
Contents lists available at ScienceDirect

Applied Surface Science

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

Full length article

C2 oxygenates formation from syngas over the promoter M(M = Rh, Co)
monolayer-modified Cu(111) surface: Probing into the role of monolayer
promoter on the selectivity
Baojun Wang, Weisheng Guo, Lixia Ling, Riguang Zhang⁎

Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan 030024, Shanxi, PR China

A R T I C L E I N F O

Keywords:
Cu-based catalyst
Monolayer promoter
CHx formation
C2 oxygenates
Selectivity

A B S T R A C T

The promoter metal monolayer deposited over other metal substrate exhibits excellent catalytic performance, in
this study, the mechanism of syngas conversion to C2 oxygenates over the promoter M(M = Rh, Co) monolayer-
modified Cu catalysts have been systematically investigated to identify the role of monolayer promoter M and its
effect on the selectivity using density functional theory calculations. Here, two key steps are examined, including
the formation of key CHx intermediates and the CeC bond formation of C2 oxygenates. The results show that
compared to the pure Cu catalyst, the promoter Co monolayer-modified Cu catalyst exhibits higher selectivity
towards CHx(x= 1–3) formation instead of methanol, the most favored CHx monomer is CH2; whereas
CHx(x= 1,2) is the most favored CHx monomer on the promoter Rh monolayer-modified Cu(111), which is
competitive with methanol formation. The favored CHx monomer originates from the CeO bond cleavage of
CHxO(x= 1,2) and CHxOH(x= 1,2) species formed by CO hydrogenation. Starting from the favored CHx

monomer, compared to the pure Cu catalyst, C2 oxygenates formed by CHO insertion into CHx is the most
favorable over the promoter Rh and Co monolayer-modified Cu catalysts. In general, the promoter Co mono-
layer-modified Cu catalyst exhibits higher selectivity towards syngas conversion to C2 oxygenates than the
promoter Rh monolayer-modified Cu, as well as the pure Cu, Rh and Co catalysts, the reasons is attributed to that
the d-band center of Co monolayer-modified Cu is the closest to Fermi level leading to the enhancement of
adsorption capacity of the intermediates, and promoting the CeO bond activation as well as reducing the re-
pulsion interaction between CHx and CHO to facilitate the formation of C2 oxygenates. The present study pro-
vides useful information for the design of highly efficient catalysts with the metal promoter monolayer-modified
metal substrate in syngas conversion to C2 oxygenates.

1. Introduction

Syngas (CO and H2) can be converted into different products, such
as ethanol and higher alcohols [1–5]. The reaction network of C2+

oxygenates formation including a complicated series of reactions are
constrained by kinetic and thermodynamic, which depend on the type
of used catalysts [6,7]. Nowadays, the transition metal Cu- [8–10] and
Rh-based [11–14] catalysts were widely applied in syngas conversion to
C2 oxygenates, in which two important steps are included: (1) H-as-
sisted CO activation to form CHxO(x= 1–3) or CHxOH(x= 1,2), fol-
lowed by its CeO bond cleavage to form CHx intermediate; (2) the CeC
bond formation by CO insertion into CHx to CHxCO [15–17]. Alter-
natively, CO insertion into CHx to CHxCHO(x= 1–3) was easier than
CO insertion into CHx on Rh(111) and Co(0001) [18], which was also
supported by the studies over the Cu(211) [19], Mn-modified Cu(211)

[20] and Cu(Pd)-modified Fe(100) surfaces [21].
Nowadays, non-noble metal Cu catalysts were widely used in in-

dustry because of its high CO conversion; however, the CeO bond
breakage is difficult, which leads to the low concentration of CHx in-
termediate and high selectivity towards methanol [22]. To improve the
selectivity of C2 oxygenates, it is very important to inhibit CH3OH
production and/or promote the CeO bond cleavage of CHxO(x= 1–3)
or CHxOH(x= 1,2) to CHx intermediates instead of their hydrogenation
to methanol. DFT studies show that methanol was the main product on
the Cu(111) [22] and (211) [23] surfaces, however, once CHx inter-
mediate is formed, C2 oxygenates can be formed via CO insertion into
CHx. Co catalyst was widely applied in FTS because of its strong ability
towards carbon chain growth and the CeO bond breakage; the main
products are higher carbon hydrocarbons [24–27]. Rh-based catalysts
present better catalytic performance towards syngas conversion to
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ethanol than other transition metals, DFT calculations [28] revealed
that Fe-promoted Rh(111) exhibited high selectivity towards ethanol
formation, however, Rh-based catalyst is restricted in a large-scale
application due to its high cost [29].

Combined with the characteristics of the metal Cu, Co and Rh, ex-
tensive studies have focused on the RhCu and CoCu bimetallic catalysts
to explore its selectivity towards the formation of C2 oxygenates from
syngas [30–40]. For the Rh-modified Cu catalyst, Krishnamurthy et al.
[37] explored the role of Cu in the formation rate of CHx(x= 1–3) over
RhCu catalyst, suggesting that Cu decreases the catalytic activity of
methane, C2, and C3+ hydrocarbons formation. Zhao et al. [39] theo-
retically found that the individual Rh-modified Cu(111) surface im-
proves the selectivity of C2 oxygenates by promoting CO reaction with
CH3 in comparison with the single Rh(111) surface. Moreover, DFT
studies [19] found that the individual Rh-modified Cu(211) not only
inhibits methanol formation, but also promotes CH3 formation and
decreases the barriers of CO + CH3 → CH3CO. On the other hand, Co-
modified Cu catalyst has the structures of core-shell, alloy and sup-
ported types [34,35], XRD characterization [41] shows that Co is easily
enriched on CoCu surface to form CoshellCucore structure under the
syngas atmosphere. Yang et al. [34] suggested that the structure change
order of CoCu alloy were CoeCu alloy, CucoreCoshell and
CucoreCo@Co2Cshell during the process of syngas conversion to ethanol,
the selectivity of ethanol remains about 70%. Subramanian et al. [35]
suggested that the CoeCu alloy catalyst with Cu-rich (Co: Cu = 1:24)
exhibited higher productivity towards ethanol than the CocoreCushell

(Co@Cu) catalyst. DFT studies on CuCo bimetallic catalysts [33]
showed that Cu sites can provide the undissociated CO and CHO and
promote CHO insertion at the bimetallic sites. For the individual Co-
modified Cu(211) surface [16], Cu can provide the undissociated CO
and CHO, while Co boosts the CeO bond breakage leading to CHx

formation and promotes CHO/CO insertion into CHx to C2 oxygenates,
in which the synergetic effect of CoeCu improves the selectivity of C2

oxygenates.
Recently, the bimetallic catalysts with transition metal promoter

monolayer supported on different metal substrate catalysts have pre-
sented the excellent catalytic performances [42,43]. Shao et al. [43]
found that the Pt monolayer-shell@Pd-Cu alloy-core presented much
better activity towards oxygen reduction reaction than the Pt mono-
layer-shell@Pd-core, which is attributed to the effects of the strain and
ligand between Pt monolayer and substrate, shifting d-band center
changes the adsorption energy and the reaction activity. DFT calcula-
tions by Li et al. [44] found that CO dissociation barrier is dramatically
reduced and the barrier of CO + CH3 → CH3CO is only 28.9 kJ·mol−1

on the full Mn monolayer deposited Rh(100) compared to the single Rh
(100) and half Mn monolayer-deposited Rh(100). As mentioned above,
for the promoter Rh and Co-modified Cu catalysts, up to now, few
studies are reported to investigate the role of monolayer promoter and
its effect on the selectivity of C2 oxygenate in syngas conversion.

Aiming at illustrating above issues, this study has systematically
examined the underlying mechanism of syngas conversion to C2 oxy-
genates over the promoter Rh and Co monolayer-modified Cu catalysts,
including the formation of CHx(x= 1–3) together with methanol, and
CO/CHO insertion into CHx to C2 oxygenates; Here, the density func-
tional theory calculations are employed. Meanwhile, in comparison
with the single Cu catalyst, the role of monolayer promoter Rh and Co
and their effects on the selectivity of C2 oxygenates are identified.

2. Computational details

Since (111) is mainly exposed and stable surface of Cu catalyst
under syngas conversion [45], Cu(111) surface is selected to present the
characteristic of Cu catalyst. Cu(111) surface is modeled using a four-
layer p(3 × 3) supercell, in which the bottom one layers is fixed,
whereas the upper three layers with the adsorbates are relax. The va-
cuum is 15 Å to avoid the interaction between the slabs. For the Rh and

Co monolayer-modified Cu catalysts, the top-layer Cu atoms of Cu(111)
surface are replaced by the Rh or Co atoms, respectively, as shown in
Fig. 1, two surfaces are denoted as RhML/Cu(111) and CoML/Cu(111),
respectively.

All DFT calculations are performed using the Vienna Ab-initio
Simulation Package (VASP) [46,47]. The generalized gradient approx-
imation (GGA) with PBE [48] was used as the exchange-correlation
functional. The convergence criteria for geometry optimization was set
to be 5 × 10−6 eV for the energy differences and 0.01 eV·Å−1 for the
forces. A plane-wave cutoff energy of 500 eV is employed. The surface
Brillouin zone is selected as a 3 × 3 × 1 k-point [49]. The dimer
method is used to optimize the transition states [50,51]. The transition
state of elementary reactions was obtained by the climbing-image
nudged elastic band method (CI-NEB) [51,52]. The convergence criteria
of the optimized transition state is that the forces of all atoms are less
than 0.05 eV·Å−1. Meanwhile, the vibrational frequency is also calcu-
lated to confirm the transition state with the single imaginary fre-
quency.

Syngas conversion to C2+ oxygenates on the Cu-based, Rh-based
and Co-based catalysts usually occurs at 500–600 K [7,35], in this
study, the Gibbs free energy for syngas conversion to C2 oxygenates is
calculated at 500 K, which includes the contributions of entropy and
thermal energy [53]. The detailed descriptions about the calculations of
Gibbs free energy are presented in the Supplementary Material.

3. Results and discussion

3.1. Adsorption of reactants, intermediates and products

Figs. S1 and S2 present the most stable adsorption configurations of
reactants, intermediates and products in syngas conversion to C2 oxy-
genates on RhML/Cu(111) and CoML/Cu(111) surfaces, respectively.
Correspondingly, the adsorption energy, the stable adsorption site and
the bond length of key intermediates are listed in Tables S1 and S2.
Tables 1 and 2 list the activation and reaction free energies of each
elementary reaction on the RhML/Cu(111) and CoML/Cu(111) at 500 K,
respectively.
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Fig. 1. The surface morphology and its adsorption sites of (a) RhML/Cu(111)
and (b) CoML/Cu(111) surfaces. Cu, Co and Rh atoms are shown in the orange,
purple and dark cyan balls, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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3.2. CO initial activation

Previous studies over the Cu(211) [19,23], (110) [54], (100) [55]
and (111) [22] surfaces showed that CO initial activation was the key
step in syngas conversion to C2 oxygenates, including CO → C + O and
CO + H → CHO/COH.

As presented in Fig. 2, on RhML/Cu(111), CO direct dissociation via
TS1-1 has an activation free energy of 367.1 kJ·mol−1; the activation
free energies of CO + H → CHO and CO + H → COH are 155.3 and
154.5 kJ·mol−1, respectively. Compared to Rh(111) surface that CO
initial activation to form CHO [28], the substrate Cu of RhML/Cu(111)
changes the route of CO initial activation. On CoML/Cu(111), CO direct
dissociation via TS2-1 has an activation free energy of 298.2 kJ·mol−1;

CO hydrogenation to CHO and COH have the activation free energies of
142.1 and 167.4 kJ·mol−1; similar results on the Co(111) [26] and Cu-
modified Co(0001) [33] surfaces are also CO initial activation to form
CHO.

As mentioned above, CO direct dissociation is hard to occur over
both surfaces due to the higher dissociation barrier. On RhML/Cu(111),
CO + H → CHO and CO + H → COH are easier, whereas CO + H →
CHO is the most favorable on CoML/Cu(111). On the Cu(111) [22] and
(211) [23] surfaces, CO initial activation is to form CHO. These results
show that the promoter Rh or Co affect the favorable route of CO initial
activation.

3.3. The key intermediate CH, CH2, CH3 and methanol formation

Since the reaction of CO → C + O is difficult to occur on RhML/Cu
(111) and CoML/Cu(111) surfaces, all CHx monomers should originate
from the dissociation of CHxOH(x= 1,2) and CHxO(x= 1–3). Based on
CO initial activation, for the formation of key intermediates CH, CH2,
CH3 and CH3OH, both CHO and COH species are used as the initial state
on RhML/Cu(111); CHO species is selected as the initial state on CoML/
Cu(111).

3.3.1. CH formation
Three routes can generate CH intermediate: one is CHO → CH + O;

the second is CHO + H → CHOH→CH + OH; the third is COH + H →
CHOH→CH + OH.

On RhML/Cu(111), CHO + H → CHOH is much easier in kinetics
than COH + H → CHOH (75.5 vs. 121.5 kJ·mol−1), as a result, only
CHOH (via CHO hydrogenation) and CHO dissociation contribute to CH
formation, as illustrated in Fig. 3(a), these two routes have the overall
activation free energies of 213.2 and 295.9 kJ·mol−1, respectively.
Thus, CH is dominantly formed via CHOH dissociation.

On CoML/Cu(111), CO initial activation prefers to form CHO, thus,
CH is formed via the dissociation of CHO and CHOH, as presented in
Fig. 3(b), both routes are parallel and competitive for CH formation
with the overall activation free energies of 240.9 and 240.2 kJ·mol−1,
respectively. Moreover, compared to the single Co(111) surface that CH
formation via CHO direct dissociation [26], the substrate Cu of CoML/
Cu(111) changes the route of CH formation.

3.3.2. CH2 formation
CH2 is formed via the dissociation of CH2O or CH2OH. As listed in

Table 1, on RhML/Cu(111), CHO + H → CH2O is competitive with
CHO + H → CHOH in kinetics (76.9 vs. 75.5 kJ·mol−1), however,
CHOH+H → CH2OH is easier than CH2O + H → CH2OH (69.5 vs.
79.6 kJ·mol−1), namely, CH2OH prefers to be formed by CHOH hy-
drogenation. Thus, as presented in Fig. 4(a), CH2 formation has two
routes of CH2O → CH2 + O and CHOH+H → CH2OH → CH2 + OH
with the overall activation free energies of 270.6 and 208.7 kJ·mol−1,
respectively, the latter route mainly contribute to CH2 formation via
CH2OH dissociation.

On CoML/Cu(111), CHO + H → CHOH is unfavorable in kinetics
compared to CHO + H → CH2O (118.5 vs. 61.9 kJ·mol−1), CH2OH
dominantly come from CH2O hydrogenation. Thus, CH2 formation has
two routes, see Fig. 4(b), CH2O → CH2 + O and CH2O + H →
CH2OH → CH2 + OH, the former is more favorable than the latter in
kinetics (212.5 vs. 288.5 kJ·mol−1). Further, compared to Co(111)
(65.3 kJ·mol−1) [26], CoML/Cu(111) is more beneficial for CH2O direct
dissociation (30.1 kJ·mol−1).

3.3.3. CH3 and methanol formation
CH3 formation has only one route via CH3O → CH3 + O.

Meanwhile, CH3O or CH2OH hydrogenation can also form methanol,
which affects the production of CHx intermediates and C2 oxygenates.

On RhML/Cu(111) (Fig. 5(a)), the overall barrier of CH3 formation is
323.5 kJ·mol−1. Meanwhile, CH2OH is mainly formed by CHOH

Table 1
The activation free energy (ΔGa/kJ·mol−1) and reaction free energies (ΔG/
kJ·mol−1) of the elementary reactions involving in syngas conversion to C2

oxygenates at 500 K on RhML/Cu(111) surface.

Elementary reactions Transition state ΔGa ΔG

R1-1 CO → C + O TS1-1 367.1 287.6
R1-2 CO + H → CHO TS1-2 155.3 104.4
R1-3 CO + H(1) → COH TS1-3 154.5 64.8
R1-4 CHO + H → CH2O TS1-4 76.9 38.9
R1-5 CHO + H(1) → CHOH TS1-5 75.5 4.0
R1-6 COH + H → CHOH TS1-6 121.5 58.6
R1-7 CH2O + H → CH3O TS1-7 73.3 31.5
R1-8 CH2O + H(1) → CH2OH TS1-8 79.6 12.5
R1-9 CHOH+H → CH2OH TS1-9 69.5 22.6
R1-10 CHO → CH + O TS1-10 191.5 58.4
R1-11 CHOH→CH + OH TS1-11 104.8 3.3
R1-12 CH2O → CH2 + O TS1-12 127.3 36.2
R1-13 CH2OH → CH2 + OH TS1-13 77.7 5.6
R1-14 CH3O → CH3 + O TS1-14 148.7 −38.3
R1-15 CH3O + H → CH3OH TS1-15 58.4 −20.9
R1-16 CH2OH + H → CH3OH TS1-16 82.6 17.7
R1-17 CH + H → CH2 TS1-17 83.7 44.2
R1-18 CH + CO → CHCO TS1-18 137.6 100.1
R1-19 CH + CH → C2H2 TS1-19 122.1 24.4
R1-20 CH + CHO → CHCHO TS1-20 77.0 30.4
R1-21 CH2 + H → CH3 TS1-21 65.4 −2.0
R1-22 CH2 + CH2 → C2H4 TS1-22 104.4 −46.2
R1-23 CH2 + CO → CH2CO TS1-23 134.7 75.5
R1-24 CH2 + CHO → CH2CHO TS1-24 70.3 −24.7
R1-25 CH2 → CH + H TS1-25 39.5 −44.2

Table 2
The activation free energy barriers (ΔGa/kJ·mol−1) and reaction free energies
(ΔG/kJ·mol−1) of elementary reactions involving in syngas conversion to C2

oxygenates at 500 K on CoML/Cu(111) surface.

Elementary reactions Transition state ΔGa ΔG

R2-1 CO → C + O TS2-1 298.2 10.0
R2-2 CO + H → CHO TS2-2 142.1 121.7
R2-3 CO + H → COH TS2-3 167.4 92.3
R2-4 CHO + H → CH2O TS2-4 61.9 60.7
R2-5 CHO + H(1) → CHOH TS2-5 118.5 84.8
R2-6 COH + H → CHOH TS2-6 133.6 123.1
R2-7 CH2O + H → CH3O TS2-7 63.4 −36.8
R2-8 CH2O + H(1) → CH2OH TS2-8 106.1 54.9
R2-9 CHO → CH + O TS2-9 119.2 −126.4
R2-10 CHOH+H → CH2OH TS2-10 60.7 25.0
R2-11 CHOH→CH + OH TS2-11 32.6 −142.0
R2-12 CH2O → CH2 + O TS2-12 30.1 −119.8
R2-13 CH2OH → CH2 + OH TS2-13 49.1 −102.6
R2-14 CH3O → CH3 + O TS2-14 117.1 −47.8
R2-15 CH3O + H → CH3OH TS2-15 149.6 104.9
R2-16 CH2OH + H → CH3OH TS2-16 90.0 30.0
R2-17 CH2 + H → CH3 TS2-17 55.1 18.4
R2-18 CH2 + CH2 → C2H4 TS2-18 59.1 −2.0
R2-19 CH2 + CO → CH2CO TS2-19 112.2 109.7
R2-20 CH2 + CHO → CH2CHO TS2-20 41.5 −22.4
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hydrogenation, namely, methanol formation may undergoes the routes
via CHOH, CH2OH species and that via CH2O, CH3O species, respec-
tively, the former route is more favorable than the latter in kinetics
(213.6 vs. 233.2 kJ·mol−1). Thus, the production of methanol is much
higher than CH3 in kinetics (213.6 vs. 323.5 kJ·mol−1) on RhML/Cu
(111), whereas CH3O → CH3 + O is competitive with CH3O + H →
CH3OH on Rh(111) [28], suggesting that RhML/Cu(111) promotes
methanol formation.

On CoML/Cu(111) (see Fig. 5(b)), CH3 formation has an overall
barrier of 262.7 kJ·mol−1. Two routes of methanol formation are
CH3O + H → CH3OH and CH2OH + H → CH3OH with the overall bar-
riers of 295.2 and 327.3 kJ·mol−1, respectively. Thus, CH3 formation is
more favorable than methanol on CoML/Cu(111) (262.7 vs.
295.2 kJ·mol−1). In contrast, on Co(111) [26], CH3O → CH3 + O

competes with CH3O + H → CH3OH (142.9 vs. 148.6 kJ·mol−1),
namely, CoML/Cu(111) effectively inhibit methanol formation.

3.4. The effect of Rh and Co on the favored CHx monomer and methanol

As mentioned above, on RhML/Cu(111), the preferential formation
route of CHx(x= 1–3) and methanol correspond to the dissociation of
CHOH, CH2OH and CH3O, as well as CH3O hydrogenation, which have
the overall barriers of 213.2, 208.7, 323.5 and 213.6 kJ·mol−1, re-
spectively. Thus, the favored CHx monomer is CHx(x= 1,2), which
competes with methanol formation.

On CoML/Cu(111), CHx(x= 1–3) and methanol formation corre-
sponds to the favored routes via CHO, CHOH, CH2O and CH3O dis-
sociation, as well as CH3O hydrogenation with the overall barriers of
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240.9, 240.2, 212.5, 262.7 and 295.2 kJ·mol−1, respectively. Thus, the
favored CHx monomer is CH2, which is superior to methanol formation
in kinetics.

On Cu(111) [22], CHx(x= 2,3) species was the favored monomer
formed by the dissociation of CH2OH and CH3O; methanol formation by
CH3O hydrogenation was much easier than CHx(x= 2,3) formation. On
Rh(111) [28], CH3 was the favored CHx monomer formed by CH3O

dissociation; methanol formation by CH3O hydrogenation is also easier
than CH3 formation. Whereas CH is the favored CHx monomer, which is
much easier than methanol on Co(111) [26].

Compared to Rh(111), Co(111) and Cu(111) surfaces, aiming at a
better understanding about the role of monolayer promoter Rh and Co
in RhML/Cu(111) and CoML/Cu(111), the barrier difference between the
favored CHx monomer and methanol is used as a simple descriptor to
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evaluate the selectivity of the favored CHx monomer. Namely, the more
negative barrier difference signifies the preferential formation of CHx

monomer and the lower methanol selectivity.

With respect to CO + H, as shown in Fig. 6, the overall barrier
differences between methanol and the favored CHx monomer are 13.6,
28.0, −51.1, −4.9 and −82.7 kJ·mol−1 over the Cu(111) [22], Rh
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(111) [28], Co(111) [26], RhML/Cu(111) and CoML/Cu(111) surfaces,
respectively. Among them, both Co(111) and CoML/Cu(111) sig-
nificantly promote the formation of favored CHx monomer, especially,
CoML/Cu(111) is more favorable than Co(111). Secondly, RhML/Cu
(111) slightly improve CHx selectivity compared to Cu(111) and Rh
(111). Thus, the promoter Co monolayer-modified Cu catalysts sub-
stantially promote the CeO bond breakage of CHxOH(x= 1,2) and
CHxO(x= 1–3) species to form CHx intermediate and inhibit CH3OH
formation, which provides enough CHx source to react with CO/CHO
leading to C2 oxygenates.

3.5. The formation of C2 oxygenates

Previous studies [19–21] showed that CO/CHO insertion into CHx to
CHxCO/CHxCHO contributed to the formation of C2 oxygenates;
meanwhile, CHx hydrogenation and its self-coupling to C2 hydro-
carbons also occur.

As described above, the favored CHx monomers are CH and CH2

species on RhML/Cu(111), and that is CH2 on CoML/Cu(111). The re-
actions related to CH and CH2 species on RhML/Cu(111) (see Fig. 7(a))
show that CH + H → CH2 and CHO + CH → CHCHO are the first two
favorable reactions; however, CH2 → CH + H is the most favorable
among all reactions related to CH2 species. Hence, CH is the dominant
CHx monomer, and C2 oxygenates CHCHO is the most favored product
on RhML/Cu(111). On CoML/Cu(111) (see Fig. 7(b)), CHO + CH2 →
CH2CHO is the most favorable among all reactions related to CH2

species. DFT studies by Ren et al. [32] on the Co-rich CuCo(111)/(211)
or Cu-rich CuCo(111)/(211) surfaces also found that C2 oxygenates
prefers to be formed by CHO insertion. However, on the single Cu(111)
surface [56], the favored CHx monomer are CH2 and CH3, accordingly,
CH2 self-coupling to C2H4 and CH3 hydrogenation to CH4 are pre-
ferential, respectively.

As mentioned above, compared to the single Cu(111) [56], both
RhML/Cu(111) and CoML/Cu(111) can inhibit the production of me-
thane and C2 hydrocarbons, as a result, both RhML/Cu(111) and CoML/
Cu(111) make the product distribution more concentrated on C2 oxy-
genates. Moreover, C2 oxygenates formed by CHO insertion into
CHx(x= 1–3) is more favorable in kinetics than that by CO insertion
into CHx(x= 1–3), CO insertion into CHx is strongly endothermic,
whereas CHO insertion are exothermic or slightly endothermic, which
is consistent with the earlier studies on Rh(111) and Co(0001) surfaces
[18]. Similar results were also confirmed on the Cu(211) [19] and

MnCu(211) [20] surfaces, the reasons may be that the CHO gap be-
tween HOMO and LUMO is smaller than CO, which enhanced the in-
teraction between CHO and the catalyst [18]. In general, once the fa-
vored CHx monomer formation, the single Cu(111) surface [56] exhibits
better selectivity towards the hydrocarbons. However, both RhML/Cu
(111) and CoML/Cu(111) exhibit better selectivity towards the C2 oxy-
genates CHCHO and CH2CHO, respectively. Namely, the promoter Rh
and Co monolayer-modified Cu(111) improve the selectivity of C2

oxygenates compared to the single Cu(111), especially, the monolayer
promoter Co presents better activity towards C2 oxygenates than the
monolayer promoter Rh.

3.6. The role of Rh and Co in RhML/Cu(111), CoML/Cu(111)

It is generally known that Cu catalyst is favorable for methanol
formation from syngas [9,22,23]; as a result, there are not enough CHx

sources to participate into CO/CHO insertion to form C2 oxygenates.
Since CO direct dissociation is difficult to occur over the RhML/Cu(111),
CoML/Cu(111) and Cu(111) surfaces, all CHx(x= 1–3) species should
come from the CeO bond cleavage of CHxO(x= 1–3) or CHxOH
(x= 1,2). By comparison, the adsorption of CHx, O, OH, CHxO
(x= 1–3) and CHxOH(x= 1,2) on CoML/Cu(111) is much stronger than
those over the RhML/Cu(111) and Cu(111) (see Table 3). On CoML/Cu
(111), the favored CH2 monomer is formed via CH2O dissociation, the
strong adsorption of CH2O will make its CeO bond cleavage more ea-
sier to produce CH2. Moreover, since the binding of CHx, O and OH
species on CoML/Cu(111) is stronger compared to RhML/Cu(111) and
Cu(111), a stronger thermodynamic driving force promotes the CeO
bond cleavage of CHxO and CHxOH leading to the easier formation of
CHx intermediate over CoML/Cu(111); this agrees with our calculated
kinetics results. For C2 oxygenates formation on RhML/Cu(111) and
CoML/Cu(111), CHO + CHx → CHxCHO(x= 1–3) is the most favorable
compared to other reactions related to CHx(x= 1–3) species.

Hence, the role of Rh and Co monolayer-modified Cu(111) surfaces
can be summarized as follows in comparison with the single Cu(111)
surface: (1) For CHx(x= 1–3) formation, both RhML/Cu(111) and
CoML/Cu(111) promote the CeO bond breakage of CHxO(x= 1–3) or
CHxOH(x= 1,2), especially, CoML/Cu(111) substantially promote
CHx(x= 1–3) formation and inhibit methanol formation. (2) For C2

oxygenates formation, both RhML/Cu(111) and CoML/Cu(111) promote
CHO insertion into the favored CHx(x= 1,2) monomer to C2 oxyge-
nates; especially, CoML/Cu(111) exhibits better selectivity and activity
towards C2 oxygenates.

To investigate electronic properties of Cu(111), RhML/Cu(111) and
CoML/Cu(111) surfaces, the analysis for pDOS and d-band center is
applied to provide a microcosmic interpretation. It is well-known that
the d electrons or empty d orbitals of transition metal affect the cata-
lytic activity and adsorption ability of adsorbed species. The shorter the
distance between Fermi level and d-band center is, the better the cat-
alytic activity is [21], and the higher the adsorption ability is [43]. The
d-band center is obtained using the following Eq. (1) [57]:

=
+

+
E E

E
( )dE

( )dEd
d

d

(1)

The average d-band centers of surface metals are located at −2.42,
−1.01 and −2.35 eV (see Fig. 8) corresponding to RhML/Cu(111),
CoML/Cu(111) and Cu(111) surfaces, respectively. The d-band center of
CoML/Cu(111) is the lowest, and the corresponding CHxO(x= 1–3) and
CHxOH(x= 1,2) species have the largest adsorption energy compared
to RhML/Cu(111) and Cu(111), namely, CoML/Cu(111) presents
stronger activity towards the CeO bond breaking of CHxO(x= 1–3)
and CHxOH(x= 1,2) species to form CHx. These results are consistent
with above kinetic results.

For C2 oxygenate formation by CHO + CHx → CHxCHO(x= 1,2),
both CoML/Cu(111) and RhML/Cu(111) surfaces exhibit higher
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selectivity, however, CoML/Cu(111) exhibits higher catalytic activity
than RhML/Cu(111), namely, the promoter Co monolayer presents
higher catalytic activity than the promoter Rh monolayer, which is also
supported by the previous studies [18] that CHO insertion over Co
(0001) is more easier than that over Rh(111). Further, the d-band closer
to Fermi level was favorable for CO insertion into CHx by reducing the
repulsion between CO and CHx [58]. Similar mechanism can be applied
to CHO insertion, namely, the shorter distance between the d-band
center and Fermi level leads to the weak repulsion between CHO and
CHx, so CoML/Cu(111) exhibit higher catalytic activity towards CHO
insertion than RhML/Cu(111).

On the whole, the Rh monolayer-modified Cu(111) cannot improve
the yield of C2 oxygenates since methanol formation competes with CHx

formation. However, the Co monolayer-modified Cu(111) not only
promotes the production of key CHx intermediate and CHO insertion
into CHx to C2 oxygenates to a great extent, but also inhibits methanol
formation, which exhibits higher selectivity towards syngas conversion
to form C2 oxygenates. In addition, since CoML/Cu(111) is favorable for
the formation of CH2CHO, starting from CH2CHO intermediate, the
reactions related to CH2CHO are examined (see Fig. S3), suggesting that
CH2CHO prefers to be hydrogenated to CH3CHO in kinetics instead of
its dissociation to CH2CH + O and its hydrogenation to CH2CHOH.
Then, starting from CH3CHO intermediate, it still prefers to be hydro-
genated to CH3CH2O, followed by its hydrogenation to form ethanol.
Namely, beginning with CH2CHO intermediate, in the subsequent re-
actions, the dominant product is ethanol rather than the hydrocarbons,

indicating that CoML/Cu(111) surface exhibits better selectivity towards
ethanol formation, and the promoter Co is in favor of CeC chain for-
mation leading to ethanol, however, it does not favored the further
carbon chain growth due to the absence of C2Hx intermediate.

4. Conclusion

In this study, aiming at identifying the effect of monolayer promoter
Rh and Co on the selectivity of C2 oxygenates over the promoter Rh and
Co monolayer-modified Cu(111) in syngas conversion, the mechanism
of syngas conversion to C2 oxygenates on the promoter Rh and Co
monolayer-modified Cu(111) surfaces, including the key intermediate
CHx formation and the CeC bond formation of C2 oxygenates, has been
examined using density functional theory calculations. The results show
that CO initial activation via H-assisted mechanism is dominant to form
CHO or COH, and all CHx intermediate is produced via the CeO bond
cleavage of CHxO(x= 1–3) or CHxOH(x= 1,2) species on the promoter
Rh and Co monolayer-modified Cu(111). On the Rh monolayer-mod-
ified Cu(111), CHxOH(x= 1,2) dissociation contributes to the favored
CHx(x= 1,2) monomers, which is competitive with CH3OH formation.
Whereas CH2 is the favored monomer on the Co monolayer-modified Cu
(111) surface, CH2 formation is more favorable than CH3OH formation.
Compared to the single Cu(111) surface, the promoter Rh and Co
monolayer-modified Cu(111) surfaces not only change the route of CHx

formation, but also alter the existence form of the favored CHx

monomer. More importantly, Co monolayer-modified Cu(111) inhibits
methanol formation compared to the Cu(111), Rh(111), Co(111) and
RhML/Cu(111). As a result, the promoter Co monolayer-modified Cu
(111) provides enough CHx source to participate into the formation of
C2 oxygenates. Beginning with the favored CHx monomers, the forma-
tion of C2 oxygenates via CHO insertion into CHx over the promoter Rh
and Co monolayer-modified Cu(111) surface is the most favorable,
moreover, the monolayer promoter Co presents better catalytic activity
towards C2 oxygenates formation than the monolayer promoter Rh.

Taking the formation of CHx intermediate and the CeC bond for-
mation of C2 oxygenates into account, it is concluded that the promoter
Co monolayer-modified Cu catalyst exhibits better selectivity towards
the formation of C2 oxygenates from syngas. On the other hand, elec-
tronic structure analysis revealed that the d-band center of the pro-
moter Co monolayer-modified Cu(111) is the closest to Fermi level than
the promoter Rh monolayer-modified Cu(111) and the single Cu(111),
which results in the adsorption enhancement of CHxO(x= 1–3) and
CHxOH(x= 1,2), promotes the CeO bond activation, and reduces the
repulsion between CHx and CHO. Hence, the monolayer promoter Co is
beneficial to the formation of CHx intermediate and C2 oxygenates,
which is very suitable for syngas conversion to C2 oxygenates; this study
provides a method for the design of high-performance catalyst with the
monolayer metal-supported on other metal substrate in syngas con-
version to C2 oxygenates.
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Appendix A. Supplementary data

The detailed descriptions about the calculations methods of Gibbs
free energy, the most stable configurations and key parameters of all
adsorbed species on the promoter Rh and Co monolayer-modified Cu
(111) surfaces, and the reactions related to CH2CHO and CH3CHO in-
termediates on CoMLCu(111) surface are presented. Supplementary data
to this article can be found online at https://doi.org/10.1016/j.apsusc.
2019.05.033.

Table 3
Adsorption energy (Eads/kJ·mol−1) of key intermediates on Cu(111), RhML/Cu
(111) and CoML/Cu(111) surfaces.

Species Cu(111) RhML/Cu(111) CoML/Cu(111)

CH 468.2 657.6 658.9
CH2 274.8 397.5 415.4
CH3 111.0 189.4 200.1
O 452.5 504.4 619.5
OH 272.9 255.6 365.2
CHO 109.3 241.2 246.8
CHOH 254.2 414.2 374.5
CH2O 33.9 80.1 87.4
CH2OH 161.8 175.9 175.6
CH3O 206.4 191.6 298.9
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Fig. 8. The potential energy profile for d-band center of RhML/Cu(111), CoML/
Cu(111) and Cu(111) surfaces and the vertical dash lines indicate Fermi energy
level.
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