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A B S T R A C T

Understanding the diffusion mechanism of Cu cluster over Cu surface is one of the important issues to predict
and improve the stability of Cu-based catalyst. The diffusion of Cu adatom, Cu2 and Cu3 cluster over Cu(111)
surface under different atmospheres (vacuum, CO, H2 and H2S atmosphere) at different temperatures have been
investigated using density functional theory calculations. The results suggest that CO accelerates Cu surface
diffusion at different temperatures, while H2 atmosphere has little effect depending on the temperature. Further,
under H2S atmosphere, the negative formation energy of Cu-S complexes indicate that Cu-S species are more
facile to form on Cu(111) surface. The diffusivity of CuS complex increases significantly with the decreasing of
temperature and the increasing of H2S concentration, which suggests that ppm H2S results in the fast sintering of
Cu surface significantly. This is consistent with the experimental result.

1. Introduction

Nowadays, much attention has been focused on the alcohol synth-
esis from syngas (CO+H2), which has been regarded as one of the
most promising technologies to provide the clean synthetic fuel [1,2].
The Cu-based catalysts are widely used for alcohol synthesis, such as
methanol [3,4], ethanol [5,6], and even higher alcohols [7–9]. Mean-
while, great efforts have been devoted to establish the detailed struc-
ture-activity relationships of Cu-based catalysts in our and other groups
[10–13]. However, Cu-based catalysts become deactivated easily
during the operation owing to the sintering of Cu nanoparticles
[14–18]. Therefore, improving the stability and understanding the
sintering mechanism of Cu-based catalysts is also important.

Sintering corresponds to the process that the growth of catalyst
particles starts from the smaller particles in heterogeneous catalysis,
which is complicated and can be affected by not only the operating
temperature but also the gas atmosphere [19–21]. In experiment, the
catalyst deactivation rate is closely related to the gas-induced sintering
[22–24]. The studies by Kuechen et al. [25] indicates that the deacti-
vation rate strongly depends on the ratio of CO and CO2 in the feed gas
composition, and concludes that the presence of CO enhances the sin-
tering of Cu particles by measuring the activity for 200–400 h over Cu
catalyst. On the contrary, the deactivation rate of Cu-based catalyst
increases in CO2-rich feed rather than CO-rich feed during methanol
synthesis due to the growth of Cu particle [26]. Sun et al. [27] found an

accelerated deactivation by observing the activity of Cu catalyst for
50 h at 523 K as the mixed gas pressures of CO, CO2 and H2 increase.

On the other hand, it is well-known that sulfur-containing species
significantly affect the catalyst stability in industrial syngas. For Cu-
based catalyst, the sulfur-containing species can react readily with Cu
metal surface, which slows down the rate of the reaction and deacti-
vates the catalyst [28,29]. Importantly, only the trace amounts of sulfur
will cause the catalyst deactivation. The deactivation mechanism is
often attributed to the strong adsorption ability of sulfur [30,31], which
occupies or affects the active site of catalyst. For example, trace
amounts of S can occupy or affect small amounts of defect sites of Ni
catalyst completely [32]. However, this mechanism cannot explain that
why the trace amounts of S species can poison so much flat active sites
on Cu catalyst. Therefore, the deactivation mechanism of Cu catalyst
caused by S is still unclear. Further, much related studies have been
carried out for solving the issue. Ling et al. [33] found that less than
0.01 monolayer of S can enhance surface self-diffusion by several orders
of magnitude on Cu(111) surface, and the measured decay rate
speedups with the increase of S coverage using low energy electron
microscopy (LEEM) and scanning tunnel microscope (STM). Feibelman
[34] and Walen et al. [35] attributed the promotion of surface sintering
to Cu-S complex and supposed that Cu-S complex can enhance mass
transport on Cu surface.

At present, there are the popular sintering mechanisms: (i) diffusion
and coalescence, where clusters diffuse over the metal surface followed
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by coalescence [36]; (ii) ostwald ripening mechanism, where cluster
emitted from one particle diffuses over the support (ZnO in Cu-based
catalyst) and are captured by another particle [20]. Furthermore, the
diffusion and coalescence mechanism on metal surface attracts more
and more attentions [36,37]. In 1999, the studies of Horch et al. show
that the mobility of Pt-H complex increases markedly on the clean Pt
(110) surface and the bound H atom decreases the diffusion barrier
compared to the Pt adatom alone using STM and density functional
theory (DFT) calculations [38]. Subsequently, DFT studies by Shen
et al. [39] indicate that the Ag-S complexes involving AgS2, Ag2S2,
Ag2S3, and Ag3S3 can potentially lead to the enhanced metal mass
transport across the surface, and confirmed that trace amounts of S
greatly enhance the coarsening of Ag adatom on Ag(111) surface. Re-
cently, Nakao et al. [40] used DFT method to confirm that the forma-
tion of NiS complex affects the sintering behavior of Ni(111) depending
on the temperature and the impurity H2S concentration in the solid
oxide fuel cell. More importantly, the calculated results explained well
the experimental observation on Ni sintering under various tempera-
tures and H2S concentrations.

Nevertheless, as mentioned above, there are few theoretical studies
about the effect of CO and H2 atmosphere on Cu surface diffusion. More
importantly, although the experiments show that the S-containing
species can speedup surface Cu self-diffusion, there are few theoretical
works to clarify the effect of the S-containing species. As a result, the
effect of CO, H2 and H2S atmosphere on the surface Cu diffusion over
Cu catalyst are investigated as a function of temperature using the
density functional theory (DFT) calculations.

2. Computational details

2.1. Calculation methods and surface model

All calculations were performed by using the periodic DFT method
implemented in Vienna Ab Initio Simulation Package (VASP) [41,42].
Projector-augmented wave (PAW) method was used for the core elec-
trons and the generalized gradient approximation (GGA)-Perdew-
Burke-Ernzerhof (PBE) formalism was used for the exchange correlation
energy [43,44]. For the structure optimization, the wave functions were
expanded in the plane-wave basis with the cutoff energy of 400 eV, and
the electronic self-consistent cycle was converged to 5×10−6 eV, and
the forces were smaller than 0.01 eV/Å. In addition, the vibrational
frequency is analyzed using the same convergence criteria. And all the
relaxed atoms in the structure optimization are analyzed. No imaginary
frequencies are observed in the stable structures. The calculated zero-
point energy (13.21 kJ·mol−1) of CO molecule agrees well with the
reported value (12.98 kJ·mol−1) [45], which suggests the parameters
for vibrational analysis are proper.

In order to locate the transition states for the diffusion of Cu species
between the most stable and secondary stable sites on Cu(111) surfaces,
the Climbing-Image Nudged Elastic Band method (CI-NEB) [46,47] was
performed to obtain the minimum energy path between the most stable
and secondary stable sites. The forces were less than 0.01 eV/Å. The
transient state structure is confirmed with only one imaginary fre-
quency.

The bulk structure of face-centered cubic Cu was optimized to ob-
tain the lattice constant of 3.524 Å, which is close to the experimental
value of 3.620 Å [48]. To model the diffusion of Cu species, four-layer
Cu(111) slab surface with an vacuum thickness of 10 Å is constructed,
in which the bottom layer was fixed, while the top three layers were
relaxed. The size of surface slab was prepared by using p(3× 3) and p
(6× 6). A 3×3×1 k-point is used in all calculations. Further, to
model the diffusion of Cu species, Cu clusters within three atoms have
been considered. The size can reflect the diffusion process of Cu species
sufficiently and the calculation cost is also acceptable
[20,36,38–40,49].

2.2. Diffusivity

The diffusivity [50,51], DM, (be also called the ‘‘mass transfer dif-
fusivity’’), is represented by the concentration Ceq and the intrinsic
diffusivity DI of diffusion species, normalized by the concentration of
substrate atoms Csub:

D D
C
Csub

M I
eq=

(1)

where Ceq and Csub are the concentration of diffusion species on sub-
strate and substrate atoms, respectively; DI is the intrinsic diffusivity of
single diffusion species. The larger diffusivity DM indicates the larger
collision probability between diffusion species and promotes sintering
of the catalyst. By the definition of DM in Eq. (1), the diffusivity can
decompose into two temperature-dependent factors for the diffusion
species: one is the intrinsic diffusivity DI, the other is the ratio of the
equilibrium concentration C

C
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where R is the gas constant, T is the absolute temperature, D0I is the pre-
exponential factor of diffusion, ΔGform and Ea is the Gibbs formation
energy of diffusion species and the activation energy of the diffusion,
respectively. Then, the change of Gibbs formation energy is represented
by the Eqs. (4) and (5):

G G G G Gn mform diff/surf surf gas bulk= (4)
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c

gas gas= + = + + (5)

where Gdiff/slab is the Gibbs free energy of Cu surface with diffusion Cu
species, Gsurf is the Gibbs free energy of Cu surface, Ggas and Gbulk are
the Gibbs free energy of the gas species and the atom in the bulk, re-
spectively, and n and m represents the number of gas molecule and Cu
atom within Cu species, respectively; Ggas(T) is the Gibbs free energy of
the gas species at certain temperature T, P and Pθ represent the partial
and standard partial, respectively. And the related data about the Gibbs
free energy correction (G )gas

c of the gas are presented in Table S3. In
addition, note that we assume bulk state as the reference state of sur-
face Cu species. The enthalpy and entropy terms were calculated from
vibrational frequency to study the effect of the temperature on Gibbs
free energy. The zero point vibrational energy was also considered. The
smaller ΔGform, the easier Cu species formed and the more Cu species
exist on surface.

The pre-exponential factor D0I [52] for single diffusion species is
given by Eq. (6):

D
n L

d
v
v2

i
N

i

j
N

j
0I

p
2

1
3

1
3 1= =

= (6)

where np is the number of equivalent diffusion pathways, L is the dif-
fusion distance, and d is the dimension of diffusion (in the case of
surface diffusion, d equals to 2), vi and vj were vibrational frequencies at
equilibrium and transition state structures, respectively.

3. Results and discussion

3.1. Diffusivity of Cu species under vacuum atmosphere

In order to evaluate the effect of gas atmosphere on Cu diffusion
over Cu(111) surface, as a comparison, the diffusivity of Cu species
under vacuum condition is firstly examined. Here, three kinds of Cu
species are considered: Cu adatom, Cu2 and Cu3 clusters.

For Cu adatom, Cu2 and Cu3 clusters, the different adsorption
structures at the top, bridge, fcc and hcp site on Cu(111) surface have
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been considered. The optimized structures and the corresponding for-
mation free energy at 0 K are shown in Fig. 1 and Table 1, respectively.
Seen from Table 1, the lowest formation energies of Cu and Cu2 cluster
are 87.51 and 150.42 kJ·mol−1, respectively, which agree with the re-
ported values by Rasmussen et al. [20] and Liu et al. [53]
(77.19 kJ·mol−1 for Cu and 123.50 kJ·mol−1 for Cu2). The formation
energy of Cu3 cluster are 160.61 and 160.72 kJ·mol−1 at the hcp and fcc
site, respectively. The results show that the most stable sites of Cu
adatom and Cu2 cluster over Cu(111) surface are the fcc site, which
agree well with the results by Liu et al. [53] and Rasmussen et al. [20],
while Cu3 cluster prefers to adsorb at both fcc and hcp site considering
the similar formation energies. The secondary stable site is the bridge
one. All Cu species initially adsorbed at the top site migrates to the
three-fold site after geometry optimization. Thus, the diffusion of these
Cu species may happen at the bridge site rather than that at the top site.
Further, as shown in Table 1, Cu2 and Cu3 clusters are less stable by
62.91 and 73.23 kJ·mol−1 than Cu adatom, therefore, Cu adatom is
more easier to form, namely, the most abundant species on Cu(111)
surface at 0 K under vacuum condition.

For the effect of the temperature on the formation of Cu species, the
temperature dependence of formation energy of Cu species was plotted,
as shown in Fig. 2. As the temperature increases, the formation free

energy of Cu adatom and Cu2 cluster became smaller slightly, while that
of Cu3 cluster became larger, which can be attributed to the increasing
of the negative entropy change (see Fig. S1). The results indicate that as
the temperature increases, the formation of Cu adatom and Cu2 cluster
become easier compared to that of Cu3 cluster under the vacuum con-
dition. Further, Cu adatom is the most abundant species over Cu(111)
surface at the temperature range from 273 to 1100 K.

Furthermore, the diffusion paths of three Cu species between the
most stable and the secondary stable site have been studied, and the
optimal energy path and the configurations for diffusions of Cu adatom,
Cu2 and Cu3 cluster are shown in Fig. 3. The diffusion path of Cu
adatom is very simple, in which Cu adatom migrates from the three-fold
fcc to hcp site via the bridge site with the activation barrier of
7.89 kJ·mol−1 on Cu(111) surface. The studies by Liu et al. [53] and

(a) (b) (c) 

Cu(111) Cu cluster 

Fig. 1. The optimized structure for (a) Cu adatom, (b) Cu2 cluster, and (c) Cu3
cluster on Cu(111) surface.

Table 1
The formation free energy (Eform/kJ·mol−1) of Cu adatom, Cu2 cluster, and Cu3
cluster at the fcc and hcp sites of Cu(111) surface at 0 K.

Clusters The formation free energy

fcc hcp

Cu adatom 87.51 88.19
Cu2 cluster 150.42 152.06
Cu3 cluster 160.72 160.61
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Fig. 2. The formation free energy of Cu adatom, Cu2 and Cu3 cluster on Cu(111)
surface at different temperatures.

Fig. 3. The optimal energy path of surface diffusion for (a) Cu adatom, (b) Cu2
cluster, and (c) Cu3 cluster on Cu(111) surface together with the optimized
structures of initial, transition, and final states. The imaginary frequencies (v/
cm−1) are listed in the parentheses.
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Rasmussen et al. [20] shows that the diffusion barrier of Cu on Cu(111)
surface is below 10 kJ·mol−1, which accords with the result
(7.89 kJ·mol−1). In the case of Cu2 cluster, the path goes through two
sequential transition states; one of two Cu atoms adsorbed at the fcc site
firstly crosses the bridge site with the activation barrier of
5.54 kJ·mol−1, then, it ends at the hcp site in the final state. Next, the
other Cu atom also moves across the bridge site to a hcp site with an
activation barrier of 3.77 kJ·mol−1. In the other path that both Cu
atoms move simultaneously from two fcc sites to two hcp sites via the
bridge sites, the activation barrier is 10.65 kJ·mol−1. Thus, Cu2 cluster
diffusion prefers to the former path with the overall activation barrier
of 5.54 kJ·mol−1, which is similar with the diffusion barrier of
5.40 kJ·mol−1 for Cu2 cluster by Rasmussen et al. [20]. For the diffusion
of Cu3 cluster, three Cu atoms move simultaneously starting from the
hcp sites over three bridge sites to end at the fcc sites with an activation
barrier of 14.31 kJ·mol−1.

For the effect of the temperature on surface diffusion of Cu species,
the diffusivity of Cu adatom, Cu2 and Cu3 cluster are calculated by the
formation free energy, activation barrier, and pre-exponential factor.
The pre-exponential factors of Cu adatom, Cu2 cluster, and Cu3 cluster
are 3.40× 10−8, 6.90×10−9, and 2.45×10−9m2·s−1, respectively.
Fig. 4 presents the diffusivity of Cu species on Cu(111) surface under
vacuum condition. As the temperature increases, the diffusivity of Cu
adatom, Cu2 cluster, and Cu3 cluster becomes faster, and the diffusivity
of Cu adatom and Cu2 cluster are faster than that of Cu3 cluster.
Namely, Cu adatom and Cu2 cluster are responsible for Cu diffusion,
and the main diffusion Cu species depends on temperature on Cu(111)
surface.

3.2. Diffusivity of Cu species under CO atmosphere

To evaluate the effect of CO atmosphere on the surface diffusion of
Cu species, Cu-CO complexes including CuCO, Cu2CO, Cu2(CO)2,
Cu3CO, Cu3(CO)2, and Cu3(CO)3 complex have been calculated. Fig. 5
and Table 2 summarize the optimized structures and formation free
energy for each Cu-CO complex at 0 K.

Seen from Fig. 5, CO prefers to adsorb at the top site of Cu cluster.
As shown in Table 2, Cu3(CO)3 complex is the most abundant complex
with the lowest formation free energy of −146.66 kJ·mol−1 on Cu(111)
surface at 0 K under CO atmosphere. Further, the optimal energy path
for the diffusion of Cu3(CO)3 complex has been calculated to obtain the
diffusivity. However, we observed that CO has the trend of the se-
paration from Cu cluster in the diffusion process. Therefore, we further
consider the diffusion of Cu2(CO)2 complex due to the lower formation
energy (−66.45 kJ·mol−1), which is the second lowest among all of Cu-

CO complexes. In the structure of Cu2(CO)2 complex, two Cu atoms
adsorb at the fcc site with two adsorbed CO molecules at the top site of
Cu2 cluster.

Then, the optimal energy path for the diffusion of Cu2(CO)2 complex
from three-fold fcc to hcp sites via the bridge site on Cu(111) surface is
shown in Fig. 6. The corresponding activation barrier and the pre-ex-
ponential factor is 17.29 kJ·mol−1 and 2.73× 10−6m2·s−1, respec-
tively. Further, as shown in Fig. 7, as the temperature increases from
300 to 900 K, the diffusivity of Cu2(CO)2 complex decreases. However,
the diffusivity of Cu2(CO)2 complex grows exponentially (from 102 to
105) as CO pressure increases from 0.5 to 12.5 atm (the assumption that
Cu-CO complex on surface is an independent point without the mutual
interaction under different CO pressure), and is larger obviously the
diffusivity of Cu2 cluster (10−40–10−15) under vacuum condition.
Therefore, CO atmosphere significantly accelerates Cu surface diffusion
at different temperatures, which accords well with the results by Kue-
chen et al. [25].

3.3. Diffusivity of Cu species under H2 atmosphere

In order to evaluate the effect of H2 atmosphere on the surface
diffusion of Cu species and in view of the dissociative adsorption of H2

molecule into the adsorbed H atoms on Cu surface [54], Cu-H com-
plexes including CuH, Cu2H, Cu2H2, Cu3H, Cu3H2, and Cu3H3 complex
under H2 atmosphere have been calculated. Fig. 8 and Table 2 sum-
marize the optimized structures and formation free energy for each Cu-
H complex at 0 K.

Cu2H2 complex is the most abundant complex with the lowest for-
mation free energy of 88.48 kJ·mol−1 on Cu(111) surface at 0 K. As
shown in Fig. 8(b), two Cu atoms are adsorbed at the fcc site with one H
atom seating at the bridge site and the other at the three-fold site.
Further, the optimal energy path for the diffusion of Cu2H2 complex has
been calculated to obtain the diffusivity. As shown in Fig. 9, both of Cu
and H atoms are located at the bridge site in the transition state
structure. The corresponding activation barrier and the pre-exponential
factor is 9.81 kJ·mol−1 and 6.22×10−9m2·s−1, respectively. Further,
in order to conforms to gas composition (PH2/PCO=2) in the syngas
reaction, 1 and 25 atm are selected to study the diffusion of Cu species
under different H2 pressures. As shown in Fig. 10, compared to diffu-
sivity of Cu2 cluster under vacuum condition, the diffusivity of Cu2H2

complex slows down under different H2 pressures at high temperature
but increases at low temperature, which suggests the effect of H2 at-
mosphere on Cu surface diffusion depends on the temperature. On the
other hand, as the partial pressure of H2 increases from 1 to 25 atm (the
assumption that Cu-H complex on surface is an independent point
without the mutual interaction under different H2 pressure), there are
slightly change for diffusivity of Cu2H2 complex, indicating that H2

atmosphere has little effect on surface diffusion of Cu species over Cu
(111) surface. Compared to Pt and Ni catalyst that hydrogen accelerates
Pt and Ni surface diffusion [39,55,56], Cu catalyst performs the re-
sistance of sintering caused by H2 atmosphere.

3.4. Diffusivity of Cu species under H2S atmosphere

Under H2S atmosphere, we focus a system where there is a small
amount of H2S gas on Cu(111) surface, which does not lead to the
formation of copper sulfide and isolated Cu adatom is negligible. Then,
H2S can potentially combine with Cu adatom from the step site to form
Cu-S complex. Similarly, considering the dissociative adsorption of H2S
molecule on Cu surface [57], six Cu-S complexes involving CuS, Cu2S,
Cu2S2, Cu3S, Cu3S2, and Cu3S3 complex have been considered. In ad-
dition, Cu2S3 complex, as observed by Walen et al. [35] using STM, is
also considered in this study. Fig. 11 and Table 2 show the optimized
structures and the formation free energy for each Cu-S complex at 0 K.

As listed in Table 2, the negative formation free energies of each Cu-
S complex indicate that S atom is more facile bind to Cu species to form
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the stable Cu-S complex than CO molecule and H atom. Further, as the
number increasing of S atom in Cu-S cluster within the same size, the
formation free energy becomes more negative, which suggest Cu-S
cluster become more easily formed as the concentration of H2S in-
creases. Walen et al. [35], Feibelman [34] and Liu et al. [58] using DFT
method also study the formation of Cu-S cluster on Cu(111) surface.
Although the formation energies of Cu-S cluster in this study cannot be
compared with those directly owing to the different references, the
small formation energies [34,35,58] indicate the formation of Cu-S

cluster is very facile, and especially, the formation energies of Cu-S
cluster become smaller with the increasing number of S atom [35],
which accords well with our results. Meanwhile, the adsorption of
isolated S atom on Cu(111) surface is also calculated and the adsorption
energy of −226.96 kJ·mol−1 indicates the strong interaction between S
species and Cu metal, which can stabilize Cu-S complex and make Cu-S
complex become the abundant surface diffusion species. Moreover, it
can be found that Cu2S3 complex is the most abundant Cu-S species
with the lowest formation free energy of −775.97 kJ·mol−1 on Cu(111)
surface at 0 K under H2S atmosphere, which confirm the experimental
result [35]. However, considering the larger and stable Cu-S clusters
can form from Cu adatom [59–61], as a result, we focused on the for-
mation and diffusion of CuS complex to represent Cu-S complex.

As shown in Fig. 11(a), in the structure of CuS complex, Cu and S
atom adsorb at the opposite fcc and hcp site, respectively. The forma-
tion free energy is −162.87 kJ·mol−1. Further, based on these calcu-
lated results, the optimal energy path for the diffusion of CuS complex
has been calculated. As shown in Fig. 12, in the initial state, Cu and S
atom adsorb at the fcc and the opposite hcp site, respectively; then, CuS
complex moves simultaneously to the nearest three-fold sites via the
transition state, in which Cu and S atoms adsorb at the bridge and the
diagonal top site, respectively. The corresponding activation barrier
and pre-exponential factor of CuS complex is 51.01 kJ·mol−1 and

(a) (b) (c) 

(d) (e) (f) 

Fig. 5. The optimized structure for (a) CuCO, (b) Cu2CO, (c) Cu2(CO)2, (d) Cu3CO, (e) Cu3(CO)2, and (f) Cu3(CO)3 complexes on Cu(111) surface.

Table 2
The formation free energy (Eform/kJ·mol−1) of different Cu-CO, Cu-H and Cu-S
complexes over Cu(111) surface at 0 K under the corresponding CO, H2, and
H2S atmosphere, respectively.

Cu-CO Eform Cu-H Eform Cu-S Eform

CuCO −24.54 CuH 92.92 CuS −162.87
Cu2CO 42.40 Cu2H 110.19 Cu2S −117.90
Cu2(CO)2 −66.45 Cu2H2 88.48 Cu2S2 −399.14
Cu3CO 59.47 Cu3H 135.08 Cu3S −142.51
Cu3(CO)2 −44.12 Cu3H2 117.42 Cu3S2 −420.67
Cu3(CO)3 −147.06 Cu3H3 93.30 Cu3S3 −759.92

Cu2S3 −775.97

Fig. 6. The optimal energy path of surface diffusion for Cu2(CO)2 cluster on Cu
(111) surface together with the optimized structures of initial, transition, and
final states. The imaginary frequencies (v/cm−1) are listed in the parentheses.
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6.57×10−8m2·s−1, respectively.
Further, considering the ppm level of S poisons Cu catalyst, the

surface diffusivities of CuS complex under 0.1, 1 and 10 ppm H2S have
been shown in Fig. 13. The diffusivity of CuS complex under different
H2S concentrations is far higher than that of Cu adatom under vacuum
condition and increases rapidly as the temperature decreases from 1100
to 800 K, suggesting the addition of sulfur accelerates surface diffusion
of Cu species. The increasing surface diffusion of Cu species further
leads to the aggregation and sintering of Cu surface under H2S atmo-
sphere, which are in keeping with other studies [34,35,58]. Therefore,
the S-containing species can accelerate the sintering of Cu surface. On
the other hand, as the H2S concentration increases from 0.1 to 10 ppm,
the diffusivity of CuS complex becomes faster, suggesting that Cu sur-
face is extremely sensitive to the S-containing impurities, and performs
lower sulfur tolerance with only ppm levels.

Experimentally, Chai et al. [62] observed the different levels of
deactivation for the Cu-based catalysts after pulsing 0.5–1.0 ppm H2S in
the methanol synthesis, which reveals that Cu-based catalyst has lower
sulfur tolerance and could be sensitive to the S-containing impurities.
Ma et al. [63] measured CO conversion within 3 ppm H2S for methanol
synthesis from syngas over the Cu catalyst at 513 K, indicating that CO
conversion decreases from 24.5% to lower than 1%, and the catalyst
deactivates sharply under the S-containing species atmosphere. Beale
et al. [64] also use chemical imaging methods to find that the higher the
H2S concentration is, the greater the extent of deactivation of Cu cat-
alyst is. Our results can provide a reasonable interpretation for the
deactivation observed in experiment indirectly. In addition, the copper
sulfide phase may form under the higher H2S concentration, for ex-
ample, Ma et al. [63] observed the copper sulfide phase under the at-
mosphere of 30 ppm of H2S. However, the formation of copper sulfide
phase is beyond our research in this study. And it might be necessary to
understand the formation of copper sulfide phase in the future work.

4. Conclusions

In this study, the diffusivity of Cu species on Cu(111) surface under
vacuum atmosphere, as well as CO, H2 and H2S atmosphere have been
examined using DFT calculations. Under vacuum condition, the diffu-
sivity of Cu adatom, Cu2 cluster, and Cu3 cluster become faster with the
increasing of the temperature. However, the diffusivity of Cu adatom
and Cu2 cluster are faster than that of Cu3 cluster at different tem-
peratures, which indicates that Cu adatom and Cu2 cluster are re-
sponsible for Cu transport on Cu(111) surface. Under CO atmosphere,

(b) (c) 

(d) (e) (f) 

(a) 

Fig. 8. The optimized structure for (a) CuH, (b) Cu2H, (c) Cu2H2, (d) Cu3H, (e) Cu3H2, and (f) Cu3H3 complexes on Cu(111) surface.

Fig. 9. The optimal energy path of surface diffusion for Cu2H2 cluster on Cu
(111) surface together with the optimized structures of initial, transition, and
final states. The imaginary frequencies (v/cm−1) are listed in the parentheses.

200 400 600 800 1000 1200

-35

-30

-25

-20

-15

Cu
2
 cluster

 Cu
2
H

2
 complex (1 atm H

2
)

 Cu
2
H

2
 complex (25 atm H

2
)

Temperature (K)

L
og

(D
/m

2 ·s
-1

) 

Fig. 10. The diffusivity of Cu-H complex on Cu(111) surface with different H2

partial pressures at different temperatures.
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as the CO pressure increases and the temperature decreases, the diffu-
sivity of Cu2(CO)2 complex increases and is larger than the diffusivity of
Cu2 cluster, suggesting CO atmosphere can accelerate Cu surface dif-
fusion significantly. Under H2 atmosphere, the diffusivity of Cu2H2

complex change slightly as H2 pressure increases, the main diffusion

species is Cu2H2 complex at low temperature while Cu2 cluster at the
high temperature, suggesting that the effect of H2 atmosphere on Cu
surface diffusion is weak and depends on the temperature.

For the impurity H2S in feed gas, the negative formation free en-
ergies indicate that Cu-S complexes are easy to form on Cu(111) sur-
face. Ppm H2S accelerates the diffusivity of CuS complex significantly
within the decreasing of temperature and the increasing of H2S con-
centration. Therefore, Cu surface is extremely sensitive to the S-con-
taining species, and performs lower sulfur tolerance, which agrees well
with the experimental results. Importantly, the study gives out the
microscopic mechanism at the molecular level that why only ppm levels
H2S leads to the sintering of Cu surface, the complete removal of S-
containing impurities in the feed gas is necessary to prevent the sinter
of Cu surface considering the high sensitivity to sulfur on Cu-based
catalysts.
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