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A B S T R A C T

The presence of small amounts of sulfur in the syngas produced from fossil derived fuels is a major reason for
deactivation of Cu-based catalysts. The formation of the key intermediates CHx(x=1–3) in the ethanol synthesis
from syngas on sulfur covered Cu(1 1 1) surfaces is studied based on density functional theory. The results show
that the adsorption energies of most surface species are heavily reduced after a sulfur atom pre-adsorbed on Cu
(1 1 1) surface compared with clean Cu(1 1 1) except for CO, CH2O and CHOH, and the variation of the
adsorption energies is not obvious with increasing sulfur coverage from 1/16 to 3/16 ML. When sulfur coverage
is gradually increased, the adsorption energies of CO and CHOH have a downward and risen trend, respectively,
while CH2O hardly changes due to its physical adsorption. The reaction activity of CHx(x = 1–3) formation is
seriously inhibited with sulfur added to the system. The presence of sulfur does not change the optimal reaction
pathways and rate-limiting steps of CH formation, but changes the rate-limiting steps of CH2 formation and the
optimal reaction pathways of CH3 formation. The dominant CHx(x = 1–3) species are CH2 and CH3 at 1/16 ML
sulfur coverage, and only CH3 is the most favored CHx(x= 1–3) monomer when increasing sulfur coverage up to
2/16 and 3/16 ML. Our results provide the detailed insight into the sulfur effect on the CHx(x = 1–3) formation
on Cu surface.

1. Introduction

Synthesis gas is widely used to produce alcohol catalyzed by Co, Rh
and Cu catalysts and the technology is mature and industrialized.
Unfortunately, sulfur-containing compounds, especially hydrogen sul-
fide (H2S), almost always present in synthesis gas from fossil energy
[1], which seriously affect the reaction processes [2] and eventually
cause irreversible deactivation or poisoning of metal catalysts.

In recent years, many researchers have paid more attention to the
effect of sulfide in raw materials on metal catalysts encountered in the
chemical reactions. Bitsch-Larsen and co-workers [3] studied the in-
fluence of CH3SH on the performance of catalytic partial oxidation
(CPO) of CH4 on Rh-Ce supported foam catalysts and suggested that the
ppm levels of CH3SH lead to lower CH4 conversion and lower H2 se-
lectivity. More importantly, increasing the CH3SH concentration from
14 to 28 ppm did not lead to significant changes about CH4 conversion
and H2 selectivity, indicated that the poisoning effect was saturated at
several ppm. Cimino and Lisi [4] studied the effect of sulfur poisoning
during the CPO of CH4 on Rh-based catalysts, and found that CH4

conversion and H2 selectivity both were progressively inhibited with
H2S (8, 18 and 37 ppm) added to the feed, whereas the CO selectivity
was almost impervious of H2S concentration. Legras et al. [5] studied
the deactivation mechanisms of Ni/γ-Al2O3 catalysts for CH4 synthesis
from syngas containing small amounts of H2S. At sulfur adsorption of
13.3, 48.1 and 131.0 μmol∙g−1, the decrease in CO hydrogenation rate
was almost proportional to the sulfur adsorbed on the catalyst. Thus, it
can be clearly seen that the feed containing small amounts of sulfide has
different influence on the reaction, and some scholars think that the
effect of sulfide on the reaction is linearly related to the content of
sulfide, while others think that the reaction has no significant changes
with the increase of sulfide content. But agreements have been reached
that sulfide could be dissociated into atomic sulfur under reaction
conditions, and then adsorbed on the catalyst surface, which hindered
the adsorption of reactant molecules resulting in reducing active region
for the reaction [6,7].

It has been investigated for the adsorption and decomposition of
H2S on Fe(1 0 0) [8], Cu(1 0 0) [9], Cu(1 1 0) [10], Cu(1 1 1) [11–13],
Pd(1 1 1) [13–15] and Ni(1 1 1) [11,13] surfaces through first principle
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calculation. The results showed that H2S can be dissociated easily on
metal surfaces. Moreover, the product of atomic sulfur adsorbed on Cu
(1 1 1) surface had been affirmed in experimental and theoretical stu-
dies. The new Cu-S phase diagram based on the density functional
theory (DFT) showed that decreasing the P P/H H S2 2 ratio could result in
that sulfur adsorption on Cu surfaces was thermodynamically favorable
[16]. Face-center-cubic and four fold hollow sites were the most equi-
librium sites for single sulfur atom adsorption on Cu(1 1 1) and Cu
(0 0 1) surfaces, respectively. Meanwhile, atomic sulfur could bind
strongly with the metal surface to prevent or modify further adsorption
of reactant molecules [5,17–19]. Furthermore, the effect of sulfur
coverage on the interaction between atomic sulfur and metal surface
has been reported in many literatures. For example, the adsorption
energy of sulfur atom generally increased with increasing sulfur cov-
erage on Au(1 1 1) [20] and Co(0 0 0 1) [21] surfaces. On the contrary,
the adsorption energy has a decreasing tendency on Fe(1 1 0) [22], Pt
(1 1 1) [23] and Pd(1 1 1) [15,24] surfaces. As pointed out by May and
co-workers [25], the interaction of sulfur atom with Cu(1 1 1) was
strong, but the variation of the adsorption energy with respect to sulfur
coverage could not show any regular.

Nowadays, the study of ethanol synthesis from syngas has become a
research hotspot in the reaction system on Cu-based catalysts [26–28].
But H2S is one of the major impurities in syngas and a severe poison for
metal catalysts, for example, Cu/ZnO/Al2O3 catalysts for methanol
synthesis from syngas could not tolerate H2S over 0.1 ppm [29]. For
ethanol synthesis from syngas, the recognized mechanism is involved
two key issues: the formation of CHx(x = 1–3) hydrocarbon [30–32]
and C2 oxygenates of ethanol precursor [26,33,34]. In short, the me-
chanism of CHx(x = 1–3) formation on Cu-based catalysts is that CHxO
(x = 1–3) or CHxOH(x = 1, 2) species are formed from CO hydro-
genation and then followed by its dissociation, or the direct dissociation
of CO followed by hydrogenation.

However, up to now, little information has been reported on the
effect of sulfur coverage for CHx(x = 1–3) formation on Cu(1 1 1)
surface. In order to obtain a series of conclusions about the effect of
CHx(x = 1–3) formation after occupying the adsorption site by sulfur
atom. In this work, it is investigated that the mechanism of the for-
mation of CHx(x = 1–3) monomer at different sulfur coverage on Cu
(1 1 1) surface, our aim is to illustrate the effect of sulfur on the
CHx(x = 1–3) formation.

2. Computational details

2.1. Calculation methods

All calculations were carried out by using the Dmol3 program in
Materials Studio 8.0 [35,36]. The exchange-correlation energy was
calculated by using the generalized gradient approximation with the
Perdew-Burke-Ernzerhof functional (GGA-PBE) [37,38]. The effective
core potential (ECP) method was applied for Cu atoms [39], while other
atoms were treated with an all-electron basis set. The double-numerical
basis set with polarization functions (DNP) was selected to expand the
valence electron functions [40]. A Methfessel-Paxton smearing of 0.005
Ha and a Monkhorst-Pack grid of 3 × 3 × 1 have been performed. The
transition states were searched by using the complete LST/QST method
to determine accurate activation barriers of the elementary reactions
[41].

For surface species adsorbed on sulfur covered Cu(1 1 1) surface, the
adsorption energy (Eads) was calculated as follows

= + −+ + +E E E Eads sulfur slab species species sulfur slab

where Especies+sulfur+slab is the total energy of the relaxed species and
sulfur co-adsorbed on metal surface, while Esulfur+slab and Especies are
the total energy of sulfur covered metal surface and free surface species
alone, respectively.

The activation barrier (Ea) and reaction energy (ΔH) for the

elementary reaction occurring on sulfur covered Cu(1 1 1) surface were
calculated as follows

= −+ + + +E E Ea TS sulfur slab reactant sulfur slab

= −+ + + +H E EΔ product sulfur slab reactant sulfur slab

where Ereactant+sulfur+slab, ETS+sulfur+slab and Eproduct+sulfur+slab are the
total energy of reactant, transition state and product on sulfur covered
Cu(1 1 1) surface, respectively.

2.2. Surface models

The face-center-cubic Cu unit cell was optimized, and the calculated
lattice constant of 3.61 Å is in accordance with the experimental value
of 3.62 Å [42]. A three-layer slab was used to represent Cu(1 1 1)
surface in this work which was always chosen in DFT calculations and
the credible results could obtain based on the model [12,43–45]. A p
(4 × 4) supercell was applied where there are sixteen atoms at each
layer, which corresponding to 1/16 ML coverage. Meanwhile, a vacuum
region of 15 Å was employed to ensure no significant interaction be-
tween the periodically repeated slabs. In all calculations, the atoms in
the upper two layers were allowed to relax with sulfur atoms and ad-
sorbed species, whereas the bottom layer was kept frozen at the bulk
position.

For the p(4 × 4) supercell, one, two and three sulfur atoms were
adsorbed on clean Cu(1 1 1) surface to model the different surface
sulfur coverage (θS) of 1/16, 2/16 and 3/16 ML, respectively. The same
method was employed in the previous DFT calculation to investigate
the adsorption of atomic sulfur on Fe(1 1 0) surface [22]. Indeed, the
coverage of 1/9, 1/4 and 1/2 ML can also be selected on Cu(1 1 1).
However, at higher sulfur coverage, the products may be influenced by
the surface coverage because of the relative short distance between the
co-adsorbed species [46]. Moreover, the structural parameters such as
atomic distances from the adsorbed sulfur to the surface of the catalyst
show an almost constant value at 1/4 ML coverage [25]. More im-
portantly, the extremely trace sulfur in syngas leading to the deacti-
vation of Cu catalysts is the basis that we select sulfur coverage as low
as possible to simulate the initial situation of sulfur poisoning. At the
same time, computation efficiency and the size of the model also have
to be considered during the investigation. Therefore, based on the
above reasons, we chose the coverage of 1/16, 2/16 and 3/16 ML to
study the effect of pre-adsorbed sulfur on CHx(x = 1–3) formation over
Cu(1 1 1) surface.

Due to the importance of steric interactions between the neigh-
boring atoms adsorbed on the surface, the most stably feasible surface
structures of different sulfur coverage were determined. Fig. 1 displays
the structures of Cu(1 1 1) surfaces at different sulfur coverage and the
adsorption sites are labeled. It is the most stable site for sulfur atom
over fcc site on clean Cu(1 1 1) surface and the corresponding ad-
sorption energy is 431.5 kJ∙mol−1 which consists with previous DFT
results [13,16,25,47]. Potential adsorption sites around sulfur atom are
considered. There are ten possible adsorption sites for sulfur coverage
of 1/16 ML (see Fig. 1(a)), and the most stable adsorption site for the
second sulfur atom is occupying the F2 site with an adsorption energy
of 427.4 kJ∙mol−1. After adsorption of two sulfur atoms on clean Cu
(1 1 1) surface, θS = 2/16 ML (seen in Fig. 1(b)), the surface displays
eight possible adsorption sites for other adsorbates. The best config-
uration for the third sulfur atom appears to occupy the F2 site with an
adsorption energy of 421.9 kJ∙mol−1. Similarly, sulfur coverage of 3/
16 ML reveals twelve possible adsorption sites for other adsorbates
(seen in Fig. 1(c)). For sulfur atom adsorption at different sulfur cov-
erage, the adsorption energies are found to be decreased with the in-
crease of sulfur coverage, which is in accordance with previous results
on Pd(1 1 1) [15] and Pt(1 1 1) [23] surfaces.

In addition, the attractive S-S interaction would cause to the for-
mation of S2 on the Au(1 1 1) at high sulfur coverage [20], but such
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phenomenon was not observed in the present work. Optimized the
geometrical structure of S2 adsorption on Cu(1 1 1) surface to check the
stability of S2/Cu(1 1 1) system, the desorption of S2 was observed on
Cu(1 1 1) surface, indicating that atomic sulfur is more stable than S2
species at lower coverage. Hence, in this work, the formation of S2
species was not considered on Cu(1 1 1) surface.

3. Results and discussion

3.1. Adsorption of all the possible species

The formation of CHx(x = 1–3) from CO hydrogenation involves
many elementary reactions. The reactants are CO and H2 (here con-
sidering CO and H as the reactants), and the products are
CHx(x = 1–3). The intermediates are related to CHO, CHOH, CH2O,
CH2OH and CH3O according to previous reports [30–32]. Firstly, the
adsorptions of all above species were investigated. As presented in
Fig. 2, only the most stable adsorption structures for those species on Cu
(1 1 1) surfaces with pre-adsorbed sulfur are provided with the calcu-
lated adsorption energies. Fig. 3 presents the variation of adsorption
energies of all surface species at different sulfur coverage compared
with our previous results on clean Cu(1 1 1) [30].

CO, H, O and OH adsorption. The bond length of gas-phase CO was
calculated to be 1.143 Å. CO was found to preferentially bind to the F2,
F2 and H2 sites at 1/16, 2/16 and 3/16 ML sulfur coverage, respec-
tively. The adsorption energies become a bit smaller compared with our
previous result on clean Cu(1 1 1) surface [30]. Moreover, with the
increase of sulfur coverage from 1/16 to 3/16 ML, the adsorption en-
ergies decrease which consists with the previous DFT results that the
presence of sulfur weakens the bonding of CO to the Co(0001) [19], Fe
(1 0 0) [48] and Pd(1 1 1) [49] surfaces. It is noteworthy that the CeO
bond is stretched compared to gas-phase CO (1.182, 1.181 and 1.173 Å
for 1/16, 2/16 and 3/16 ML sulfur coverage versus 1.18 Å on clean Cu
(1 1 1) surface [30]). For H atom, it prefers to occupy the F2 and F2
sites at 1/16 and 2/16 ML sulfur coverage and adsorb at the H2 site
when increasing sulfur coverage up to 3/16 ML. The adsorption en-
ergies of H atom heavily reduced after sulfur pre-adsorbed on Cu(1 1 1)
compared to that on clean surface. However, the change of the ad-
sorption energies is little when the sulfur coverage is increased from 1/
16 to 3/16 ML. The favorable adsorption sites of O atom at different
sulfur coverage which are found to be F2, F2 and F2 sites. Similar to the
adsorption of H atom, the calculated adsorption energies of O atom are
much weaker on sulfur occupied surface than that on clean surface. In
addition, there is a decline with the increasing of sulfur coverage form
1/16 to 3/16 ML. The most stable sites of OH are the same as that of the
H atom at different sulfur coverage. And the corresponding adsorption
energies are heavily reduced compared those on clean Cu(1 1 1). Fur-
thermore, the change of the adsorption energies is almost not apparent
no matter what the sulfur coverage is.

CHxO(x = 1–3) adsorption. CHO prefers to adsorb at the T2 site at
1/16 ML sulfur coverage, and adsorb at the T1-B3 and T4-B4 sites at 2/

16 and 3/16 ML sulfur coverage. The variation of adsorption energies of
CHO is consistent with that of O atom. For the adsorption of CH2O, it is
physisorbed on the Cu(1 1 1) surface, therefore, it has little effect on its
adsorption no matter which site it is adsorbed when sulfur covered on
the catalyst. For CH3O adsorption on sulfur covered Cu(1 1 1) surfaces,
the most favorable adsorption state is the structure with the O atom
occupying the F2, F2 and H2 sites at 1/16, 2/16 and 3/16 ML sulfur
coverage, respectively. The adsorption energies of CH3O is reduced
after sulfur pre-adsorbed on Cu(1 1 1) compared to that on clean sur-
face. But there is a slight rise with the increasing of sulfur coverage.

CHxOH(x = 0–2) adsorption. Only the sites where COH occupies
the F2 sites are stable at sulfur coverage of 1/16 and 2/16 ML, and COH
prefers to adsorb at the H2 site when increasing sulfur coverage up to
3/16 ML. The adsorption energies of COH have an apparent decrease
when sulfur occupied the Cu(1 1 1) surface and they are also decreased
accompanied the sulfur coverage increasing. For CHOH adsorption on
sulfur covered Cu(1 1 1) surfaces, the most stable adsorption sites are
the B4, B3 and T3 sites at 1/16, 2/16 and 3/16 ML sulfur coverage,
respectively, indicating that pre-adsorbed sulfur atom affects the site
preference of CHOH. It is worth noting that an abnormal phenomenon
appears about the adsorption energies of CHOH. They are not decreased
but increased with sulfur coverage increasing from 1/16 to 3/16 ML. In
the case of CH2OH, the most stable adsorption sites are the B3, T2-B2
and T3 sites at 1/16, 2/16 and 3/16 ML sulfur coverage, respectively.
The adsorption energies are reduced compared that on clean Cu(1 1 1).
It is noted that the adsorption energy of CH2OH is increased at 3/16 ML
sulfur coverage compared those at 1/16 and 2/16 ML. This may cause
by the lateral interaction between CH2OH and sulfur atoms.

CHx(x = 0–3) adsorption. The single C atom prefers adsorb at the
F2 sites at 1/16 and 2/16 ML sulfur coverage and the B3 site at 3/
16 ML. The single C atom adsorption energy is substantially reduced
upon sulfur being pre-adsorbed on Cu(1 1 1) surface compared that on
pure Cu(1 1 1). It is obvious that the pre-adsorbed sulfur has seriously
weakened the adsorption of C compared to that on clean surface.
Similar with the adsorption of CO, CH is also adsorbed at the F2, F2 and
H2 sites at sulfur coverage of 1/16, 2/16 and 3/16 ML, respectively.
The most stable sites of CH2 are the F3, F2 and F2 on sulfur covered Cu
(1 1 1) surfaces. Meanwhile, the variation of adsorption energies of CH2

is consistent with that of CH. After considering various adsorption sites,
CH3 is observed at the F2 and F2 sites at sulfur coverage of 1/16 and 2/
16 ML. It prefers to adsorb at the H2 site at sulfur coverage of 3/16 ML
and the adsorption is strengthened compared the two former.

Generally speaking, the presence of sulfur usually hinders the ad-
sorption of other adsorbates on the catalyst surface, and its ability to
adsorption has been weakened with the increase of sulfur coverage
[48]. From Fig. 3, it can be clearly seen that the adsorption energies of
most surface species heavily are reduced after a sulfur atom pre-ad-
sorbed on Cu(1 1 1) surface compared to those on clean surface, except
CO, CH2O and CHOH. In addition, it only has a slight decrease in the
adsorption energy of CO. It has little effect on the adsorption of CH2O
because of its physical adsorption. Interestingly enough, the adsorption

Fig. 1. Top view of sulfur covered Cu(1 1 1) surfaces and potential adsorption sites around sulfur atom. T, B, H and F refer to top, bridge, hcp and fcc sites,
respectively.
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Fig. 2. The most stable adsorption sites of all surface species involved in CHx(x = 1–3) formation at (a) 1/16 ML, (b) 2/16 ML and (c) 3/16 ML sulfur coverage. The
adsorption energies (Unit: kJ∙mol−1) of all surface species are labeled on the bottom left of the pictures. Atomic color code: orange, copper; yellow, sulfur; gray,
carbon; red, oxygen; and white, hydrogen. (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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energies of CHOH show a slightly increasing trend. The change of ad-
sorption energies is little or almost unchanged when the sulfur coverage
increases from 1/16 to 3/16 ML.

3.2. Formation of CHx(x = 1–3)

The most dominant reaction steps for CHx(x = 1–3) formation are
listed in Table 1, which were investigated in our previous work [30].
Herein, those steps are discussed again to clarify the influence of sulfur
coverage on CHx(x = 1–3) formation. The corresponding activation

barriers and reaction energies are also listed in Table 1.

3.2.1. CO dissociation and hydrogenation
Starting from the adsorbed CO species, its direct dissociation and

hydrogenation to form CHO or COH [30,34] are two activation ways
responsible for the formation of CHx(x = 1–3) species. The transition
states and activation barriers involved in CO dissociation and hydro-
genation are provided in Fig. 4(a) and Table 1, respectively. The de-
tailed potential energy profiles are shown in Fig. S1.

The activation barriers of CO direct dissociation on sulfur covered

Fig. 3. The variation of adsorption energies for all surface species involved in CHx(x = 1–3) formation at different sulfur coverage.
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Cu(1 1 1) surfaces are all about 460.0 kJ∙mol−1 which are higher than
the value on clean Cu(1 1 1) surface. For CO and H co-adsorbed at
different sulfur coverage, CHO is formed through the transition states
TS2-1, TS2-2 and TS2-3. In these transition states, the distances be-
tween C and H atoms are 1.519, 1.531 and 1.537 Å, respectively, which
are longer than that of the C-H distance on clean Cu(1 1 1) surface
(1.14 Å). It is worth noting that the C-H distance is increased along with
the increment of sulfur coverage, however, the variation of C-H dis-
tance is a little on sulfur covered surfaces. The activation barriers of
these reactions are 139.3, 129.4 and 132.2 kJ∙mol−1 at 1/16, 2/16 and
3/16 ML, respectively. While for COH formation, it goes through the
transition states TS3-1, TS3-2 and TS3-3 and needs to overcome the
activation barriers of 322.2, 321.9 and 295.6 kJ∙mol−1. In TS3-1, TS3-2
and TS3-3, the lengths between O and H atoms are 1.643, 1.617 and
1.679 Å, respectively.

As shown in Fig. 4(b), the variation of activation barriers for CO
dissociation and hydrogenation on sulfur covered Cu(1 1 1) is provided.
From the activation barriers of CO dissociation and hydrogenation, the
presence of sulfur atoms significantly inhibits the activation of CO, but
the variety of the activation barriers is not obvious with the increase of
sulfur coverage. Moreover, no matter what the sulfur coverage is, CHO
formation is easier than COH formation and CO direct dissociation,
which shows that the adsorbed CO species is dominantly hydrogenated
to form CHO on sulfur covered Cu(1 1 1) surfaces as that on clean Cu
(1 1 1).

Based on the results that CHO is the main product for the activation
of CO on sulfur covered Cu(1 1 1) surfaces, beginning with the initial
state CHO or CHO + H, the effect of sulfur on CHx(x = 1–3) formation
were studied.

3.2.2. CH formation
Beginning with CHO or CHO + H, our previous results show that

there are two possible reaction pathways for CH formation which are
focused on the three elementary reactions (R4-R6) [30]. Table 1 and
Fig. 5(a) display the activation barriers and transition states involved in
CH formation, respectively. The detailed potential energy profiles are
shown in Fig. S2.

For Path1, based on the most stable adsorption of CHO on sulfur
covered Cu(1 1 1) surfaces, CHO direct dissociation has been studied at
different sulfur coverage. Beginning with CHO, the CeO bond breaking
goes through the transition states TS4-1, TS4-2 and TS4-3. The

Table 1
The activation barriers (Ea/kJ∙mol−1) and reaction energies (ΔH/kJ∙mol−1) for the elementary reactions involved in CHx(x = 1–3) formation at different sulfur
coverage (θS).

Elementary reactions Cleana θS = 1/16 ML θS = 2/16 ML θS = 3/16 ML

Ea ΔH Ea ΔH Ea ΔH Ea ΔH

R1 CO → C + O 365.5 250.4 457.3 286.4 460.0 297.9 451.5 311.0
R2 CO + H → CHO 105.8 82.3 139.3 73.4 129.4 63.4 132.2 64.8
R3 CO + H → COH 233.3 97.8 322.2 104.6 321.9 95.3 295.6 101.1
R4 CHO → CH + O 138.2 −48.4 204.2 69.5 211.4 83.8 214.4 109.3
R5 CHO + H → CHOH 89.0 −3.7 109.7 10.0 111.9 11.0 127.2 −11.5
R6 CHOH → CH + OH 106.9 −1.3 148.5 −1.9 152.3 −5.8 188.6 64.1
R7 CHO + H → CH2O 49.7 −22.4 60.0 −32.3 68.7 −42.5 55.9 −49.9
R8 CH2O → CH2 + O 111.0 29.4 203.3 85.5 213.7 79.9 213.5 118.5
R9 CH2O + H → CH2OH 89.4 3.4 107.6 −1.8 112.6 1.6 105.0 −13.9
R10 CH2OH → CH2 + OH 84.8 −19.4 124.6 12.6 130.1 13.5 167.2 83.3
R11 CHOH + H → CH2OH 42.4 −28.2 63.0 −47.4 49.2 −62.8 51.0 −60.7
R12 CH2O + H → CH3 + O 153.0 −46.1 219.9 −15.1 256.9 −16.5 240.2 −13.7
R13 CH2O + H → CH3O 34.7 −87.6 99.2 −73.5 92.7 −84.0 94.0 −101.7
R14 CH3O → CH3 + O 173.3 43.3 201.8 62.5 201.9 65.8 246.3 98.4
R15 CH3O + H → CH3 + OH 185.8 −4.1 289.5 −10.1 303.5 −6.8 308.9 19.2
R16 CH2OH + H → CH3 + OH 89.8 −103.3 117.6 −78.1 123.7 −79.5 127.0 −53.9
R17 CH2 + H → CH3 45.0 −74.0 66.2 −91.7 – – – –
R18 CH2 → CH + H 94.1 58.6 128.8 62.2 – – – –
R19 CH3 → CH2 + H 119.0 74.0 160.5 87.0 157.6 90.7 174.6 116.0

a Ref. [30].

Fig. 4. The (a) transition states and (b) variation of activation barriers for CO
dissociation and hydrogenation at different sulfur coverage.
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distances of dissociating CeO bond are 1.913, 2.279 and 2.348 Å in
these transition states and the processes need to overcome the activa-
tion barriers of 204.2, 211.4 and 214.4 kJ∙mol−1. One can conclude
that the activation barriers are higher than that obtained on clean Cu
(1 1 1) surface with the value of 138.2 kJ∙mol−1 [30], and increasing
sulfur coverage only causes a small reduction of the activity for CHO
direct dissociation. For Path2, CHOH is first formed through CHO hy-
drogenation and the distances between O and H atoms are 1.420, 1.402
and 1.466 Å in the transition states. These elementary reactions at
different sulfur coverage require the activation barriers of 109.7, 111.9
and 127.2 kJ∙mol−1. After that, the bond cleavage of CeO in CHOH can
form CH and OH through TS6-1, TS6-2 and TS6-3. In the transition
states, CH binds at the bridge site and the distances of CeO bond are
2.070, 2.041 and 1.988 Å. The elementary reactions have the activation
barriers of 148.5, 152.3 and 188.6 kJ∙mol−1 at different sulfur cov-
erage.

On the basis of the above results, it can be clearly seen that the two
reaction pathways for CH formation heavily inhibited after sulfur pre-
adsorbed on Cu(1 1 1) surface (seen in Fig. 5(b)), more importantly, the
highest barriers only have a slight change with the increase of sulfur
coverage. The highest barriers of the optimal reaction pathways are
158.5, 163.3 and 177.1 kJ∙mol−1, respectively, which are higher than
the value of 103.2 kJ∙mol−1 obtained on clean Cu(1 1 1) surface [30].
Compared with clean Cu(1 1 1) surface, the possible optimal reaction

pathway and rate-limiting step for CH formation on sulfur covered Cu
(1 1 1) surfaces still have not changed. The optimal reaction pathway is
Path2, in which the rate-limiting step for CH formation at all sulfur
coverage occurs at CHOH → CH + OH.

3.2.3. CH2 formation
Beginning with CHO or CHO + H, here are three possible reaction

pathways responsible for the formation of CH2 on Cu(1 1 1) surface
[30]. The transition states and activation barriers involved in CH2

formation are provided in Fig. 6(a) and Table 1, respectively. The de-
tailed potential energy profiles are shown in Fig. S3.

For Path3, CH2O is first formed by CHO hydrogenation via the

Fig. 5. The (a) transition states and (b) variation of the highest barriers for CH
formation at different sulfur coverage.

Fig. 6. The (a) transition states and (b) variation of the highest barriers for CH2

formation at different sulfur coverage.
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transition states TS7-1, TS7-2 and TS7-3. The elementary reactions at
different sulfur coverage need to overcome the activation barriers of
60.0, 68.7 and 55.9 kJ∙mol−1 and the distances of C atom from H atom
are 1.689, 1.630 and 1.733 Å in the transition states. After that, the
bond breaking of CeO in CH2O can result in forming CH2 and O
through the transition states (TS8-1, TS8-2 and TS8-3) with the acti-
vation barriers of 203.3, 213.7 and 213.5 kJ∙mol−1, and these processes
are endothermic by 85.5, 79.9 and 118.5 kJ∙mol−1, respectively. As for
Path4, as mentioned in Path3, CH2O is first formed by CHO hydro-
genation; then, the following step is the hydrogenation of CH2O to form
CH2OH via the transition state TS9. The activation barriers and reaction
energies of the steps occurring at different sulfur coverage are 107.6
and −1.8 kJ∙mol−1 at 1/16 ML, 112.6 and 1.6 kJ∙mol−1 at 2/16 ML,
105.0 and −13.9 kJ∙mol−1 at 3/16 ML. After that, CH2OH decomposes
into the products CH2 and OH via the CeO bond break. The distances of
dissociating CeO bond are 2.336, 2.297 and 2.455 Å in the transition
states TS10-1, TS10-2 and TS10-3. In these dissociation reactions, the
activation barriers of 124.6, 130.1 and 167.2 kJ∙mol−1 are required to
be provided by the system. For Path5, as mentioned in Path2, CHO first
hydrogenates to form CHOH; then, starting from CHOH + H, CH2OH is
formed via the transition states TS11-1, TS11-2 and TS11-3. In these
transition states, the distances of C atom from H atom are 1.717, 1.723
and 1.717 Å when sulfur coverage increasing from 1/16 to 3/16 ML.
The elementary reactions at different sulfur coverage require to over-
come the activation barriers of 63.0, 49.2 and 51.0 kJ·mol−1 and they
are all exothermic by 47.4, 62.8 and 60.7 kJ·mol−1, respectively.
Further, CH2OH decomposes into the products CH2 and OH through the
CeO bond scission just same as that mentioned in Path4.

On the basis of the above results, we plotted Fig. 6(b) which pre-
sents the highest barriers of the three reaction pathways for CH2 for-
mation on sulfur covered Cu(1 1 1). It can be clearly seen that no matter
what the sulfur coverage is, the possible main reaction pathway for CH2

formation is not changed. Path4 is still the main route responsible for
the formation of CH2, but the rate-limiting steps are changed. In Path4
they are CH2OH → CH2 + OH at all sulfur coverage, while it is
CH2O + H → CH2OH on clean Cu(1 1 1) surface [30]. The highest
barriers of the main reaction pathways are higher than that obtained on
clean Cu(1 1 1) surface. In addition, compared Path4 and Path5, the
presence of sulfur has the largest impact on Path3. The highest barrier is
raised by 80 kJ∙mol−1 since the appearance of sulfur and remains al-
most unchanged while sulfur coverage increasing from 1/16 to 3/
16 ML.

3.2.4. CH3 formation
Beginning with CHO or CHO + H, five possible reaction pathways

are responsible for CH3 formation on sulfur covered Cu(1 1 1) surfaces.
Table 1 and Fig. 7(a) provide the activation barriers and transition
states involved in CH3 formation, respectively. The detailed potential
energy profiles are shown in Fig. S4.

For Path6, as mentioned in Path3, CH2O is firstly formed by CHO
hydrogenation; then, the bond breaking of CeO in CH2O with hy-
drogen-assisted can result in forming CH3. These elementary reactions
go through the transition states (TS12-1, TS12-2 and TS12-3) to form
CH3 with the activation barriers of 219.9, 256.9 and 240.2 kJ∙mol−1 on
sulfur covered Cu(1 1 1) when the coverage is 1/16, 2/16 and 3/16 ML,
respectively. Correspondingly, the bond lengths of dissociating CeO
and forming CeH are 2.109 and 2.300 Å in TS12-1 at 1/16 ML, 2.907
and 2.175 Å in TS12-2 at 2/16 ML, 2.182 and 1.076 Å in TS12-3 at 3/
16 ML, respectively. For Path7, based on Path3, the intermediate CH2O
can be hydrogenated to form CH3O via the transition states TS13-1,
TS13-2 and TS13-3. The bond lengths of C atom from H atom are 1.806,
1.878 and 1.891 Å in these transition states. For these hydrogenation
reactions, the activation barriers of 99.2, 92.7 and 94.0 kJ∙mol−1 need
provide by the system. Obviously, the presence of sulfur increases the
activation barriers of R13 significantly compared with clean Cu(1 1 1)
surface of 34.7 kJ∙mol−1, more importantly, there are little changed

when increasing sulfur coverage from 1/16 to 3/16 ML. Then, CH3O
decomposes into the products CH3 and O via the CeO bond break, and
the lengths of CeO bond are 2.327, 2.342 and 2.683 Å in the transition
states TS14-1, TS14-2 and TS14-3, respectively. These decomposition
reactions at different sulfur coverage need the activation barriers of
201.8, 201.9 and 246.3 kJ∙mol−1. For Path8, as mentioned in Path7,
CH3O is first formed by CHO hydrogenation; then, the following step is
the bond breaking of C-O in CH3O with hydrogen-assisted to form CH3

and OH. The C-O bond lengths are 2.269, 2.291 and 2.156 Å in the
transition states (TS15-1, TS15-2 and TS15-3) and the activation bar-
riers of the steps occurring at different sulfur coverage are 289.5, 303.5

Fig. 7. The (a) transition states and (b) variation of the highest barriers for CH3

formation at different sulfur coverage.
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and 308.9 kJ∙mol−1. As for Path9, based on Path4, CH2OH is firstly
formed by CHO hydrogenation; after that, the bond cleavage of CeO in
CH2OH with hydrogen-assisted can lead to CH3 formation through the
transition state TS16. These processes at different sulfur coverage have
the activation barriers of 117.6, 123.7 and 127.0 kJ·mol−1 and they are
all found to be exothermic by 78.1, 79.5 and 53.9 kJ·mol−1, respec-
tively. For Path10, as mentioned in Path5, CH2OH is first formed by
CHO hydrogenation; finally, the breaking of CeO bond in CH2OH with
hydrogen-assisted can result in forming CH3 and OH, just as described
in Path9.

Fig. 7(b) plots the highest barriers of the five reaction pathways for
CH3 formation on sulfur covered Cu(1 1 1). It is obvious that the pre-
sence of sulfur has some influence on the formation of CH3. According
to the highest barriers in Fig. 7(b), the optimal reaction routes for CH3

formation are Path9 at 1/16 and 3/16 ML sulfur coverage, Path7 and
Path9 at 2/16 ML sulfur coverage, however, Path7, Path8 and Path9 are
the possible main pathways for CH3 formation on clean Cu(1 1 1)
surface because of the little difference of highest barriers. Interestingly
enough, although the optimal reaction pathways of CH3 formation are
changed when sulfur is present in the reaction system, there is no
variation in the rate-limiting steps of the five possible pathways. In
addition, the highest barriers of all reaction routes for CH3 formation
are increased due to the presence of sulfur. The highest barriers of the
optimal reaction pathways are higher than that on clean Cu(1 1 1)
except at 3/16 ML sulfur coverage.

3.2.5. Favorable CHx(x = 1–3) monomer
The dominant CHx(x = 1–3) species are obtained at different sulfur

coverage based on the highest barriers of the optimal reaction routes.
As plotted in Fig. 8, at 1/16 ML sulfur coverage, the highest barriers of
the optimal reaction routes for CH, CH2 and CH3 formation are 158.5,
90.5 and 83.5 kJ·mol−1. Hence, CH2 and CH3 are the dominant
CHx(x = 1–3) species, which are consistent with those on clean Cu
(1 1 1) [30]. However, the dominant CHx(x = 1–3) species are only
CH3 when increasing sulfur coverage up to 2/16 and 3/16 ML, in-
dicating that the dominant CHx(x= 1–3) species are changed from CH2

and CH3 to CH3 under the influence of sulfur. Except for Path9, the
highest barriers of possible reaction pathways for CHx(x = 1–3) for-
mation are all raised on sulfur covered Cu(1 1 1) surfaces, but an in-
teresting phenomenon is that there are a little changed for CH and CH2

formation when increasing sulfur coverage from 1/16 to 3/16 ML.
Fig. 9 presents the potential energy profile for hydrogenation and

dissociation of the dominant CHx(x = 1–3) species together with the
transition states at different sulfur coverage. The detailed structures of
reactants, transition states and products are shown in Fig. S5. At 1/
16 ML sulfur coverage, CH2 hydrogenation is easier than other related

reactions, which has the activation barrier of 66.2 kJ·mol−1 required to
be overcome. The dissociation reactions of CH3 at different sulfur
coverage have the activation barriers of 160.5, 157.6 and
174.6 kJ·mol−1, respectively, which are higher than that on clean Cu
(1 1 1) with a value of 119.0 kJ·mol−1. Meanwhile, it can be found that
the dissociation of CH3 heavily inhibited after sulfur pre-adsorbed on
Cu(1 1 1) compared to that on clean surface, but there is only a slight
variation with the increasing of sulfur coverage.

3.2.6. Summary
Based on the above calculation results, it can be found that the

presence of sulfur has influence on the mechanism of CHx(x = 1–3)
formation, especially for CH3 formation. CO is mainly hydrogenated to
form CHO on sulfur covered Cu(1 1 1) surfaces as on clean Cu(1 1 1).
Starting from CHO or CHO + H, the optimal reaction pathways for CH
and CH2 formation are not changed at all sulfur coverage compared
with clean Cu(1 1 1), and the rate-limiting steps for CH formation are
also not changed. But the rate-limiting steps for CH2 formation are
CH2OH → CH2 + OH and CH2O + H → CH2OH in the presence and
absence of sulfur, respectively. As for CH3 formation, although the
optimal reaction pathways are related to sulfur coverage, the rate-
limiting steps of each reaction pathway still remain unchanged whether
or not sulfur exists. With sulfur increasing in the reaction system, the
dominant CHx(x = 1–3) species are changed from CH2 and CH3 at 1/
16 ML sulfur coverage to CH3 at 2/16 and 3/16 ML sulfur coverage.

3.3. Geometric and electronic structures analysis

In order to investigate the reasons for the change of adsorption
energy, we have analyzed the surface geometric structures for each
sulfur coverage, but the analysis reveals an unexpected result which is
shown in Fig. 10. The lengths of CueCu bond of the most stable ad-
sorption site at 1/16 and 2/16 ML sulfur coverage are shorter than that

Fig. 8. The highest barriers of the optimal reaction routes for CH, CH2 and CH3

formation at different sulfur coverage.

Fig. 9. The potential energy profile for hydrogenation and dissociation of the
dominant CHx(x = 1–3) species together with the transition states at different
sulfur coverage.

H. Lian, et al. Applied Surface Science 509 (2020) 145246

9



on clean Cu(1 1 1), oddly enough, it almost has no change at 3/16 ML.
Similar phenomenon has been reported in previous study [25] which
was found the non-monotonous variation between the metal-metal
distances and low sulfur coverage. Apart from geometric analysis, some
representative surface species C, CO and CHOH were selected for the
Mulliken charge analysis, as listed in Table 2. It can be observed that
the number of charge transferred from CHOH to Cu surfaces has an
increasing trend with the increase of sulfur coverage, and the result
described above can explain the variation of the adsorption energies for
CHOH at different sulfur coverage. Normally, the strength of the in-
teraction between adsorbate and substrate is related to charge transfer.
The adsorption energies of C or CO on sulfur covered Cu(1 1 1) surfaces
exhibit a decreasing trend, while the number of charge transferred from
C or CO to Cu surfaces show an increasing trend. It is worth noting that
the adsorption strength is not only dependent on charge transfer, but
also affected by adsorbates, adsorption sites and direction of charge
transfer [50]. For example, Wang and co-workers [51] reported that the
adsorption strength of sulfur species on Pt(1 1 1) was the order in
S > SH > H2S even if the number of charge transferred from sulfur
species to metal surface was the exact opposite order in
H2S > SH > S.

In spite of this, it is still impossible to explain why a single sulfur
atom causes dramatic changes in the adsorption energies of surface
species involved in CHx(x = 1–3) formation, but there are no sig-
nificant changes with the increase of sulfur coverage. So what are the
main reasons for the changes of adsorption energy at different sulfur
coverage will be investigated and discussed in our next work.

4. Conclusion

The effect of sulfur on CHx(x = 1–3) formation from CO hydro-
genation has been investigated using DFT calculations on Cu(1 1 1).

The adsorption energies of most surface species are heavily reduced
after a sulfur atom pre-adsorbed on Cu(1 1 1) surface compared with
those on clean Cu(1 1 1), and the variation of the adsorption energies is
little when sulfur coverage increases up to 2/16 and 3/16 ML. In ad-
dition, CO is mainly hydrogenated to form CHO whether or not sulfur
exists on Cu(1 1 1). Starting from CHO, the optimal reaction routes for
CH and CH2 formation are not changed at all sulfur coverage compared
with clean Cu(1 1 1), while they are related to sulfur coverage for CH3

formation. With sulfur increasing in the reaction system, the dominant
CHx(x = 1–3) species are changed from CH2 and CH3 at 1/16 ML sulfur
coverage to CH3 at 2/16 and 3/16 ML sulfur coverage. This work
provides an insight for understanding the effect of pre-adsorbed sulfur
on CHx(x = 1–3) formation from synthesis gas reaction over Cu(1 1 1)
surface.
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