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A  mechanistic  and  kinetic  study  about  the  adsorption  and  dissociation  of H2S  on  different  types  of
CuO(111)  surfaces,  including  the  stoichiometric,  reduced  and  sulfurized  surfaces,  has  been  carried  out  to
probe  into  the  structure  sensitivity  for  H2S adsorption  and  dissociation.  Here,  density  functional  theory
calculations  have  been  employed.  Our  results  show  that sulfur-containing  species  (H2S, SH  and  S)  domi-
nantly  interact  with  the surface  Cu via  S atom,  and  H  is mainly  adsorbed  at  the  outermost  surface  oxygen
site.  H2S  dominantly  exists  in the  form  of  dissociative  adsorption  leading  to SH  and  H species,  meanwhile,
a  small  quantity  of molecular  adsorption  H2S also  exist  on  these  surfaces.  The  complete  dissociation  of
molecular  adsorption  H2S on three  CuO(111)  surfaces  clearly  show  that the  overall  dissociation  process  is
exothermic,  the stoichiometric  surface  is  the  most  favorable;  the  sulfurized  surface  suppresses  the H  S
bond activation  and  dissociation.  Consequently,  the  catalytic  activity  toward  molecular  adsorption  H2S
dissociation  follows  the  order:  Stoichiometric  >  Reduced  >  Sulfurized  surface,  which  have  been  also  con-
firmed  by  projected  density  of states  (pDOS),  d-band  analysis,  and  the  inter-atomic  distances.  Therefore,

H2S  dissociation  over  CuO(111)  surface  is a structure-sensitive  reaction,  the  effect  of  surface  structure
on  H2S  adsorption  and  dissociation  may  play  an important  role  in improving  high-performance  H2S  gas
sensors,  in  which  molecular  adsorption  H2S can  be detected  on  the  sulfurized  surfaces.  In addition,  the
vibrational  frequencies  of  the  adsorbed  H2S and SH species  on  these  surfaces  can  provide  a  theoretical

ental
guidance  for  the  experim

. Introduction

Acquiring a fundamental understanding about H2S interaction
ith the solid surfaces is crucial based on several reasons, firstly,
ost catalysts are deactivated or poisoned rapidly by H2S and SO2

n the process of heterogeneous catalysis [1–6]; secondly, H2S is
he most common impurities or byproduct in syngas, fossil fuels,
hemical feedstock and natural gas; thirdly, metal oxides are widely
elected as the sorbents to remove H2S [7–9]. Thus, the studies
bout H2S interaction with the metal oxides can provide funda-
ental insights into the poisoning effect of catalysts, and provide

 clue for designing H2S gas sensing [10–12].
Nowadays, theoretical and experimental studies about H2S
nteraction with metal oxides, including CuO [11–15], Cu2O
16–18], MgO  [19], Al2O3 [20], ZnO [21], CeO2 [22], ZrO2 [23], etc.,
ave been investigated, indicating that H2S, SH and S species mainly
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interact with surface metal. For different metal oxides, copper-
based oxides (Cu2O and CuO) have been widely used due to the
low cost and relatively high activity toward H2S dissociation.

For Cu2O surface, previous experimental studies [16] indicated
that H2S dissociative adsorption mainly attributes to the chemical
properties of exposed surface rather than the reaction conditions.
Then, the experimental studies by Lin et al. [17] showed that H2S
dissociation into SH species is spontaneous on Cu2O(111) surface.
Meanwhile, density functional theory (DFT) studies [18] investi-
gated the adsorption of H2S on Cu2O(111) surfaces with different
surface structures, suggesting that H2S is the dissociative adsorp-
tion on the reduced surface, and the existence of surface S atom
goes against the break of H S bond on the sulfurized surface.

For CuO surfaces, Ramgir and Steinhauer et al. [11,12] have pro-
posed that CuO presents a better response to H2S gas sensing, which
is used as an ideal material with high selectivity for H2S gas sensing.
Then, the experimental studies [16] confirmed that H2S is the disso-

ciative adsorption on CuO surface, which depends on the chemical
nature of exposed surface. Meanwhile, CuO-based sorbents are
highly efficient to remove H2S [13,14]. However, the underlying
mechanism of H2S interaction with CuO surface is still unclear at a
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olecular level; up to now, to the best of our knowledge, only Sun
t al. [15] have reported the adsorption and dissociation of molec-
lar adsorption H2S on the stoichiometric CuO(111) surface using
FT calculations, suggesting that S and H species are the most favor-
ble products, however, H2S dissociative adsorption has not been
dentified.

In reality, the oxygen-vacancies on metal oxide surfaces are eas-
ly formed, which leads to the surface reduction, and further alter
he catalytic reactivity [24]. Recent studies [25] have shown that the
eduction of CuO(111) surface leads to the lower activation barrier
f H2O dehydrogenation compared to the stoichiometric surface.
FT studies [21] found that the surface reduction on ZnO(10-10)

urface contributes to H2S dissociative adsorption, and the disso-
iated S atom prefers to adsorb at the reduced surface rather than
he stoichiometric surface. On the other hand, the effect of surface

odification by S atoms on H2S adsorption and dissociation has
een investigated on Au surfaces, indicating that the presence of

 atom promotes the first H S bond-breaking of H2S, and resists
he dissociation of SH group [26]. Yet, few studies about the H S
ond activation of H2S on the sulfurized CuO(111) surface have
een reported until now. Therefore, the behaviors of H2S adsorp-
ion and dissociation on the reduced and sulfurized CuO surfaces
re still ambiguous, it is necessary to probe into H2S adsorption and
issociation on different CuO(111) surfaces, as well as the effect of
urface structure on H2S adsorption and dissociation.

Due to the rapid dissociation of H2S in the experimental process,
ome important issues, such as the adsorption configurations and
issociation pathways of H2S on metal oxide surfaces, fail to be fully
haracterized; nowadays, DFT calculations have been proved to be

 powerful technique to explore the adsorption and dissociation
f small molecules on the solid surfaces, which can well illustrate
he underlying mechanism [15,18,21]. Thus, DFT calculations about
he behavior of H2S adsorption and dissociation on the surfaces of

etal oxide are valuable.
CuO(111) surface is the most stable and the dominantly exposed

urface of CuO under the realistic conditions, which has been widely
mployed as an ideal model to investigate the chemical properties
15,25,27,28]. Importantly, recent experimental studies showed
hat CuO(111) surface exhibits the predominant surface catalytic
ctivity toward H2S dissociation [29]. Therefore, in this study, three
ypes of CuO(111) surfaces, including the stoichiometric, reduced
nd sulfurized surfaces, have been employed to probe into the
ffect of surface structure on the behavior of H2S adsorption and
issociation using DFT calculations. The adsorption energies and
he stable adsorption configurations of H2S, SH, S and H species
ave been firstly examined over different CuO(111) surfaces; then,

 mechanistic and kinetic study about the complete dissociations
f molecular adsorption H2S have been investigated, and the ener-
etic of every elementary step is analyzed. Further, the effect of
uO(111) surface structures on the behaviors of H2S adsorption and
issociation have been discussed on the basis of the electronic prop-
rties, H S bond length, and charge transfer. Finally, the surface
tructure sensitivity can be identified.

. Computational details

.1. Surface models

The six-layered CuO(111) surface model is built, and a p(3 × 2)
uper-cell is employed corresponding to a coverage of 1/6 ML,
hich can well avoid the lateral interaction of adsorbed species,

he details about the evaluation of surface models are shown in

art 1 of the Supplementary Material. The bottom three layers of
he substrate are kept fixed to maintain the bulk crystal structure,
hile the top three layers of the substrate and adsorbed species are

llowed to relax. Meanwhile, a vacuum space of 10 Å is added per-
ysis 438 (2017) 130–142 131

pendicular to the surface in order to avoid the interactions between
the periodic configurations. This model has been widely used in
the previous theoretical studies about small molecular interactions
with metal surfaces [15,25,27,30]. Meanwhile, the removal of one
surface O atom and the pre-covered of one S atom on the stoichio-
metric surface is employed to model the reduced and sulfurized
surfaces, respectively, the detailed information about the surface
models and the corresponding adsorption sites are presented in
Part 2 of the Supplementary Material.

2.2. Calculation methods

DFT together with a van der Waals-inclusive dispersion correc-
tion (DFT-D) have been employed to perform all calculations to
improve the description of the weak interaction [15,31]. The main
calculations presented here are based on the generalized gradient
approximation (GGA) of Perdew and Wang (PW91) exchange-
correlation functional [32–34]. The dispersion correction scheme
proposed by Ortmann, Bechstedt, and Schmidt (OBS) is employed
within DFT-D [31]. The inner electrons of Cu atoms are kept
frozen and replaced by a DFT Semi-core Pseudopots (DSPP), and
other atoms are treated with an all-electron basis set. The double-
numerical basis with polarization functions (DNP) is applied to
expand the valence electrons functions [35,36]. A Monkhorst-Pack
grid of 3 × 3 × 1 and a Methfessel-Paxton smearing of 0.005 Ha
[25] have been performed. As shown in Part 3 of the Supplemen-
tary Material, our test results indicate that the chosen method and
model are suitable for describing the behaviors of H2S adsorption
and dissociation on CuO(111) surface. All calculations are imple-
mented in Dmol3 program package of Materials Studio 8.0 [37,38].

All energies with the zero-point vibrational corrections are
obtained at T = 475 K, since it has been proved that CuO exhibits
the optimum activation energy toward H2S at this temperature
[29]. The computational details about free energy change (�rGm)
and activation free energy (�rGm /= ) of the elementary reaction, as
well as the adsorption free energy (Gads) are shown in Part 4 of the
Supplementary Material.

3. Results and discussion

3.1. The adsorption of atomic H, S and SH species

The adsorption of H, S and SH species on CuO(111) surface have
been examined. On the stoichiometric CuO(111) surface, eight dif-
ferent adsorption sites have been considered, as shown in Fig. S1(a);
On the reduced and sulfurized surfaces, as presented in Fig. S1(b)
and (c), Ovacancy and Sp sites have also been considered, respec-
tively.

3.1.1. Atomic H adsorption
For the adsorption of atomic H on the stoichiometric surface,

it is found that the models of H initially adsorbed at OSUF–OSUF
and CuSUF–CuSUF bridge sites are all optimized to that adsorbed at
OSUF site, as shown in Fig. 1(a). Meanwhile, H initially adsorbed at
Ovacancy site is converted to Cu2–Cu3 bridge site, as presented in
Fig. 1(b). Further, H atom can also stably adsorb at the Sp site on the
sulfurized surface, as shown in Fig. 1(c).

The free energy of H adsorption at different sites could
be assigned in the following order: Sp (327.6 kJ mol−1) > OSUF
(300.1 kJ mol−1) > OSUB (296.5 kJ mol−1) > Cu2–Cu3

(261.5 kJ mol−1) > CuSUB–CuSUB (178.1 kJ mol−1) > CuSUB

(157.3 kJ mol−1) > CuSUF (100.0 kJ mol−1), suggesting that OSUF
is the most favorable site for H adsorption on the stoichiometric
and reduced surfaces [25], while Sp is the dominate active center
for H adsorption on the sulfurized surface.
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ig. 1. Optimized adsorption configurations of H, S and SH species on CuO(111)
espectively. Orange, red, yellow, white and black balls stand for Cu, O, S, H atoms a
eferences to colour in this figure legend, the reader is referred to the web version o

.1.2. Atomic S adsorption
For the adsorption of atomic S on the stoichiometric and reduced

urfaces, a single S atom initially placed at nine different adsorption
ites has been examined. Besides Ovacancy site, S initially adsorbed
t other eight sites are all converted to the CuSUB–CuSUB bridge
ite; Thus, only two stable adsorption configurations have been
btained, as shown in Fig. 1(d) and (e). Atomic S on the stoichio-
etric surface is adsorbed at the CuSUB–CuSUB bridge site with an

dsorption free energy of 242.0 kJ mol−1, while S atom fills the
vacancy site on the reduced surface with the adsorption free energy
f 374.3 kJ mol−1. Above results indicate that CuSUB–CuSUB bridge
ite and Ovacancy site are the active centers for atomic S adsorption
n the stoichiometric and reduced surfaces, respectively.

On the sulfurized surface, only CuSUB–CuSUB bridge site is exam-
ned, since it is also only the active center on the stoichiometric
urface. The optimized configuration, as shown in Fig. 1(f), the S S
ond is formed, and two S atoms are all adsorbed at CuSUB site,
hich means that S is easily aggregated on the sulfurized surface.

.1.3. SH adsorption
For the adsorption of SH on the stoichiometric and reduced sur-

aces, we examined two molecular orientations of H-down and
-down over nine adsorption sites. Interestingly, the optimized
esults show that all H-down models are completely converted to
-down modes.
For S-down adsorption, two stable adsorption configurations
see Fig. 1(g) and (h)) are obtained, in which SH is adsorbed at the
uSUB–CuSUB bridge site on the stoichiometric surface with the H S
ond length of 1.359 Å, and that at Ovacancy site on the reduced sur-
ce. (I), (II) and (III) represent the stoichiometric, reduced and sulfurized surface,
 oxygen-vacancy site, respectively. Bond lengths are in Å. (For interpretation of the

 article.)

face with the H S bond length of 1.358 Å; both have the adsorption
free energies of 208.5 and 305.3 kJ mol−1, respectively.

Above results show that SH adsorbed at the CuSUB–CuSUB bridge
site via S-down mode is the most stable on the stoichiometric sur-
face, thus, in the case of SH adsorption on the sulfurized surface,
CuSUB–CuSUB bridge and CuSUB sites via S-down mode are exam-
ined, and only one stable adsorption configuration is obtained, as
shown in Fig. 1(i), which is similar to that on the stoichiometric sur-
face, and SH is also adsorbed at the CuSUB–CuSUB bridge site with
S-down mode, two Cu S bonds (2.225 and 2.401 Å) are formed, the
adsorption free energy is 208.6 kJ mol−1.

3.2. H2S adsorption

In the case of H2S adsorption, taking two types of initial con-
figurations into consideration, one is that the plane of H2S is
perpendicular to the surface via S interaction with the surface;
the other is that the plane of H2S is parallel to the surface via S
interaction with the surface.

3.2.1. On the stoichiometric surface
Interestingly, our results show that after optimization, H2S ini-

tially adsorbed at the CuSUB–CuSUB bridge and OSUF sites with the
plane of H2S parallel to the surface is spontaneously dissociated into
SH and H species, suggesting that H2S is the dissociative adsorp-

tion; SHb and Ha species are adsorbed at the CuSUB and OSUF sites,
respectively, as shown in Fig. 2(a).

Except for above initial configurations, other initial adsorption
configurations are all converted to that with H2S adsorbed at CuSUB
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Fig. 2. The dissociative adsorption configuration (OS) and three optimized stable configurations of H2S species adsorbed at CuSUB site, as well as the potential energy profiles
of  molecular adsorption H2S dissociation at CuSUB site (black line) and the dissociation of the dissociative adsorption H2S (red line) into the final products S and H species
together with the initial states (ISs), transition states (TSs), final states (FSs) and intermediates (IMs) on the stoichiometric CuO(111) surface. Bond lengths are in Å. See Fig. 1
for color coding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
The microscopic parameters of molecular adsorption H2S on different CuO(111)
surfaces.

Parameters and charge Stoichiometric Reduced Sulfurized

H2S (IS1) H2S (IS2) H2S + Sp (IS3)

dS-Cu (Å)a 2.413 2.275 2.408
dHa-S (Å)b 1.390 1.382 1.362
Charge of H (e) 0.267 0.272 0.227

0.220 0.216 0.232
Charge of S (e) −0.182 −0.111 -0.122 (H2S)

-0.063 (Sp)
Charge of H2S (e) 0.305 0.377 0.337
Gads (kJ mol−1) 96.0 143.4 107.0
34 J. Zhang et al. / Molecular

ite via S atom or that H2S is far away from the surface. Thus, three
table configurations of H2S(1), H2S(2) and H2S(IS1), as shown in
ig. 2(b)–(d), have been obtained, H2S are all adsorbed at CuSUB
ite via S atom. In H2S(1), one H atom points to OSUB site, the
ther is inclined to CuSUF site; In H2S(2), two H atoms are inclined
o OSUB and OSUF sites, respectively; In H2S(IS1), two  H atoms all
oint to different OSUF sites. The adsorption free energies of H2S(1),
2S(2) and H2S(IS1) are 88.3, 95.7 and 96.0 kJ mol−1, respectively.
hus, H2S(IS1) is the most stable adsorption configuration, which

s selected to be the initial state of H2S dissociation.
In H2S(IS1), one CuSUB S bond (2.126 Å) is formed, and the Ha S

ond of H2S (1.390 Å) is greatly elongated compared to that in gas
hase H2S molecule (1.352 Å), the Ha S bond elongation is in favor
f H2S activation and dissociation.

Thus, H2S dominantly exists in the form of dissociative adsorp-
ion leading to SH and H species on the stoichiometric surface.

eanwhile, a small quantity of molecular adsorption H2S at CuSUB
ite also exist, the adsorption promotes H S bond activation, and
ontributes to H2S dissociation.

.2.2. On the reduced surface
In the case of H2S adsorption on the reduced surface, eight types

f initial adsorption configurations are considered, as presented in
ig. 3(a)–(h), which is named as IC-x, (a) H2S lies flatly at Cu1 site
ith S atom; (b) H2S lies over Cu2 site via S atom; (c) H2S lies over
vacancy site via S atom; (d) H2S lies over Cu1–Ovacancy bridge site
ia S atom; (e) H2S lies over Cu1–Cu2 bridge site via S atom; (f)
2S lies over Cu2–Cu4 bridge site via S atom. (g) H2S lies flatly over
u1–Ovacancy bridge site via S and H atoms; (h) H2S lies over Ovacancy

ite via S and H atoms. The optimized configurations are shown in
ig. 3(i)–(n).

Except for IC-1, IC-6, IC-7 and IC-8 modes, H2S in other initial
onfigurations are spontaneously dissociated into SH and H species.
he initial structures of IC-2, IC-4 and IC-5 are converted to the
ptimized structures OS-1, OS-2 and OS-1, respectively; the initial
tructure IC-3 is converted to OS-3. In OS-1 and OS-2, the SH group
nd H atom are adsorbed at the Cu1–Cu2 bridge and OSUF sites,
espectively, where Hb atom is pointed to Ovacancy and OSUB sites,
espectively. In OS-3, the SH group and H atom are adsorbed at the
vacancy and CuSUB–CuSUB bridge sites, respectively. In OS–1 ∼ OS-3,

he rather long distances between Ha and S atom (2.912, 2.811, and
.941 Å) indicate that the Ha S bond of H2S is completely broken,
hich is typical of dissociative adsorption modes.

On the other hand, the initial IC-1 mode is optimized to OS-
 with H2S adsorbed at Cu1 site with an adsorption free energy
f 143.4 kJ mol−1, the Ha S bond of H2S (1.382 Å) is signifi-
antly stretched relative to that in gas phase H2S (1.352 Å), which
ontributes to H2S dissociation. Moreover, the initial adsorption
tructures of IC-6 and IC-7 are all converted to OS-5, the H S bond
engths both are 1.361 Å, where two H S bond is slightly changed
ompared to that in the free H2S molecule (1.352 Å), the adsorp-
ion free energy is 141.9 kJ mol−1. Meanwhile, the initial structures
f IC-8 is converted to OS-6 with an adsorption free energy of
36.8 kJ mol−1, the H S bond lengths are 1.359 and 1.379 Å, respec-
ively. The adsorption free energies of above three structures are in
he following order: OS–4 > OS–6 > OS-5, suggesting that Cu1 site is
he most stable site for H2S molecular adsorption on the reduced
urface, which is selected as the initial state of H2S dissociation
eaction, as shown in Fig. 4.
Above results indicate that H2S exists in the form of molecular
dsorption and dissociative adsorption on the reduced CuO(111)
urface, and the latter is the dominant pathway for H2S dissociation
nto H atom and SH group.
a dS-Cu (Å) is the distance between S atom and its nearby Cu site.
b dHa-S (Å) is the Ha S bond length.

3.2.3. On the sulfurized surface
As mentioned above, on the stoichiometric surface, CuSUB is the

stable site for H2S molecular adsorption, and H2S is the dissociative
adsorption when initially adsorbed at the CuSUB–CuSUB bridge and
OSUF sites with the plane of H2S parallel to the surface via S atom
binding to the surface, thus, in this section, we only test three initial
adsorption configurations on the sulfurized surface, in which H2S
is adsorbed at the CuSUB–CuSUB bridge, CuSUB and OSUF sites via S
atom with the plane of H2S parallel to the surface, respectively.

H2S initially adsorbed at OSUF site is the dissociative adsorption,
as shown in Fig. 5(a), in which SH and H species are all adsorbed
at two OSUF sites. Then, H2S initially adsorbed at the CuSUB–CuSUB
bridge and CuSUB sites are all converted to the optimized structure,
as shown in Fig. 5(b), H2S is parallel to the surface with S adsorbed
at CuSUB site with the adsorption free energy of 107.0 kJ mol−1.

3.2.4. Brief summary
On the basis of above results, we  can obtain that H2S mainly

exists in the form of dissociative adsorption on different CuO(111)
surfaces, which can spontaneously form SH and H species. Mean-
while, a small quantity of H2S also exists in the form of molecular
adsorption, and H2S adsorption promotes the H S bond activation,
which is in favor of H2S dissociation.

By comparing the adsorption of H2S on the stoichiometric and
sulfurized surface, we can found that the CuSUB–CuSUB bridge site
fails to contribute to the spontaneous dissociation of H2S on the
sulfurized surface, while H2S is the dissociative adsorption when
initially adsorbed at CuSUB–CuSUB bridge site on the stoichiometric
surface, suggesting that the existence of S atom on the stoichiomet-
ric surface weakens the activity toward H2S dissociation.

On the other hand, for molecular adsorption H2S, as shown in
Fig. 5(b), the corresponding adsorption free energy on the sulfu-
rized surface (107.0 kJ mol−1) is larger by 11.0 kJ mol−1 than that
on the stoichiometric surface (96.0 kJ mol−1), suggesting that the
existence of surface S atom slightly promotes the strength of H2S
adsorption on CuO(111) surface. As listed in Table 1, compared to
the stoichiometric surface, the charge of H2S is increased by 0.032 e
on the sulfurized surface; these results well explain why the surface
S atom can enhance the strength of H2S adsorption. However, the
Ha S bond of H2S (1.362 Å) on the sulfurized surface is significantly
shorter than that on the stoichiometric surface (1.390 Å), and there
isn’t difference from that in the gas phase H2S (1.352 Å), suggesting
the existence of sulfur atom can suppress the H S bond activation
of H2S. In the case of reduced surface, the corresponding adsorp-
tion free energy of H2S is 143.4 kJ mol−1, which is larger by 47.4 and
36.4 kJ mol−1 than those on the stoichiometric and sulfurized sur-

face, suggesting that the surface reduction enhances the adsorption
strength of H2S on CuO(111) surface. As listed in Table 1, compared
to the stoichiometric surface, the charge of H2S is increased by 0.072
e, and the distance between S and nearby Cu atom is shortened



J. Zhang et al. / Molecular Catalysis 438 (2017) 130–142 135

Fig. 3. All possible initial configurations (ICs) and the corresponding optimized structures
Fig. 1 for color coding.(For interpretation of the references to colour in this figure legend,

Table 2
The calculated results for gaseous and adsorbed H2S: antisymmetric stretching fre-
quency (�asym), symmetric stretching frequency (�sym), H-S-H bending frequency
(�bend), together with those for gaseous and adsorbed SH group: stretching fre-
quency (�asym), Cu-S-H bending frequency (�bend).

Species Vibrational frequencies/cm−1

�asym �sym �bend

H2S Stoichiometric 2595 2210 1184
Reduced (Cu1) 2573 2300 1151
Sulfurized 2557 2518 1186
Gas phase 2678 2660 1191

SH Stoichiometric 2591 590
Reduced 2545 596

b
t
w
Z
s
d

3

a

Sulfurized 2590 623
Gas phase 2632

y 0.138 Å on the reduced surface; moreover, H2S is the dissocia-
ive adsorption for the first dehydrogenation step, which agrees
ith the previous studies about H2S interaction with the reduced

nO(10-10) surface [21]. In addition, on the reduced Cu2O(111)
urface, SH species can be also spontaneously formed due to H2S
issociative adsorption [18].
.3. Vibrational frequencies

Table 2 presents the calculated vibrational frequencies of the
dsorbed SH and H2S species on different CuO(111) surfaces, we can
 (OSs) of H2S adsorbed on the reduced CuO(111) surface. Bond lengths are in Å. See
 the reader is referred to the web version of this article.)

clearly find that the symmetric and anti-symmetric of H S stretch-
ing frequencies of H2S, as well as the H S stretching frequency of
adsorbed SH significantly reduce upon adsorption on the different
surfaces. On the other hand, the red-shift of the H S stretching fre-
quencies for H2S adsorbed on different surfaces indicate that the
strength of H S bond decreases, which give the reasons of H S
bond elongation involved in Section 3.2.

3.4. Molecular adsorption H2S dissociation

3.4.1. The dissociation of molecular adsorption H2S
The dissociation mechanism of H2S involves the two sequential

dehydrogenation step [39–42], one is that H2S → SH + H, and the
other is that SH → S + H.

3.4.1.1. Stoichiometric surface. In the first step of H2S dissociation,
the most stable adsorption configuration H2S(IS1) is chosen as the
initial state IS1, as shown in Fig. 2(d), which contributes to the
formation of Ha and SHb species due to the Ha S bond cleavage.
On the other hand, since SH and H species prefer to adsorb at the
CuSUB–CuSUB bridge and OSUF sites, respectively, the optimized con-
figuration for the initial co-adsorption, Ha and SHb adsorbed at the
OSUF and CuSUB–CuSUB bridge sites, is selected as the final state (FS1)

for the first step of H2S dissociation.

The potential energy profiles for the dissociation of H2S together
with the initial states (ISs), intermediates (IMs), transition states
(TSs) and final states (FSs) at the temperature of 475 K are presented
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Fig. 4. Potential energy profiles for the dehydrogenation of molecular adsorption H2S at Cu1 site on the reduced surface leading to the final products S and H species adsorbed
at  Ovacancy and OSUF sites, respectively (black line), as well as the dehydrogenation of dissociative adsorption H2S of OS1 (blue line), OS2 (red line) in Fig. 3 together with the
initial  states (ISs), transition states (TSs), final states (FSs) and intermediates (IMs). Bond lengths are in Å. See Fig. 1 for color coding. (For interpretation of the references to
colour  in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 5. Potential energy profiles for the dehydrogenation of chemisorption H2S at CuSUB site on the sulfurized surface leading to the final products S and H species (black line),
as  well as the dehydrogenation of dissociative adsorption H2S of OS7 (red line) together with the initial states (ISs), transition states (TSs), final states (FSs) and intermediates
(IMs).  Bond lengths are in Å. See Fig. 1 for color coding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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n Fig. 2. We  can see that the initial state H2S(IS1) can form the final
tates (FS1) via an intermediate (IM1). Firstly, H2S breaks its Ha S
ond to form IM1  via TS1, this elementary reaction is exothermic
y 32.2 kJ mol−1 with a small activation free energy of 9.1 kJ mol−1,
hich is far lower than the adsorption free energy (96.0 kJ mol−1)

f H2S on the stoichiometric surface, namely, molecular adsorp-
ion H2S prefers to dissociate into SH and H species rather than its
esorption. In TS1, the activated Ha S bond is elongated to 1.561 Å

rom 1.390 Å in IS1, further elongated to 2.309 Å in IM1, suggest-
ng that H S bond is completely broken in IM1. In IM1, Ha atom is
dsorbed at a nearby OSUF site, and SHb group still adsorbs at CuSUB
ite; subsequently, IM1  can form FS1 via TS2 with the transfer of
Hb from CuSUB to CuSUB–CuSUB bridge site, this elementary reac-
ion has also a small activation free energy of 15.8 kJ mol−1, and it
s exothermic by 10.7 kJ mol−1.

.4.1.2. Reduced surface. The initial dissociation step of molecular
dsorption H2S at Cu1 site has been considered. We can see from
igs. 3 and 4, the structure OS-4 and the co-adsorption configu-
ation of SH and H species are selected as the initial state (IS2)
nd the final state (FS4), respectively, to gain insight into the first
ehydrogenation step of H2S on the reduced surface.

Fig. 4 presents the potential energy profiles for the dissociation
f H2S on the reduced surface and the corresponding structures
t the temperature of 475 K. Through one intermediate (IM3) and
wo transition states (TS6, TS7), the co-adsorbed SHb and Ha species
FS4) can be formed from the initial structure (IS2). Starting from

2S adsorbed at Cu1 site, where the Ha S bond length is 1.382 Å;
ubsequently, H2S dissociates into Ha atom adsorbed at the adja-
ent OSUF site and SHb group filled into the Ovacancy site; In IM3,
he H S bond is completely broken. The Ha S bond stretching is
he dominant reaction, which is extended 1.382 Å (IS2) → 1.605 Å
TS6) → 2.998 Å (IM3) → 3.083 Å (TS7) → 3.305 Å (FS4). This ele-

entary step has an activation free energy of 14.8 kJ mol−1, and
t is exothermic by 76.0 kJ mol−1.

.4.1.3. Sulfurized surface. The most favorable configuration of H2S
arallel to the surface with S adsorbed at CuSUB site is selected as
he initial state (IS3) to investigate the initial dissociation of H2S
n the sulfurized surface, as shown in Fig. 5, the cleavage of Ha S
ond in IS3 can form the co-adsorbed SHb and Ha species (FS6) via

 transition state (TS11), in which Ha atom is migrated to Sp site
o form SHb and SpHa species adsorbed at different CuSUB–CuSUB
ridge sites through S atom, respectively. This elementary reac-
ion is strongly exothermic by 37.4 kJ mol−1 with the activation
ree energy of 62.0 kJ mol−1. In TS11, the dissociating Ha–S bond
istance is 1.597 Å; the Ha Sp bond length is 1.730 Å.

.4.2. The dissociation of SH
Two types of SH dissociation are discussed, one is the dissocia-

ion of SH from H2S dissociation, the other is the dissociation of SH
rom H2S dissociative adsorption.

.4.2.1. SH dissociation from molecular adsorption H2S. For the sto-
chiometric surface, FS1 is considered as the initial state for SH
issociation from molecular adsorption H2S. In the case of the final
tate, its initial co-adsorption configuration is that two H and one

 atom are adsorbed at two adjacent OSUF and the CuSUB–CuSUB
ridge sites, respectively, and the optimized structure is chosen as
he final state (FS2), as shown in Fig. 2(j). Starting from FS1, SHb
reaks its Hb S bond to form FS2 via TS3, this elementary reaction
s slightly endothermic by 8.5 kJ mol−1, and it has an activation free
nergy of 28.6 kJ mol−1; in TS3, H atom of SHb group is inclined to
he adjacent OSUF site, and the activated Hb S bond is elongated to
.547 Å from 1.358 Å in FS1, and finally elongated to 2.100 Å in FS2.
ysis 438 (2017) 130–142

In FS2, H atoms are adsorbed at two OSUF sites, respectively; S atom
is still adsorbed at the CuSUB–CuSUB bridge site.

On the reduced surface, FS4 in Fig. 4(e) is selected as the ini-
tial state to investigate SH dissociation. The Hb S bond gradually
breaks along with the elongation of Hb S bond from 1.359 Å (FS4)
to 1.388 Å (TS8), and eventually forms FS5, in which S is filled
into Ovacancy site, while both Ha and Hb atoms are adsorbed at
two OSUF sites. This elementary step overcomes a small activa-
tion free energy of 9.0 kJ mol−1, which is strongly exothermic by
93.8 kJ mol−1, suggesting that S and H species are the favorable
products both thermodynamically and kinetically.

On the sulfurized surface, the Hb S bond cleavage of SHb is
investigated. As shown in Fig. 5, along with the migration of Hb
atom from S atom to surface OSUF atom, FS6 goes through a transi-
tion state (TS12) to form the final product (FS7). The Hb S bond
is elongated from 1.357 Å in FS6 to 1.555 Å (TS12), and finally
stretched to 2.154 Å in FS7. The corresponding activation free
energy is 32.9 kJ mol−1, it is endothermic by 15.4 kJ mol−1.

3.4.2.2. SH dissociation from dissociative adsorption H2S. On the sto-
ichiometric surface, H2S adsorbed at the CuSUB–CuSUB bridge and
OSUF sites is the dissociative adsorption, which lead to the forma-
tion of SH and H species, as shown in Fig. 2(a); subsequently, the
adsorbed SHb can further dissociate into S and H atoms. Thus, we
investigate SH dissociation from the dissociative adsorption H2S. As
shown in Fig. 2, the dissociative adsorption structure OS is similar to
the intermediate IM1. Similar to the dissociation of IM1, the initial
state OS can form the final states (FS3) via an intermediate (IM2)
and two  transition states TS4 and TS5, whose structure is also simi-
lar with TS2 and TS3, respectively. These two elementary reactions
have the activation free energies of 11.4 and 26.6 kJ mol−1 with
the corresponding reaction free energies of −13.4 and 9.3 kJ mol−1,
respectively, and these values are also close to those for the disso-
ciation of intermediate IM1  into S and H atoms.

On the reduced surface, three dissociative adsorption configura-
tions also exist, as listed in Fig. 3(i)–(k). However, Ha atom in OS-3
adsorbed at the CuSUB–CuSUB site is not the favorable adsorption site
for H adsorption, it is more likely to be converted into the configu-
rations OS-1 or OS-2, thus, we neglect the dissociative adsorption
structures OS-3 for the investigation of SH dissociation from the
dissociative adsorption H2S. Consequently, the configurations OS-
1 and OS-2 are selected as the initial states. Our results indicate
that OS-1 and OS-2, as shown in Fig. 4, can form the same inter-
mediate (IM4) via the transition states TS9 and TS10, respectively,
and both elementary reactions have the activation free energies
of 66.6 and 32.3 kJ mol−1 with the reaction free energies of −22.3
and −33.6 kJ mol−1, respectively; then, IM4  can form the final states
(FS5) via TS8, which is the same with the dissociation pathway of
SH species from molecular adsorption H2S dissociation.

On the sulfurized surface, the dissociative adsorption structure
OS7, as shown in Fig. 5(a), is taken as the initial state; then, the initial
co-adsorption configuration is that S and two H atom are adsorbed
at the CuSUB–CuSUB bridge, OSUF and Sp sites, respectively, the cor-
responding optimized configuration is regarded as the final state
(FS8) for the dissociation of SH from dissociative adsorption H2S. As
shown in Fig. 5, the dissociative adsorption structure OS7 can form
the final states (FS8) via the transition state TS13, this elementary
step is highly exothermic by 113.1 kJ mol−1 with an activation free
energy of 22.6 kJ mol−1.

3.4.3. Brief summary
Above results indicate that H2S mainly exists in the form of
dissociative adsorption on different CuO(111) surfaces, which con-
tribute to the formation of SH and H species, meanwhile, molecular
adsorption H2S also exists on different surfaces, which can dissoci-
ate into SH and H due to the H S bond activation.
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Stoichiometric surface
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IM3 -63.9

0.0

FS7 -22.0
FS1 -42.9 FS2 -34.4

FS5 -16 9.8
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FS4 -76.0

TS12  -4.5
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TS1 9.1
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Fig. 6. Schematic potential energy diagrams for the dissociation of molecular
adsorption H2S leading to S and H species on the stoichiometric surface (black
J. Zhang et al. / Molecular

For the stoichiometric surface, molecular adsorption H2S exists
t CuSUB site, the first dissociation step of molecular adsorption
2S to SH and H species only requires a small activation free
nergy of 9.1 kJ mol−1, namely, SH and H species can be easily
ormed on the stoichiometric CuO(111) surface, which not only
ome from the dissociative adsorption of H2S, but also from the
issociation of molecular adsorption H2S. Subsequently, SH disso-
iates into S and H species, the activation free energy (28.6 kJ mol−1)
s higher than the first step of H2S dissociation, however, the
rst dehydrogenation step of molecular adsorption H2S is strongly
xothermic (42.9 kJ mol−1), which is far more than the required
ctivation free energy (28.6 kJ mol−1) for the second dehydrogena-
ion step. Thus, SH also easily dissociate into S and H species. Our
alculated activation free energies of the first (9.1 kJ mol−1) and
econd (28.6 kJ mol−1) dehydrogenation steps are consistent with
he previous studies about H2S dissociation on the stoichiometric
uO(111) surface at 0 K with the values of 2.4 and 23.1 kJ mol−1,
espectively [15], suggesting that the change of temperature has
ittle effect on the activation free energy. On the other hand, only
he dissociation of molecular adsorption H2S has been investigated
n the previous studies [15], the dissociative adsorption of H2S have
ot been examined; however, our results show that the dissocia-
ive adsorption dominantly contributes to the first dissociation step
f H2S into SH and H species, which is quite different from the
revious studies [15].

On the reduced surface, the dissociation of molecular adsorption
2S at Cu1 site exists, as presented in Fig. 4, the low activation free
nergies (14.8 kJ mol−1) and strongly exothermic (76.0 kJ mol−1) of
he first dehydrogenation step indicate that this reaction is likely
o occur kinetically and thermodynamically, namely, SH species
an be easily formed on the reduced surface. Subsequently, the
issociation of SH occurs, which requires a lower activation free
nergies (9.0 kJ mol−1) relative to the first dehydrogenation step
14.8 kJ mol−1) with the strongly exothermic (93.8 kJ mol−1).

On the sulfurized surface, as presented in Fig. 5, the activa-
ion free energy of H2S dissociation at CuSUB site in the first step
s 62.0 kJ mol−1, which is far less than the adsorption free energy
107.0 kJ mol−1) of H2S at CuSUB site, suggesting that SH can be
ormed by H2S dissociation. Meanwhile, the first step of H2S dis-
ociation is exothermic by 37.4 kJ mol−1, which can promote the
econd decomposition of H2S.

.5. General discussion

As mentioned above, H2S adsorption and dissociation into the
nal products S and H species on three types of CuO(111) surfaces
ave been systematically examined. We  can clearly find that H2S
ominantly exists in the form of dissociative adsorption on the
toichiometric, reduced and sulfurized surfaces leading to the for-
ation of SH and H species. Our results agree well with the previous

xperimental studies, which have proposed that the initial step of
2S is the dissociative adsorption on CuO surface, then, the sul-
hide species is formed by an O/S replacement mechanism in the
ase of high concentration H2S [16]. Thus, based on the reaction
rocess of CuO + H2S → CuS + H2O, the predominant (111) surface
f CuO is considered as a promising material of gas sensor [11,29].

On the other hand, when H2S initially adsorbed at the
uSUB–CuSUB bridge site on the stoichiometric surfaces is dis-
ociative adsorption, while H2S exists in the form of molecular
dsorption on the sulfurized surface, suggesting that the exis-
ence of S atom adsorbed at the CuSUB–CuSUB bridge site decreases

he number of the active center toward H2S dissociation, thereby
eakens the catalytic activity of stoichiometric surface toward H2S

nitial dehydrogenation. In addition, previous studies have indi-
ated that the strongly adsorbed S species from H2S dissociation
line), the reduced surface (red line), and the sulfurized CuO(111) surface (blue line),
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

on Ni(100) surface block the active sites of CO, and thereby make
CO redistribute into several desorption states [43].

Since SH and H species can be easily formed on different
CuO(111) surface from the first step of H2S dehydrogenation, once
SH species is formed, S species are inevitably formed since the first
step of H2S dehydrogenation is a strong exothermic reaction, which
can provide the needed energy for the subsequent dissociation SH
species. Meanwhile, a small quantity of molecular adsorption H2S
also exists on these three surfaces. Thus, we further discuss the dif-
ferences of molecular adsorption H2S dissociation and dissociative
adsorption H2S leading to S and H species on the stoichiomet-
ric, reduced and sulfurized CuO(111) surfaces, the corresponding
simplified potential energy profiles is shown in Fig. 6.

According to Fig. 6, the whole dehydrogenation process from
the adsorbed H2S molecule to the end-product S and H species
is exothermic on these three surfaces, suggesting that the disso-
ciation is favorable in consideration of thermodynamics. On the
other hand, taking the kinetics into consideration, the highest acti-
vation free energy and reaction free energy on the stoichiometric
surfaces are 9.1 and −34.4 kJ mol−1, respectively, whereas those
on the reduced surface are 14.8 and −169.8 kJ mol−1, respectively,
suggesting that S and H species can be easily generated from H2S
dissociation on the stoichiometric CuO(111) surface in the view of
kinetics compared to that on the reduced surface. However, in the
case of the sulfurized surface, the highest activation free energy and
free energy change of H2S dissociation are 62.0 and −22.0 kJ mol−1,
respectively, this dissociation process has the largest activation free
energy, and releases the least heat compared to that on the stoichio-
metric and reduced surfaces, indicating that the sulfurized surface
is unfavorable for H2S dissociation both thermodynamically and
kinetically compared to that on the stoichiometric and reduced
surfaces, namely, the existence of sulfur atom significantly reduces
the catalytic activities of CuO(111) surface toward H2S dissociation,
indicating that CuO(111) surface is poisoned by S element. More-
over, previous studies about CO adsorption and dissociation on the
sulfurized Fe(100) surface have suggested that the dissociation of
CO is favorable in consideration of thermodynamics on the S-free
surface, whereas it becomes unfavorable due to the existence of S
element, in this case, sulfur also acts as a poison [44]. Further, for the
sulfurized Cu2O(111) surface, the presence of surface S atom resists

the process of H S bond-breaking, which also have negative effects
on H2S dissociation [18].

In order to provide a deep explanation for structure properties
of the different CuO(111) surfaces, the projected density of states
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Table  3
Average energy (εd) and width (Wd) of the d-band for the surface Cu atoms on
different CuO(111) surface.

Surface εd (eV) Wd (eV)

Stoichiometric −2.58 10.42
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Fig. 7. Projected density of states (pDOS) plots of the d-orbitals of the surface Cu
Reduced −2.61 10.49
Sulfurized −2.71 11.07

pDOS) and d-band analysis are employed in our calculation, as
isted in Table 3, the detailed descriptions are shown in Part 5 of
he Supplementary Material. Generally, a more reactive metal on
he surface of catalysts corresponds to the closer the d-band center
o the Fermi level and the lower value of the bandwidth [45].

For a certain reaction, the activation free energy is extremely
elated to the electronic structure of the atoms on the catalyst sur-
ace and its reaction route [46]. Meanwhile, H2S dissociation on
ifferent CuO(111) surfaces has the similar reaction route, as a
esult, a clear understanding about the effect of electronic struc-
ure on the activation free energy is of great importance. Thus, the
lectronic structure analysis is adopted to gain insight into the dif-
erence in catalytic activity for different CuO(111) surfaces. Since

2S always interacts with Cu atom via S atom on the different
uO(111) surfaces, the projected densities of states (pDOS) of Cu d-
and (see Fig. 7) on the different CuO(111) surfaces are calculated

n this study, in which only the surface Cu atoms is considered in
he calculations. As presented in Fig. 7, the d-band center of sulfu-
ized surface is away from the Fermi level compared to that on the
toichiometric and reduced surfaces; the d-band energy of the stoi-
hiometric surface is closer to the Fermi level. On the other hand, as
isted in Table 3, the largest bandwidth (11.07 eV) on the sulfurized
eads to a less reactive surface Cu atom, whereas the stoichiomet-
ic surface has the lowest bandwidth (10.42 eV), which contributes
o the more reactive surface Cu atoms. Consequently, the catalytic
ctivity of Cu atoms on these three surfaces follows the order: Sto-
chiometric > Reduced > Sulfurized surface. This result agrees with
he kinetic result of H2S dissociation.

Further, as presented in Fig. 6, the highest activation free ener-
ies of H2S dissociation on these three CuO(111) surfaces all
ttribute to the first dehydrogenation step of H2S; as a result,
he degree of H2S activation plays a crucial role in H2S dissocia-
ion. Thus, we also compare the bond length of Ha–S in the first
tep of H2S dehydrogenation on these three surfaces, in which the
onger bond length represents the higher degree of H2S activation.
s shown in Table 1, H2S adsorbed on the stoichiometric surface
as the largest bond length (1.390 Å) compared to that on the
educed (1.382 Å) and sulfurized surfaces (1.362 Å), indicating that
2S adsorbed on the stoichiometric surface acquires the greatest
 S bond activation degree, which is in line with the lowest activa-

ion free energy (9.1 kJ mol−1). On the contrary, H2S adsorbed on the
ulfurized surface has the shortest H S bond length (1.362 Å), it is
lmost not be activated compared to that in the gas phase (1.352 Å),
hich is also in good agreement with the largest activation free

nergy (62.0 kJ mol−1).
Above results suggest that H2S dissociation on the stoichiomet-

ic and reduced surface leading to S and H species is likely to be the
ost favorable compared to that on the sulfurized surfaces, namely,

 small quantity of molecular adsorption H2S can be detected on the
ulfurized surfaces, and the stoichiometric surface can be poisoned
y S atom. Therefore, H2S dissociation over CuO(111) surface is a
tructure-sensitive reaction, the effect of surface structure on the
dsorption and dissociation may  play an important role in design-
ng high-efficiency H S gas sensors.
2

Finally, as listed in Table 1, Mulliken charge of molecular adsorp-
ion H2S on different CuO(111) surfaces indicate that H2S emits
lectrons to surfaces when it interact with surface Cu atoms, our
atom for three CuO(111) surfaces: (a) Stoichiometric surface, (b) Reduced surface
and (c) Sulfurized surface. The vertical dashed lines represent the location of the
corresponding d-band center. The vertical solid lines indicate the Fermi level.

results agree well with the recent experimental studies [29]. More-
over, all the obtained data of calculated vibrational frequencies of
the adsorbed H2S and SH play an important role in the experimen-
tal study, which can provide a systematical theoretical guidance for
the adsorption and dissociation of H2S on other metal oxide sur-
faces, and illustrate the underlying mechanism for the problem of
sulfur poisoning, as well as expand the application of CuO as the
high-efficiency H2S gas sensors.

4. Conclusions
By means of the density functional theory calculations, the
mechanism and kinetics of H2S adsorption and dissociation on
different CuO(111) surfaces, including the stoichiometric, reduced
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nd sulfurized surfaces, have been systematically investigated to
robe into the structure sensitivity and the dominant products on
uO(111) surfaces. Our results indicate that H2S, SH and S species
ainly interact with surface Cu atoms via S atom; H2S can exist

n the form of molecular and dissociative adsorption on the sto-
chiometric, reduced and sulfurized surfaces, and the dissociative
dsorption is the main existence form for the first dehydrogenation
tep of H2S, which spontaneously dissociate into SH and H species.
eanwhile, since S atom occupies the active center of CuSUB–CuSUB

ridge site contributing to the dissociative adsorption of H2S on the
toichiometric surface, the CuSUB–CuSUB bridge site cannot lead to
he spontaneously dissociation of H2S on the sulfurized surface,
uggesting that the sulfurized surface exhibits a weak catalytic
ctivity toward the dissociation of H2S compared to that on the
toichiometric surface.

For the complete dissociation of the molecular adsorption H2S
eading to final product S species on these three CuO(111) sur-
aces, the overall dissociation processes are exothermic, suggesting
hat the dissociation of H2S to S and H species is thermodynami-
ally favorable on CuO(111) surfaces; however, the activation free
nergy of H2S dissociation on the stoichiometric surface is much
maller than that on the other two surfaces, indicating that the sto-
chiometric surface exhibits a strong catalytic activity toward H2S
issociation into S and H species. The sulfur atom acts as a poison
n CuO(111) surface, which results in the lower activity toward the
issociation of H2S. Finally, the vibrational frequencies data for the
dsorbed H2S and SH species on different CuO(111) surfaces pro-
ide a systematical theoretical guidance for experimental studies
bout the surface vibrational spectroscopy.
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