40—100 bar,'>'™>!

On the other hand, a large number of works have been
performed to investigate the promoting effects of adding
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promoter metal (Mn, Ce, Ni, Fe, etc.) into supported Rh
catalyst to improve the catalytic activity and/or selectivity of
ethanol from syngas.”**~** Among these promoters, promoter
Mn has been shown to increase the activity and selectivity of C,
oxygenates from syngas.**~*' Mei et al.*" have found that Mn
plays an important role in lowering the activation barrier of CO
insertion into CH,, (x = 1—3) on Mn-promoted Rh-based/SiO,
catalyst; thus, the productivity and selectivity to ethanol can be
increased. The experimental studies by Luo et al.** have further
shown that the addition of Mn is essential for the formation of
acetic acid and acetaldehyde with high selectivity. Li et al.*
have found that promoter Mn can improve the selectivity of Rh
to convert syngas to ethanol on Mn-promoted Rh-based
catalyst. Recently, Ngo et al.** have shown that the addition of
Mn can improve the selectivity of ethanol on the Fe-promoted
Rh/TiO, catalysts.

To the best of our knowledge, so far, many investigations
about promoters have shown that the additions of promoter
into the catalyst can promote the selectivity to etha-
nol.'713*5% However, few experimental and theoretical
studies have been reported to understand ethanol formation
from syngas on Mn-promoted Cu-based catalysts and the effect
of promoter Mn on the reaction. Thus, the roles of promoter
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Mn into Cu catalyst and the effect of Mn on ethanol formation
from syngas are still unclear; meanwhile, no generally accepted
mechanism of ethanol formation from syngas on Mn-promoted
MnCu catalyst has been reported.

In the present work, ethanol formation from syngas on the
Mn-promoted MnCu(211) surface is systematically inves-
tigated with density functional theory (DFT) method together
with periodic slab models, aiming to clarify the favorable
reaction mechanisms, determine the kinetics, probe into the
role of promoter Mn in MnCu catalyst, as well as obtain the
effect of Mn on ethanol formation from syngas compared to the
reported pure Cu(211) surface.

2. COMPUTATIONAL METHOD

2.1. Computational Method. The DFT calculations are
conducted using the code DMol® in Materials Studio 5.5.*7*
The generalized gradient agpsproximation proposed by Perdew
and Wang (GGA-PW91)**° is employed for the exchange-
correlation functional. An effective core potential (ECP) is used
to make the inner electrons of metal atoms frozen and
replaced,”"** and other atoms are treated with an all-electron
basis set. The wave functions are expanded in terms of a
double-numerical basis set with a polarization d-function
(DNP).>® Brillouin-zone integrations have been performed
using 1 X 2 X 1 k-point grid and a Methfessel-Paxton smearing
of 0.005 Ha. In addition, in the discussion of the DFT results,
no zero-point energy (ZPE) corrections are included in this
study.

The transition state (TS) is located by Complete LST/QST
approach.>* The linear synchronous transit (LST) is conducted
to bracket the maximum between the reactants and products,
followed by repeated conjugate gradient minimizations and the
quadratic synchronous transit (QST) maximizations until a
transition state was located."*" In addition, frequency analysis
has been used to validate the transition state, and TS
confirmation is performed on every transition state to confirm
that they lead to the desired reactants and products.'*">

2.2. MnCu(211) Surface. There is compelling evidence
that stepped surfaces often exhibit a superior catalytic activity
over the ideal regular surfaces.>>™®* In fact, the step site is the
most common defect for metal catalysts, which may play a key
role in catalysis. A stepped (211) surface consists of (111)
terrace and the (100)-type step, which can exhibit a better
catalytic activity.®"*>~%” For example, Liu et al.*" have studied
NO reduction on Pt-group metals and found that the stepped
Ir(211) surface possess high selectivity for NO reduction than
that on Ir(111) surface. Xu and Mavrikakis®> have shown that
the adsorption and dissociation of O, can be enhanced on the
stepped Au(211) surface compared to the flat Au(111) surface.
Mavrikakis et al.®® have found that the stepped Rh(211) surface
can lower the activation barrier of CO dissociation by 120 k
mol ™! than the flat Rh(111) surface. Further, Behrens et al.*’
have shown that CO and CO, hydrogenation to methanol on
the stepped Cu(211) surface exhibits a better catalytic activity
than that on the flat Cu(111). Based on the investigations
above, the stepped MnCu(211) surface is chosen as the model
of Mn-promoted MnCu catalyst to investigate ethanol
formation from syngas.

For MnCu(211) surface, two existing forms have been
reported: one is that replacing a Cu atom by a Mn atom;®® the
other is that adsorbing a surface Mn atom onto Cu surface. ™"
As far as we know, for the effect of promoter on C, oxygenates
formation from syngas, the present studies is mainly focus on
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the first type of model.""****7> Thus, in our study, we only
employ the first model via replacing a Cu atom by a Mn atom
as the promoter Mn-doped Cu(211) model.

MnCu(211) is modeled using an eight-layer slab model with
a 10 A of vacuum between any two successive slabs. A periodic
p(2 X 3) unit cell is used. During the optimization, the
uppermost five layers together with the adsorbates are relaxed,
and the bottom three layers are fixed at their bulk positions. For
the stepped MnCu(211) surface, three possible sites for Mn
atom exist on (211) surface: a step edge, a terrace, or a step
base site (see Figure 1). Thus, the most favorable configuration

Top view

Figure 1. Surface morphology of the MnCu(211) surface with a Mn
atom at three different sites marked in a white circle. The purple and
orange balls denote Mn and Cu atoms, respectively. Agg, Bgg, Fg, and
Hgg, refer to atop, bridge, fcc, and hep sites on the step edge (SE). Fig
and Hyj; refer to fcc and hep sites on the lower edge (LE). Ay and By
refer to atop and bridge sites on the (111) terrace, and Hol refers to
the hollow adsorption site on the stepped surface.

of MnCu(211) surface is obtained on the basis of the
I 14,73,74
substitution energy, E,

Egp = Evn + ECu(le) — E¢, — EMnCu(zu)

where E, is the substitution energy of MnCu(211) surface and
Ecyi) and Eycy(arry are the total energies of Cu(211) and
MnCu(211) surfaces, respectively. Ec, and E,, are the total
energies of single Cu and Mn atom, respectively. With this
definition, the smaller E is, the easier the replacement of the
Cu atom by a Mn atom.

Our results show that the model with a Mn atom at the step
edge is found to be the most easily formed. Among the three
sites, as shown in Figure 1, the system, a Cu atom at the step
edge replaced by a Mn atom, is chosen to model MnCu(211)
surface; there are nine different adsorption sites on the
MnCu(211) surface with (111) terrace and (100) step, which
are the step edge (atop, bridge, fcc, and hep), lower edge (fcc
and lllzfp), terrace (atop and bridge), and (100) step (hollow
site).

3. RESULTS AND DISCUSSIONS

Nowadays, previous studies have investigated CO hydro-
genation reactions without considering the effect of presence
of H atom on reaction mechanism,”>”>~”” and the correspond-
ing results can systematically clarify the reaction mechanism,
which are consistent with the reported experimental results. On
the other hand, in each hydrogenation reaction, although there
are a lot of energetically most stable H species on the surface,
under a realistic condition, when hydrogenation reaction
occurs, only one H adatom interacts with the corresponding
adjacent adsorbed species. As a result, we think the effect of the
presence of H atoms on reaction mechanism is negligible under
a realistic condition, meanwhile, we choose an H atom on the
surface to qualitatively investigate CO hydrogenation reaction,
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and the obtained results are reliable. Therefore, in this study, all
the different hydrogenation reaction steps involve the addition
of atomic hydrogen present on the surface, only one H atom is
presented on the surface for each hydrogenation step involving
in ethanol formation from syngas.

3.1. Adsorption of Reactants and Possible Intermedi-
ates. For the adsorption of reactants and possible inter-
mediates, all possible adsorption sties on MnCu(211) surface
are considered. By our DFT calculations, the most stable
configurations of reactants and possible intermediates are
presented in Figure 2, and the adsorption energy and key

o AT
"H.O

CH.CHOH  C.HsOH

Figure 2. Most stable adsorption configurations of surface species
involved in ethanol formation from syngas on MnCu(211). Gray, red,
white, orange, and purple balls denote C, O, H, Cu, and Mn atoms,
respectively.

geometrical parameters are shown in Table 1. Our results
indicate that all species prefer to interact with the Mn atom
rather than the Cu atom after introducing the Mn atom into the
Cu catalyst, suggesting that promoter Mn may be the main
active site to catalyze ethanol formation from syngas.

3.2. Formation Mechanism of CH, (x = 1-3) Species.
3.2.1. CO Initial Step. Three reactions may occur for CO initial
step involved in ethanol formation from syngas on MnCu(211)
surface (R1~R3). Figure 3 presents the potential energy profile
of these reactions together with the structures of initial states
(ISs), transition states (TSs), and final states (FSs).

CO>C+0 (R1)
CO + H - COH (R2)
CO + H - CHO (R3)

In (R1), the C—O bond cleavage of CO can dissociate into C
and O via a transition state TS1. This reaction requires an
activation barrier of 392.9 k] mol™" with the reaction energy of
82.8 k] mol™". In TS1, C adsorbs at the Mn—Cu bridge-SE site,
and O adsorbs at the Mn atom of step edge. The C—O distance
is elongated to 2.076 A from 1.189 A in CO.

For (R2), CO hydrogenation to COH via TS2 needs to
overcome an activation barrier of 275.9 kJ mol™ with the
reaction energy of 83.3 kJ mol™". In TS2, CO adsorbs at the
bridge-T-2 site, and the O—H distance is decreased to 1.597 A
from 4.080 A in CO + H. In (R3), for CO hydrogenation to
CHO via TS3, this reaction is endothermic by 15.8 kJ mol™

Table 1. Adsorption Energy and Key Geometrical
Parameters of Reactants, Possible Intermediates and
Products Involved in Ethanol Formation from Syngas on
MnCu(211) Surface

Eads
species (k] mol™)  configurations key parameter (A)

C 647.8 hollow Mn—C: 1.881; Cu—C:
1.907, 1.930, 1.933
H 298.7 bridge-T-1 Cu—H: 1.795, 1.700
298.3 bridge-SE Mn—H: 1.785, Cu—H:
1.635
(6] 592.0 hep-SE Mn-O: 1.851; Cu—O0O:
1.919, 2.007
OH 430.9 bridge-SE via O Mn—0: 1.961; Cu—O:
2.011
CcO 154.7 hep-SE via C Mn-C: 1.991; Cu—C:
2121, 2.237
CH 604.2 hollow Mn—C: 2.009; Cu—C:
2.038, 2.052, 2.073
CH, 419.1 bridge-SE via C ~ Mn—C: 1.967; Cu—C:
1.961
CH; 256.4 bridge-SE via C ~ Mn—C: 2.156; Cu—C:
2.150
COH 390.5 fce-SE via C Mn—C: 1.928; Cu—C:
1.991, 2.000
CHO 263.5 bridge-SE via Mn—O0: 2.077; Cu—C:
Cand O 1.924
CH,0 164.5 bridge-SE via Mn-O: 1.874; C—Cu:
C and O 2.123
CH;0 335.6 bridge-SE via O Mn—0: 1.946; Cu—O:
2.018
CHOH 3219 bridge-SE via C ~ Mn—C: 1.999; Cu—C:
2.041
CH,0H 244.8 bridge-SE via Mn—O0: 2.134; Cu—C:
Cand O 1.991
CH;0H 135.4 atop-SE via O Mn-O: 2.186
CH,CO 276.4 bridge-SE via Mn—-0: 2.069; Cu—O0:
Cand O 1.949
CH;CHO 1269 atop-SE via O Mn—O: 2.080
CH;COH 318.7 brid§e—SE via a- Mn—C: 2.023; Cu—C:
C 2.082

CH,CHOH 222.0 bridge-SE via Mn-0: 2.114; Cu—C:

a-C and O 2.014
C,H;OH 124.5 atop-SE via O Mn-0: 2.063
CH, 59.7 atop-SE upon Mn—C: 3.188
Mn
C,H, 82.1 bridge-SE upon  Mn—C;: 3.156; Mn—C,:

Mn 3.884
“a-C denotes the C atom linked with functional groups.

and requires an activation barrier of 115.0 k] mol™". In TS3, the
C—H distance is decreased to 1.432 A from 3.341 A in CO+H.

As shown in Figure 3, it can be seen that the direct C—O
bond cleavage of CO is very difficult due to the high activation
barrier. In contrast, CO hydrogenation to formyl species (COH
or CHO) is more plausible, in which CHO formation is more
preferred. Thus, the adsorbed CO on MnCu(211) surface is
dominantly hydrogenated to CHO.

3.2.2. CH Formation. Above results show that CO
hydrogenation to CHO is the main pathway, thus, starting
from CHO and CHO+H, only three possible reactions
contributes to CH formation (R4~R6); meanwhile, CHO
hydrogenation to CH,O is also considered (R7). Figure 4
presents the potential energy profile of CH and CH,O
formations, which also includes the structures of ISs, TSs,
and FSs.

CHO — CH + O (R4)

dx.doi.org/10.1021/jp409447u | J. Phys. Chem. C 2014, 118, 5243—5254
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Figure 3. Potential energy profile of CO initial step together with the
structures of initial states (ISs), transition states (TSs), and final states
(FSs). Bond lengths are in A. See Figure 2 for color coding.

CHO + H —» CH + OH (RS)
CHO + H » CHOH — CH + OH (R6)
CHO + H — CH,0 (R7)

For CH formation, in (R4), beginning with the initial state,
CHO, the direct dissociation of CHO can form CH and O via
TS4, and this reaction is slightly exothermic by 4.8 kJ mol™
with an activation barrier of 234.6 k] mol™". In TS4, CH
adsorbs at the Mn—Cu bridge-SE site, and O adsorbs at the Mn
atom of step edge site. The distance between C and O atoms is
2.066 A. In (RS), the dissociation of CHO with hydrogen-
assisted can form CH + OH via TSS, and this reaction requires
an activation barrier of 256.5 kJ mol™". It is exothermic by 52.2
kJ mol™". In TSS, CH adsorbs at the Mn—Cu bridge-SE site, O
adsorbs at the Mn atom of step edge, and H adsorbs at the
bridge-T-2 site. In (R6), H adatom first associates with the O
atom of CHO via TS6 to form CHOH, and this reaction is
endothermic by 33.4 kJ mol™" with an activation barrier of
137.1 kJ mol™". In TS6, CHO adsorbs at the Mn—Cu bridge-SE
site via C atom and H adsorbs at the atop-T site. Subsequently,
CHOH further dissociates into CH + OH via TS7 with an
activation barrier of 99.8 kJ mol™!, and this reaction is
exothermic by 85.6 kJ mol™". In TS7, CH adsorbs at the Mn—
Cu bridge-SE site, and OH adsorbs at the Mn atom of step
edge; the distance between C and O atoms is 1.886 A.

For (R7), starting from CHO + H, CHO can be
hydrogenated to CH,O via TS8 with an activation barrier of
89.1 kJ mol ™", this reaction is exothermic by 47.9 k] mol™". In
TS8, CHO adsorbs at the Mn—Cu bridge-SE site via both C
and O atoms, and H adsorbs at the Cu atom of step edge.

As shown in Figure 4, for CH formation (R4—R6), starting
with CHO or CHO + H, (R6) dominantly contributes to CH
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Figure 4. Potential energy profile of CH formation together with the
structures of ISs, TSs, and FSs. Bond lengths are in A. See Figure 2 for
color coding.

formation via CHOH intermediate in kinetics, which has the
highest barrier of 137.1 kJ mol™" with the reaction energy of
—52.2 k] mol™' shown as the green line. However, CHO
hydrogenation to CH,O (R7) has only the highest barrier and
reaction energy of +89.1 and —47.9 kJ mol ™! shown as the blue
line, respectively. As a result, CHO can be more easily
hydrogenated to CH,O rather than CHOH and CH by CHOH
dissociation.

3.2.3. CH, Formation. Similarly, CHO is dominantly
hydrogenated to CH,0O on MnCu(211) surface, and as a
result, CH,O dissociation and hydrogenation are further
investigated: Four reactions are responsible for CH, formation
(R8—RI11), in which R9 starts with CHO + H; meanwhile,
CH,0 hydrogenation to CH;0 is also considered (RI2).
Figure S presents the potential energy profile of CH, and

CH;O formations together with the structures of ISs, TSs, and
ESs.

CH,0 — CH, + O

(R8)
CHO+H — CH, + O (R9)
CH,0 + H - CH, + OH (R10)
CH,O0 + H —» CH,OH — CH, + OH (R11)
CH,0 + H - CH,0 (R12)
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Figure S. Potential energy profile of CH, formation together with the
structures of ISs, TSs, and FSs. Bond lengths are in A. See Figure 2 for
color coding.

For CH, formation, in (R8), the direct dissociation of CH,O
via TS9 is endothermic by 18.5 kJ mol™" with an activation
barrier of 164.5 k] mol™". In TS9, CH, adsorbs at the Mn—Cu
bridge-SE site, and O adsorbs at the Mn atom of step edge. The
distance between C and O atoms is 2.205 A. In (R9), CHO
dissociation with hydrogen-assisted to CH, + O via TS10
requires an activation barrier of 214.1 kJ mol™!, and it is
exothermic by 29.4 kJ mol™". In TS10, CH adsorbs at the Mn—
Cu bridge-SE site, O adsorbs at the Mn atom of step edge, and
H adsorbs at the bridge-T-2 site. In (R10), the dissociation of
CH,O with hydrogen-assisted can form CH, + OH via TS11.
This reaction needs an activation barrier of 170.1 k] mol™, and
it is slightly exothermic by 8.2 kJ mol™". In TS11, CH, adsorbs
at the Mn—Cu bridge-SE site, O adsorbs at the Mn atom of
step edge, and H adsorbs at the bridge-T-2 site. In (R11),
CH,O is first hydrogenated to CH,OH via TS12, and this
reaction is endothermic by 27.1 kJ mol™" with an activation
barrier of 158.7 k] mol™". In TS12, CH,O adsorbs at the Mn—
Cu bridge-SE site via both C and O atoms, and H adsorbs at
the Mn atom of step edge; subsequently, CH,OH further
dissociates into CH, + OH via TS13 with an activation barrier
of 88.1 kJ mol™’, and it is exothermic by 35.3 kJ mol™". In
TS13, OH adsorbs at the Mn atom of step edge, and CH,
adsorbs at the Cu atom of step edge.

In (R12), CH,O hydrogenation to CH;O via TS14 is
exothermic by 59.4 k] mol™ with an activation barrier of 140.2
kJ mol™". In TS14, CH,O adsorbs at the Mn atom of step edge
via O atom.
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We can obtain from Figure S that among four reactions of
CH, formation (R8—R11), starting with CHO + H, (R11)
dominantly contributes to CH, formation via CH,OH
intermediate in kinetics, which has the highest barrier of
110.8 kJ mol™" with the reaction energy of —56.1 k] mol™" in a
red line. However, CH,O hydrogenation to CH;O (R12) has
only the highest barrier and reaction energy of 92.3 and —107.3
k] mol™ in a blue line, respectively. Thus, the intermediate
CH,O can be more easily hydrogenated to CH;O rather than
CH,OH and CH, by CH,OH dissociation.

3.2.4. CH; Formation. As mentioned above, CH,O is
dominantly hydrogenated to CH;O, and as a result, CH;0
dissociation and hydrogenation reactions are further examined.
Three reactions are responsible for CH; formation (R13~R1S),
in which R13 begins with CH,0 + H. Meanwhile, CH;0
hydrogenation to CH;OH (R16) has been considered. Figure 6
presents the potential energy profile of CH; and CH;0H
formations together with the structures of ISs, TSs, and FSs.

CH,0+H—->CH;+ O (R13)
CH,0 - CHy; + O (R14)
CH,0 + H — CH; + OH (R15)
CH,0 + H - CH,0H (R16)
—_—————————
120 4
TS8 89.1 T4 92.3 TS15 96.4
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Figure 6. Potential energy profile of CH; formation together with the
structures of ISs, TSs, and FSs. Bond lengths are in A. See Figure 2 for
color coding.

For CH; formation, in (R13), CH,O dissociation with
hydrogen-assisted leads to CH; + O, our result obtained by TS
confirmation shows that CH,O dissociation with hydrogen-
assisted prefers to form CH, + O + H rather than CH; + O. In
(R14), the direct dissociation of CH;O tends to produce CH,
+ O via TS15. This reaction requires an activation barrier of
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203.7 kJ mol™’, and it is slightly endothermic by 5.8 kJ mol™".
In TS15, O adsorbs at the Mn—Cu bridge-SE site, CHj is away
from the surface, and the distance between C and O atoms is
2.035 A. In (R1S), for CH;O dissociation with hydrogen-
assisted into CH; + OH, similarly, our result obtained by TS
confirmation shows that this reaction prefers to form CH; + O
+ H rather than CH; + OH. For CH;0 hydrogenation to
CH;OH in (R16) via TS16, this reaction requires an activation
barrier of 194.0 k] mol™, and it is endothermic by 19.6 kJ
mol™". In TS16, CH;O adsorbs at the Mn atom of step edge.

It can be seen from Figure 6 that among all reactions of CH;
formation (R13~R1S), starting from CHO + H, (R14) is the
most favorable pathway in kinetics, which is also the only
pathway for CH; formation via the direct dissociation of CH;0.
This reaction shown as a black line has the highest barrier of
96.4 kJ] mol™" with the reaction energy of —101.4 kJ mol™".
Meanwhile, CH;0 hydrogenation to CH;OH (R16) shown as
a blue line has the highest barrier 92.3 kJ mol™' with the
reaction energy of —87.7 k] mol™". The highest barriers of CHj
and CH;OH formations differ only by 4.1 k] mol™, indicating
that CH; formation is energetically compatible with CH;0H
formation on MnCu(211) surface.

3.3. Comparisons for CH, (x 1-3) and CH;OH
Formations. With respect to CHO + H, the potential energy
profile for the most favorable pathway of CH, (x = 1-3) and
CH;OH formations is summarized in Figure 7. CH formation
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Figure 7. Potential energy profile for the most favorable pathway of
CH,, (x = 1-3) and CH;OH formations with respect to CHO + H.

shown as a black line has the highest barrier and reaction
energy of +137.1 and —52.2 k] mol~". CH,, formation shown as
a red line has the highest barrier and reaction energy of +110.8
and —56.1 kJ mol™. CH, formation shown as a blue line has
the highest barrier and reaction energy of +96.4 and —101.4 kJ
mol™". Thus, CHj is more easily formed both thermodynami-
cally and dynamically than CH and CH, species, namely among
all CH,, (x = 1—3) species, CH} is the most favorable monomer
via the reaction process of CO + 3H — CHO + 2H — CH,0 +
H — CH,0 — CH, + O (R3), (R7), (R12), and (R14), the
corresponding rate-limiting step occurs at (R14) with an
activation barrier of 203.7 kJ mol™". Meanwhile, CH;OH
formation in a green line has the highest barrier and reaction
energy of +92.3 and —87.7 kJ mol ™!, which is formed by CO +
4H — CHO + 3H - CH,0 + 2H —- CH;0 + H - CH;0H
(R3), (R7), (R12), and (R16), the corresponding rate-limiting
step occurs at (R16) with an activation barrier 194.0 kJ mol™".
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On the basis of the above results, we can obtain CO + 3H —
CHO + 2H — CH,0 + H —» CH,0 (R3), (R7), and (R12) as
the common steps for the initial CO hydrogenation on
MnCu(211) surface; starting from CH;0, CH;O dissociation
to CH; is energetically compatible with CH;O hydrogenation
to CH;OH due to the small difference for the activation barrier
of the rate-limiting step by 9.7 kJ mol™". Our results on the
MnCu(211) surface are quite different from those obtained on
the pure Cu(211) surface."*

3.4. C,H;OH and Byproducts Formations. 3.4.1. CH;
Hydrogenation, Dissociation, Coupling, and CO/CHO In-
sertion into CH;. C, oxy%enate formations on Rh-based”>”>7®
and Cu-based catalysts'*"> have shown that CH; species will
undergo four types of reactions, CH; hydrogenation to CH,,
CHj; coupling to C,Hy, CO/CHO insertion into CH; to C,
oxygenates, and CHj; dissociation into CH, + H. As a result,
five possible reactions (R17—R21) are investigated. Figure 8
presents the potential energy profile of these reactions together
with the structures of ISs, TSs, and FSs.

CH; + H —» CH, (R17)
CH; - CH, + H (R18)
CH; + CH; — C,H, (R19)
CH, + CO - CH,CO (R20)
CH, + CHO — CH,CHO (R21)

In (R17), CHj; hydrogenation to CH, via TS17 is exothermic
by 21.9 k] mol™, and it has an activation barrier of 129.0 kJ
mol™". In TS17, both CH; and H adsorb at the Mn atom of
step edge. In (R18), CH; dissociation into CH, + H via TS18
requires an activation barrier of 135.7 kJ mol™', and it is
endothermic by 76.0 k] mol™". In TS18, CH, adsorbs at the
Mn—Cu bridge-SE site and H adsorbs at the Mn atom of step
edge. In (R19), CH; coupling to C,Hg via TS19 has an
activation barrier of 211.0 k] mol™’, and it is exothermic by 37.7
kJ mol™". In TS19, one CH; adsorbs at the Mn atom of step
edge via C atom, and the other is away from the surface with
the C—C bond length of 2.185 A. In (R20), CO insertion into
CH,; to CH;CO via TS20 has an activation barrier of 173.1 kJ
mol ™" with the reaction energy of —16.4 k] mol™". In TS20, CO
adsorbs at the Mn atom of step edge with the C—C bond
length of 2.212 A. In (R21), CHO insertion into CHj first
forms the intermediate IM via TS21, this reaction is
endothermic by 21.3 kJ mol™" with an activation barrier of
39.5 kJ mol™". In TS21, CHO adsorbs at the Cu atom of step
edge via C atom, and CHj adsorbs at the Mn—Cu bridge-SE
site with the C—C bond length of 3.611 A. Subsequently, IM
further forms CH;CHO via TS22, and this reaction is
exothermic by 862 kJ mol™" with an activation barrier of
66.1 kJ mol™". In TS22, CHO adsorbs at the Mn—Cu bridge-SE
site, and CH; adsorbs at the Mn atom of step edge with the C—
C bond length of 1.886 A.

It can be seen from Figure 8 that starting from CHj species,
CH; hydrogenation, dissociation, coupling, and CO insertion
into CH; are more difficult to occur because of the high
activation barrier, whereas, CHO insertion into CHj; to
CH;CHO is the most favorable, which dominantly contributes
to C, oxygenates formation of ethanol precursor. Meanwhile, it
is noted that when CHO insertion into CH; occurs, CHO can
also be hydrogenated to CH,O with the activation barrier and
reaction energy of 89.1 and —47.9 kJ mol ™/, respectively, which
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Figure 8. Potential energy profile of CH,, CH,, C,Hy, CH;CO, and
CH;CHO formations starting from CHj; together with the structures
of ISs, TSs, and FSs. Bond lengths are in A. See Figure 2 for color
coding.

is energetically compatible with CHO insertion into CHj to
CH;CHO; thus, partial CHO involves in hydrogenation to
CH,0, and the rest inserts into CH; to CH;CHO.
Interestingly, previous studies on the pure Cu(211) surface
have shown that CHO hydrogenation to CH,O is more
prefeﬁb]e than CH3;CHO formation via CHO insertion into
CHa.

3.4.2. CH;CHO Hydrogenation to Ethanol on MnCu(211)
Surface. As mentioned above, C, oxygenates of ethanol
precursor are mainly formed by CHO insertion into CH,
and C,H;OH are formed by CH;CHO hydrogenation, in
which two possible pathways exist, one is atomic H interacting
with @-C atom of CH;CHO to CH;CH,O, and the other is
atomic H associating with O atom of CH;CHO to CH;CHOH.
Figure 9 presents the potential energy profile of these reactions
together with the structures of ISs, TSs, and FSs.

CH,CHO + H —» CH,;CHOH (R22)
CH,CHO + H — CH,CH,0 (R23)
CH,;CH,0 + H - C,H,OH (R24)

In R22, CH;CHO hydrogenation to CH;CHOH via TS23 is
exothermic by 11.8 k] mol™ with an activation barrier of 261.8
kJ mol™". In TS23, CH;CHO adsorbs at the Mn atom of step
edge. In R23, CH;CHO hydrogenation to CH;CH,O via TS24
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Figure 9. Potential energy profile of CHO insertion into CH; to
CH;CHO and further hydrogenation to ethanol together with the
structures of ISs, TSs, and FSs. Bond lengths are in A. See Figure 2 for
color coding.

is exothermic by 80.2 kJ mol™ with an activation barrier of
133.2 k] mol™". In TS24, CH,;CHO adsorbs at the Cu atom of
step edge, and H adsorbs at the Mn atom of step edge. As a
result, CH;CHO is mainly hydrogenated to CH;CH,O,
followed by its hydrogenation to ethanol via TS2S. This
reaction is endothermic by 22.0 k] mol™' with an activation
barrier of 185.7 k] mol™". In TS25, both CH;CH,O and H
adsorb at the Mn atom of step edge.

3.5. Brief Summary of Ethanol Formation. Above DFT
results show that CO + 3H - CHO + 2H — CH,0 + H —
CH,0 (R3), (R7), and (R12) is an optimal pathway for the
initial CO hydrogenation on MnCu(211) surface. Starting with
CH;O, ethanol formation first goes through CH;O dissociation
to produce CHj, subsequently, CHO inserts into CHj; to form
CH;CHO, and further CH3;CHO is successively hydrogenated
to ethanol. CH; formation by direct CH;O dissociation is the
rate-limiting step of ethanol formation with the activation
barrier and reaction energy of 203.7 and S$.8 kJ mol},
respectively. Meanwhile, CHO insertion into CHj to
CH;CHO is also a key step for the formation of ethanol
precursor. Further, starting from CHj;, since CHO insertion
into CH; to CH;CHO is the most favorable pathway among all
reactions related to CHj; species, and the MnCu(211) surface
exhibits a better selectivity to C, oxygenates rather than
hydrocarbons. On the other hand, CH;OH is formed by CH;0
hydrogenation to CH;OH, which is the rate-limiting step of
CH,OH formation with the activation barrier and reaction
energy of 194.0 and 19.6 k] mol™, respectively. More
importantly, CH; formation via direct CH;O dissociation is
energetically compatible with CH;OH formation via CH;O
hydrogenation.
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For most of elementary reactions involved in ethanol
formation, the step sites around the Mn atom of the
MnCu(211) surface are the active centers, and this result is
consistent with the properties of the (211) surface containing
steps, which exhibits good catalytic performance in catalytic
reactions.*”%*”* As a result, the step sites around the Mn atom
of the MnCu(211) surface play an important role in promoting
ethanol formation from syngas.

3.6. Comparisons for Ethanol Formation Between
MnCu(211) and Cu(211) Surfaces. It has been well accepted
that CH, and C, oxygenates are the two crucial steps for
ethanol formation from syngas.*"*"**7>” Qur results also
show that CH; and CH;CHO on MnCu(211) surface are two
crucial steps. In order to probe into the roles of promoter Mn
and its effect on ethanol formation from syngas over Cu-based
catalysts, we further compare these two key steps between
MnCu(211) and Cu(211) surfaces."*

3.6.1. CH; and CH3;0H Formation. Our previous results on
Cu(211) surface have shown that the initial CO hydrogenation
is via an optimal pathway of CO + 3H — CHO + 2H — CH,0
+ H — CH;0,"* which is consistent with those on MnCu(211)
surface. Starting from CH;0, Figure 10 presents the potential
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Figure 10. Potential energy profile of CH; and CH;OH formations
starting from CH;O on Cu(211) and RhCu(211) surfaces together
with the structures of ISs, TSs, and FSs. Bond lengths are in A. See
Figure 2 for color coding.

energy profile of CH; and CH;OH formations on both
Cu(211) and MnCu(211) surfaces, respectively. First, CHj is
mainly formed via CH;O + H — CH; + OH on Cu(211),
while CHj is mainly formed via CH;O — CH; + O on
MnCu(211). Second, the activation barriers of CH; and
CH,OH formation on Cu(211) differ largely by 110.6 kJ mol ",
indicating that CH3;0 hydrogenation to CH;OH is superior to
CH,0 dissociation to CH; on Cu(211), whereas the
corresponding difference values of activation barriers on
MnCu(211) is only 9.7 k] mol™', suggesting that CH;O

dissociation to CHj is energetically compatible with CH;O
hydrogenation to CH3;OH on MnCu(211). Third, the
activation barrier of CH; formation on MnCu(211) is lower
by 10.5 kJ mol ™" than that on Cu(211), namely, CH, formation
is more preferred in kinetics on MnCu(211) surface. Finally,
the activation barrier of CH;OH formation on MnCu(211) is
significantly higher by 90.4 k] mol™" than that on Cu(211),
indicating that CH;OH formation on MnCu(211) can be
suppressed compared with that on Cu(211).

The above results show that, after introducing Mn promoter
into Cu catalyst, the MnCu(211) surface presents a new
reaction pathway of CH; formation, CH; sources can be
significantly increased, and CH3;OH formation can be
significantly decreased. As a result, more CHj; can involve in
ethanol formation from syngas, and the productivity and
selectivity of ethanol can be effectively improved.

3.6.2. C, Oxygenates of Ethanol Precursor. As shown in
Figure 11, on Cu(211) surface,'* CO insertion into CHj; to

160
T§23 141.0

— Cu(211)

MnCu(211) A
*

-

(=]

(=]
1

L b3
’ .i
¥, TS522874 %,
t’ r LY »
N [ T
’ - L
i ’ . .
’
J T§21 305
RE IRl
’¥ \ / RN
L . ] L

CH4+COD 0.0 L IM3 21.3 KX
el e v il
CH4+CHO 0.0

& o
o (=]
1 1

Relative energy (kJ.mol Yy
(=]
1

-40 - K

CHyCHO -649
80 3 —_—

Reaction coordinate

5250

Figure 11. Potential energy profiles of CHO insertion into CHj to
CH,CHO on Cu(211) and CO insertion into CH; to CH;CO on
MnCu(211) together with the structures of ISs, TSs, and FSs. Bond
lengths are in A. See Figure 2 for color coding.

CH;CO mainly contributes to C, oxygenates formation of
ethanol precursor, the highest barrier and reaction energy
shown as a black line are 141.0 and 2.6 kJ mol™', respectively,
while on MnCu(211) surface, CHO insertion into CHj; to
CH;CHO mainly contributes to C, oxygenates formation, the
highest barrier and reaction energy shown as a red line are
+87.4 and —64.9 kJ mol ™, respectively; thus, C, oxygenates
formation of ethanol precursor is more easily formed in kinetics
and thermodynamics on MnCu(211) than that on Cu(211).
On the other hand, according to the Eyring’s transition state
theory (TST),"* we have further calculated the rate constants of
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these key steps at different temperatures on Cu(211) and
MnCu(211) surfaces, respectively; the rate constant are
obtained as the following formula:

K 0 \l—" %
bT p Aer

k=—"—=—]| exp|———7
AR
where T is the reaction temperature, k is the rate constant, ky, h,
po, and R are Boltzmann’s constant, Planck’s constant, standard
atmospheric pressure, and the fundamental gas constant,
respectively, and n is the number of reactants.

Previous studies have reported that Cu-based catalysts exhibit
a good catalytic activity to C, oxygenates formation from
syngas, where the reaction temperature ranges from 553 to 583
K.'#1*%9782 Therefore, the rate constants of C, oxygenates
formation at T = 550, 575, and 600 K have been calculated,
respectively, as listed in Table 2.

Table 2. Rate Constant k for the Elementary Reactions of
Ethanol Precursor Formation on Cu(211) and MnCu(211)
Surfaces at the Different Temperatures

rate constant k/s!

elementary
reaction 550 K 575 K 600 K
Cu(211) CH, + CO—» 798 31.76 112.79
CH,CO
MnCu(211) CH,; + CHO 691 x 10  1.67 x 10°  3.77 X 10°
— CH;CHO

It can be obtained from Table 2 that the rate constant k of C,
oxygenates formation increases with the increase of temper-
ature on both Cu(211) and MnCu(211) surfaces. Meanwhile,
at the same temperature, the rate constant of CH;CHO
formation on MnCu(211) is much larger than that of CH;CO
formation on Cu (211), which means that CH;CHO formation
on MnCu(211) is much easier than CH;CO formation on
Cu(211). Thus, compared to the pure Cu(211), Mn-promoted
MnCu(211) can facilitate C, oxygenates formation, and
enhance the productivity and selectivity to ethanol from syngas.

Above results mean that introducing promoter Mn into Cu
catalyst not only leads to a new formation pathway of C,
oxygenates but also promotes C, oxygenates formation, and as
a result, the productivity and selectivity to ethanol from syngas
can be improved.

3.7. Comparisons for Ethanol Formation Between
MnCu(211) and Rh Surfaces. Nowadays, Rh-based catalysts
have been used in catalyzing ethanol formation from syngas due
to the unique efliciency and selectivity; thus, previous DFT
studies on Rh catalyst obtained by Choi and Liu"* as well as
Kapur et al.” have been compared with our present results on
MnCu catalyst. Table 3 lists the corresponding activation
barrier and reaction energy of the key steps.

First, CO + 3H - CHO + 2H —- CH,0 + H - CH;0 is
the common optimal pathway on MnCu and Rh surfaces;”®
Beginning with CH;0, on Rh(111) and Rh(211) surfaces, the
differences of activation barrier between CH; and CH;OH
formations are 51.2 and 19.3 k] mol ™, respectively; whereas, on
the MnCu(211) surface, the differences are only 9.7 k] mol™};
thus, compared to Rh catalyst, CH; formation is energetically
compatible with CH;OH formation, namely, more CH; sources
can be obtained to participate the C, oxygenates formation.
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Table 3. Activation Barriers and Reaction Energies of the
Reactions for CO Insertion into CH; and CH;,
Hydrogenation to CH,, as Well as CH; and CH;0OH
Formations on Cu and Rh Surfaces

surface elementary reaction E,/k] mol™'  AH/kJ mol™!
MnCu(211)  CH, + CHO — CH,CHO 874 —64.9
CH; + H - CH, 129.0 -21.9
CH,0 + H — CH, + OH 203.7 5.8
CH,0 + H —» CH,0H 194.0 19.6
Rh(111)" CH, + CO — CH,CO 89.7 14.5
CH, + H - CH, 55.0 -193
CH,0 — CH, + O 102.3 —183
CH;0 + H —» CH;0H 88.8 39
Rh(111)" CH, + CO — CH;CO 1264 116
CH,0 — CH, + O 97.5 782
CH,0 + H —» CH,0H 463 —289
Rh(211)" CH, + CO — CH,CO 129.3 386
CH,0 = CH; + O 1119 -338
CH,0 + H —» CH,0H 92.6 174

“The studies by Choi and Liu in ref [72]. bThe studies by Neeti Kapur
et al. in ref [75].

Second, starting from CHj;, Choi and Liu’? have found that
on Rh(111) surface, CH, formation by CH; hydrogenation is
more favorable than CH;CO formation by CO insertion into
CHj,, which means that Rh catalyst has a better selectivity to
CH, rather than C, oxygenates. In contrast, Mn-prompted
MnCu catalyst exhibits a better selectivity for C, oxygenates
rather than CH,. In addition, the activation barrier of CHO
insertion into CH; to CH3;CHO on MnCu catalyst is
compatible and/or smaller than that on Rh catalyst.

Compared to Rh catalyst, above results show that
introducing promoter Mn into Cu catalyst not only facilitate
ethanol formation due to more CH; sources and less CH;OH
formation, but also effectively suppress CH, formation, as a
result, the productivity and selectivity of ethanol can be well
improved on MnCu catalyst.

3.8. General Discussions. On the pure Cu(211) surface,"*
CH; is very difficult to be formed due to the higher activation
barrier compared to CH;OH formation, as a result, less CH;
sources can be received to join in CO insertion into CHj to
CH;CO, and then, CH;CO is successively hydrogenated to
ethanol. However, on the MnCu(211) surface, CH; formation
is energetically compatible with CH;OH formation. Moreover,
the activation barrier of CH; formation is decreased, and the
activation barrier of CH;OH formation is significantly
increased; thus, more CH; sources can be obtained to
participate in CHO insertion into CH; to CH;CHO, and
CH;CHO is successively hydrogenated to ethanol. Meanwhile,
C, oxygenates formed via CHO insertion into CHj; on
MnCu(211) are more preferable both kinetically and
thermodynamically than that on Cu(211). More importantly,
compared with the traditional Rh catalyst,”>”> more CH,
sources can be obtained on the MnCu(211) surface, and
CH, and CH;O0H formations can be effectively suppressed on
MnCu(211) surface. Further, analyzing the reaction pathways
on Cu(211) and MnCu(211) surfaces, introducing the Mn
atom into Cu catalyst not only produces the new adsorption
sites but also leads to the new formation pathway of CH; and
C, oxygenates, suggesting that the promoter Mn at a step site
of MnCu(211) surface can render the steps more active than
Cu at a step site.
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On the basis of analysis, we can obtain that by introducing
promoter Mn into Cu catalyst, CH;OH formation via CH;0
hydrogenation and CH, formation via CH; hydrogenation are
minimized, and CHj sources via direct CH;O dissociation and
C, oxygenates via CHO insertion into CHj; are maximized. As a
result, the productivity and selectivity on MnCu(211) surface
can be well improved compared those for to Cu(211) and Rh
surfaces.

4. CONCLUSIONS

In this study, density functional theory calculations have been
used to systematically investigate the mechanism of ethanol
formation from syngas on the MnCu(211) surface, and to
clarify the effect of promoter Mn into Cu-based catalysts. Our
results suggest that CO + 3H - CHO + 2H - CH,0 + H =
CH;O is the initial step of CO hydrogenation. Starting from
CH;0, the most favorable monomer among all CH,, (x = 1-3)
species, CHj, is formed via direct CH;0 dissociation. CH;OH
is formed via CH;O hydrogenation. Moreover, CH; formation
is energetically compatible with CH;OH formation. Further,
starting from CH; species, CHO insertion into CHj to
CH;CHO is the most favorable pathway leading to C,
oxygenates formation of ethanol precursor, and then
CH;CHO is hydrogenated to ethanol via CH;CH,O
intermediates.

Compared to the Cu(211) surface, by introducing promoter
Mn into Cu catalyst, CH; sources are maximized, and CH;OH
formation is minimized, and the C, oxygenates formation of
ethanol precursor via CHO insertion into CHj is more
favorable both in kinetics and thermodynamics. Meanwhile, the
new adsorption sites for adsorbed species and new formation
pathway of key intermediates (e.g, CH; and C, oxygenates of
ethanol precursor) are presented. As a result, the productivity
and selectivity of ethanol formation from syngas can be
improved on MnCu catalyst, which means that Mn is a
promising promoter for improved ethanol formation from
syngas on Cu-based catalyst.
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