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Density functional theory (DFT) together with periodic slab models is employed to investigate the adsorption and dissociation of H,S on
the CuO(111) surface. The structures of H,S, SH, S atom, and H atom on the CuO(111) surface, as well as the co-adsorption of SH and a
H atom, and the co-adsorption of S atom and two H atoms, have been determined. The pathways of the dissociation H,S on the CuO(111)
surface are constructed. The activation energy and reaction energy of each step in different pathways are also calculated. The energy
barrier of the first dehydrogenation process in the pathway 2 is 0.60 kJ mol™ higher than that in the pathway 1, but the energy barrier of
the second dehydrogenation process in the pathway 2 is 23.50 kJ mol™ lower than that in the pathway 1, implying that the structure with
two H atoms adsorbed on the Oy sites is the most probable product for the dissociation of H,S on the CuO(111) surface.

on a surface to form elemental sulfur and hydrogen. The

1. Introduction so dissociation pathway studied here involves sequential abstraction
of H atoms from H,S* %, H-S bond cleavage is an essential step
Hydrogen sulfide (H,S) is one of the most common compound in transformation of H,S into elemental sulfur. The following

and can be produced in many industrial processes, such as coal or ~ reaction steps are of primary interest:
residual oil gasification, fuel cell e}ppllca_tlons, ammonia synthes_ls H,S(ads) — SH(ads) + H(ads) (1)
from hydrocarbon feedstock. It is a highly odorous and toxic

L 2 R SH(ags) — Hads) + Sads) )
substance, and it is the sources of the acid rain when it is oxidized )
to sulfur oxide and reacted with water. So it must be removed to ~ Although many researches have been devoted to understanding
avoid corrosion and environmental problems. It is well known the sulfidation of sorbent, little is known about the adsorption
that, when compared with the conventional wet scrubbing process and dissociation pathways of H,S on CuO. Therefore, a

. o - theoretical approach is particularly useful for providing important
methods, _high-temperature - desulfurization can substantially e information on the structure and energetics of H,S adsorption on

improve the thermal efficiency of processes. For the removal of the CuO. CuO(111) surface is one of the predominant growth
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H,S, various kinds of metal oxides have been investigated as surfaces, which has been used in our previous work?™ 2. In this
solid sorbents, such as Cu,0O, ZnO, CeO,, CuO, Fe;0s, Mn;O;3  paper, the energies of H,S adsorption and dissociation pathway
and Coz0,*°. on the CuO(111) surface are investigated to understand the

CuO is known to be used as a highly efficient sorbent to e behavior of H,S on CuO(111) surface by density functional
remove H,S% 7, and various CuO-based sorbents are used to theory. The reaction barrier of each elementary step from H,S to

investigate effects of sorbent ingredients® . Thermodynamics S and two H has been investigated. The aim of this work is to
suggest that a lower equilibrium H,S level can be achieved with provide a better understanding of the dissociation mechanism of
Cu oxide than with Fe and Ca oxides below 800 °C°. Jiang et al.*° H,S on the CuO(111) surface.

prepared a series of Cu-Zn and Cu-Zn-Al catalysts with varying
metal molar ratios. And the results showed that the Cu-rich
adsorbents were more suitable for H,S adsorption at the low 2.1 Computational model
temperature than the Zn-rich adsorbents, which might be mainly
attributed to faster sulfidation rate of the CuO than that of the
ZnO. Kyotani et al.'' prepared five kinds of CuO-containing
solids, and found that physical mixing of CuO with inert solid is
sufficient to increase the reactivity and lifetime of the sorbent.

o

2. Computational model and method
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Previous studies have shown that CuO(111) have the lower
surface free energy®, and the low surface energy structure is the
most stable under realistic conditions®. The adsorption properties
of CuO(111) is investigated using the supercell approach? 2,

Density functional theory has been widely used to calculate the Peric_)di_c boundary condi_tiorl _is applied to the central supercell_so
adsorption energy, structure parameters, activation energy and that it is reproduced periodicity throughout the whole calculation
reaction energy in the process of different reactions. And ~ Space. Fig. 1 displays the top view of CuO(111) surface
molecular modeling and computational investigations have made ~ configurations. The CuO(111) surface includes eight different
important contributions towards understanding the adsorption and s types of surface adsorption sites, including “Cugy”, “Cugy”,
dissociation of H,S on metal and metal oxide catalysts, such as “Ogut”’> “Osup”, “Clgyp - Clgyy bridge”, “Ogyp - Ogup bridge”, “Ogys -
gold cluster®?, Au(100) surface'®, Fe(110) surface'* **, Cu,0(111) Ogys bridge”, “Cugs - Cugy bridge” sites, which are denoted
surface®, ZnO(1010) surface'’, Mo(100) surface®. In many a5 11, 1M, IV, V, VI, VIl and VIl, respectively. The Cug ( T) is
processes, removal of H,S involves its reaction and dissociation the outer-most surface copper atom and the Cug, (11) is the
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subsurface copper atom. The Ogy (I1I) is the outer-most oxygen
atom and the O, (IV) is the subsurface oxygen atom.

Fig. 1. The top view of the CuO(111) surface. The orange and red
s spheres represent the Cu and O atoms, respectively.

A six-layer slab with a [3>2] unit cell is used to model the 1/6
monolayer (ML) coverage. The unit cell of the CuO(111) surface
consists of 24 distinct Cu atoms and 24 distinct O atoms.
Adsorbate and the top tree atomic layers of the substrate are

10 allowed to relax in all of the geometry optimization calculations.
The vacuum region between slabs is 10 A to eliminate spurious
interactions between the adsorbate and the periodic image of the
bottom layer of the surface®.

2.2 Computational method

15 The density functional theory calculation has been carried out by
Dmol® program package in Materials Studio 7.1%> %, The main
calculations are based on the generalized gradient approximation
with a PW91 exchange-correction function®” 2. It is important to
point out that the commonly used DFT exchange correlation

20 functional tend to underestimate adsorption energies because
formally they do not take into consideration van der Waals (vdW)
dispersion forces®. The DFT calculations coupled with a van der
Waals-inclusive correction (DFT-D) are carried out to improve
the calculations®® 3!, The valence electron functions were

25 expanded into a set of numerical atomic orbitals by a double
numerical basis with polarization functions (DNP). In the
computation, the inner electrons of copper atom are kept frozen
and replaced by an effective core potential (ECP)®, and other
atoms in this study are treated with an all electron basis set.

% A Monkhorst-Pack mesh k-points grid of 3>2>2 is used to
simplify the Brillouin zone and the real space cutoff radius is
maintained as 5.0 A. The parameters criteria for the tolerances of
energy, force, displacement, and SCF convergence criteria are 1.0
%10 Ha, 0.002 Ha A, 0.005 A, and 1.0x10°%, respectively. A

3 Methfessel-Paxton smearing of 0.005 Ha is used to improve

calculation performance. Meanwhile, transition state (TS) search

is performed at the same theoretical level with the complete linear
synchronous transit and quadratic synchronous transit (LST/QST)

method?* 33 34,

The adsorption energy is regard as a measure of the strength of
adsorbate-substrate adsorption. The adsorption energy of all
adsorbed molecule is calculated according to the following
formula:

Eads: Eadsorbate + ECuO(lll) - Eadsorbate/CuO(lll)

s Where Eadsorbare/CuO(lll): Eadsorbate and ECuO(lll) denote the total
energy of the CuO(111) surface and the adsorbed molecule, the
energy of free adsorbed molecule in the vacuum, and the energy
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of the CuO(111) surface, respectively. With this definition, a
positive adsorption energy corresponds to a stable adsorption*? %,

2.3 The size effect of surface on calculation

To investigate the necessary size for surface, the adsorption
energies and Mulliken charges for H,S adsorbed at Cug,, site with
S-down are compared for different supercell, which are shown in
Table 1. As can be seen from Table 1, the adsorption energies
have a relatively large change from the 1/2 to 1/6 ML coverage.
And the similar adsorption energies are obtained from the 1/6 and
1/9 ML coverage. Hence, a [3>2] supercell is employed in the
study.

Table 1. The effect of the supercell size in the surface model on
the adsorption energies and Mulliken charges for H,S adsorbed at
Cug,, site of CuO(111) surface.

Coverage/ML Oitizs)’ E,as/kd mol ™t
1/2 0.282 66.54
1/4 0.319 72.18
1/6 0.337 79.04
1/9 0.336 79.29

& The sum charge of all the atoms in H,S.

3. Results and discussion

To validate the reliability of calculation methods, the bulk lattice
parameters for CuO are calculated. CuO has a monoclinic
structure with space group C2/c1 (a = 4.683 A, b =3422 A ¢ =
5.129 A and B= 99.549%. The calculated structural parameters
(Cu-O bond lengths: 1.971 A, 1.969 A; and O-Cu-O angle = 83.3)
are in good agreement with the experimental results and other
calculated date®® ¥. Meanwhile, as summarized in Table 1, the
calculated geometrical parameters, and vibrational frequencies of
gas-phase H,S are in line with available experimental®® and
theoretical dates'®. As shown in Table 2, The GGA-PW91
functional provides the best overall results. In addition, in the
previous study, the GGA-PW91 functional is used to calculate the
mercury adsorption on the CuO surface?® %, Therefore, the GGA-
PW091 functional is used in the following calculations.

Table 2. Geometrical parameters and vibrational frequencies of
gas-phase H,S by GGA- PW91, GGA- PBE and LDA methods.

® From ref. 38

GGA-PW91 GGA-PBE  LDA Exp.®

r(S-H)A)  1.354 1.356 1.355 1.328
O(H-S-H)(°) 91.46 91.48 96.54 91.6
Vaym (CMY) 2660 2671 2650 2628
Vym(cm?) 2638 2649 2628 2615
Vhena (CM™D) 1101 1187 1170 1183

3.1 H,S adsorption on the CuO(111) surface

As to the adsorption of H,S, three types of initial configurations
of H,S molecule reacting with the adsorption sites are examined:
(1) H,S is perpendicular to the surface with S binding to the
adsorption sites; (2) H,S tilts to the surface so that one H atom is
parallel to the adsorption sites; (3) H,S is parallel to the surface
with S binding to the adsorption sites. After optimization, most of
the adsorption energies are about 40 kJ mol? and only two
adsorption energies are above 70 kJ mol™, which are shown in
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Fig. 2 and the adsorption energies are listed in Table 3. Here,
only the two stable adsorption configurations are considered.

Table 3. The properties of single species adsorbed on the
CuO(111) surface with different adsorption modes.

Model Ea/kJd mol™ Model E,q/kJ mol™

H,S(a) 79.04 SH(a) 187.24

H,S(b) 73.81 SH(b) 190.07
H(a) 168.06 SH(c) 61.75
H(b) 177.41 SH(d) 159.24
H(c) 324.78 s 217.35
H(d) 75.82

N
a

1.356
[y 1'."396

{7
% 1.809

2.387, P,

0

o~

Fig. 2. The geometric structures of H,S on the CuO(111) surface.

As shown in Fig. 2, H,S is adsorbed at Cug,, site as a molecule.
In H,S(a), one of the H atom is adsorbed at Oy site with a
distance of 1.809 A. And in H,S(b), the two H atoms are all
adsorbed at Oy sites with distance of 2.170 and 2.325 A
respectively. The adsorption energies of H,S (a) and H,S (b) are
79.04 and 73.81 kJ mol™, respectively. The adsorption energy is
similar to the case of H,S on a-Fe,03(0001) surface (71.0 kJ mol
1% Ir(111) surface® (74.3 kJ mol™) , Ni(100) surface™ (70.5 kJ
mol™) and Nb-doped Pd surface*? (77.48 kJ mol™). Evidences for
the physical adsorption of H,S on oxide surfaces are seen in
studies of H,S on MgO(100) surface, Cr,05(0001) surface*® **,
Ag(100) surface®, UO,(001) surface*® and Au(100) surface®.
However, the dissociative adsorption of H,S occurs
predominantly on the ZnO(1010) surface®® and Si(001) surface *.

3.2 SH adsorption on the CuO(111) surface

For the adsorption of SH on CuO(111) surface, three molecular
orientations, S-down, H-down and SH parallel to the surface, on
the all adsorption sites of the CuO(111) surface are examined.
During a full optimization, four adsorption modes are obtained
displayed in Fig. 3. In SH(a) model, S atom is bonded to two
Cug,, atoms via the bridge bond and H atom is toward to the Ogy,
atom. The two S-Cu bonds are 2.330 and 2.346 A in length,
respectively, and the adsorption energy is 187.24 kJ mol™. In
SH(b) model, the S atom is also bonded to two Cug,, atoms via
the bridge bond, but the H atom is toward to two Oy atoms with
the distance of 2.432 and 2.926 A, respectively. The adsorption
energy of SH(b) is 190.07 kJ mol™. The adsorption energy of
SH(c) is 61.75 kJ mol™, which indicates weak chemisorptions. In
SH(d), S atom is bonded to the Cug,, atom and H atom is bonded
to the Ogys atom. The adsorption energy of SH(d) is 159.24 kJ
mol™. From the adsorption energy, it is indicated that SH(a) and
SH(b) are the stable adsorption configurations with S atom
bonded to two Cug,, atoms via the bridge bond. It is similar to the
SH on ZnO(1010) surface®, Pd(111) surface® and Ni(111)
surface.,

Fig. 3. The geometric structures of SH on the CuO(111) surface.
3.3 S adsorption on the CuO(111) surface

45 The S atom adsorption on the CuO(111) surface for the most

stable adsorption models is obtained after a full optimization, as
shown in Fig. 4. The models S bonded to other sites are all
converted to the model S bonded to the bridge of two Cug,, atoms,
with the adsorption energy of 217.35 kJ mol™. The S atom is

so bonded to two Cug,, atoms via the bridge bond. The bonds of S-

Cugy, are 2.246 and 2.254 A in length, respectively.

Fig. 4. The geometric structures of S atom on the CuO(111)
surface

ss 3.4 H adsorption on the CuO(111) surface

Fig. 5. The geometric structures of H atom on the CuO(111)
surface.
For H adsorption, we considered the models H bonded on all the

e0 adsorption sites on the CuO(111) surface and four models are

obtained after a full optimization shown in Fig. 5. The adsorption
energies are listed in Table 3. As can be seen from the adsorption
energy, the H(c) model is the most stable configuration with the
adsorption energy of 324.78 kJ mol™. In H(a), H atom is adsorbed

6 at the Cug,, atom with the distance of 1.451 A. In H(b), H atom is

adsorbed at two Cug,, atoms via the bridge bond with the distance
of 1.622 and 1.617A, respectively. In H(c), H atom is adsorbed at
the Og atom with the distance of 0.976 A. In H(d), H atom is
adsorbed at the Cugs atom with the distance of 1.468 A. The

70 adsorption energies of the four models are in the following order:

H(c) > H(b) > H(a) > H(d). It is indicated that the Og site is
found to be the stable site for H adsorption on CuO(111) surface,
which is similar to H adsorption on CeO,* and ZnO?. However,

This journal is © The Royal Society of Chemistry [year]
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the metal site is the most stable adsorption site for H adsorption
on Cu,0(111) surface®.

3.5 The co-adsorption of SH and H or S and two H on the
CuO(111) surface

To characterize probable reaction pathways of the H,S
decomposition processes on the CuO(111) surface, the co-
adsorption of SH and a H atom, a S atom and two H atoms, are
considered. The co-adsorption structure of SH and H atom is built
according to the most stable single adsorptions of SH and H on
the CuO(111) surface®. As above mentioned, three stable
adsorption structures of SH on the CuO(111) surface are obtained,
which are shown as SH(a), SH(b) and SH(c). Based on these
three configurations and the adsorption configurations of H,S on
CuO(111) surface, the co-adsorption configurations of SH
fragment and a H atom on the CuO(111) surface are investigated,
which are shown as IM1 and IM2 in Fig. 6. In the two co-
adsorption configures, the S atom is bonded to two Cug,, atoms
via the bridge bond and the H atom is bonded to the Og
adsorption site. However, in IM1 the H atom of SH is toward to
Ogyp Site with distance of 2.572 A, and in IM2 the H atom of SH
is toward to Og site with distance of 2.402 A. The adsorption
energies of IM1 and IM2 are 494.09 and 516.83 kJ mol™,
respectively.

o
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1.357 4489
w7 2313

. 2.3
: 2344 2279 G f
0.997 :"'E"" G 0.9 ~ %

25 Fig. 6. The optimized geometric structures of co-adsorbed of SH
and a H atom, a S atom and two H atoms on the CuO(111)
surface.

The co-adsorption structures of a S atom and two H atoms are
also investigated, see P1 and P2 Fig. 6. In the two co-adsorption

2 configures, the S atom is bonded to two Cug, atoms via the
bridge bond. In P1 the H atoms are bonded to Oy and O, Sites
with the distance of 0.996 and 0.997 A, respectively. However, in
P2 the two H atoms are bonded to O sites with the distances of
0.980 and 1.000 A, respectively. The adsorption energies of P1

35 and P2 are 861.45 and 884.82 kJ mol™, respectively.

3.6 The dissociation process of H,S on the CuO(111) surface

To characterize the dissociation process of H,S on CuO(111)
surface, H,S(a) and H,S(b) models are choose as the initial states
and the co-adsorption configurations of SH and H, S and two H
40 are choose as the intermediates. The P1 and P2 configurations are
served as final states. The transition states are searched from
initial states to final states. The structures and bond lengths for
the transition states are displayed in Fig. 7. The calculated
reaction pathways for H,S dissociated process on CuO(111)
45 surface are presented in Fig. 8.

As can be seen from the Fig. 2, in H,S(a) model, one H atom
bounds to Og,; atom and another H atom is inclined to adsorb at
Ogp atom. In H,S(b) model, the two H atoms all bound to Og
atoms. According to the adsorption sites of H atoms in IM1 and

s IM2 models in Fig. 6, two pathways (H,S(a) — IM1 — P1,
H,S(b) — IM2 — P2)) are formed. For pathway 1, H,S(a)
configuration is choose as the reactant. H,S initially adsorbs on
the surface with an adsorption energy of 79.04 kJmol™. Then,
the first dehydrogenation process (H,S — SH + H) happens and
ss the dissociating H atom diffuses into the adjacent surface Oy
atom and forms an O-H bond via TS1 with an energy barrier of

1.82 kJ mol™*.The distances between the dissociative H atom and

the S atom, Oy atom on the surface are 1.479 and 1.526 A,

respectively. This step is an exothermic process with the
0 formation of intermediate IM1 and the reaction energy of 34.99

kJ mol . Subsequently, the second dehydrogenation step (SH —

S + H) takes place by overcoming an energy barrier of 46.60

kJ mol™ at TS2 and leads to the formation of P1 with a reaction

energy of 2.68 kJ mol™. In the structure of TS2, the lengths of the
ss breaking S-H and forming Og,;-H bonds are 1.485 and 1.421 A,
respectively.

For the pathway 2, the H,S(b) configuration is choose as the
reactant and the adsorption energy of H,S(b) is 73.81 kJ mol™.
As the H,S molecule comes apart, the SH fragment tilts toward
the surface and ends in a bridge configuration with the S atom
with an energy barrier of 242 kimol® in the first
dehydrogenation step. In TS3, both SH and H are close to
adjacent Oy sites, with the dissociating H 1.436 A away from the
S atom of the SH fragment. The values are increased by 0.075 A
75 compared to the molecularly adsorbed H,S(H,S(b)). For the

second dehydrogenation step, this step is an exothermic process

with the formation of product P2 and the reaction energy of 42.78

kJ mol ™. The energy barrier is 23.10 kJ mol™. In TS4, the SH

bond is broken, and the distance between S and H is 1.559 A. The
s H atom dissociated from the SH is close to the O site with the
distance of 1.320 A,

7
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Fig.7. The optimized geometric structures of transition states on
the CuO(111) surface.
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120
--- Pathl
— Path2

CuO+H,S(g)

Relation energy (kJ mol™)

-179.54

Fig.8. Schematic potential energy diagram for the H,S
decomposition on CuO(111) surface.

According to the calculation of pathway 1 and pathway 2, the
first dehydrogenation process can easily take place with a small
energy barrier of 1.82 and 2.42 kJmol?, respectively, to
overcome. The low energy barriers reveal that adsorbed H,S is
unstable on the CuO(111) surface. However, H,S weakly
molecularly bonded to the CeO,(111) surface need to overcome
little energy barrier of 7.95 kJ mol* for the first dehydrogenation
by the DFT calculation®. For the second dehydrogenation
process, the energy barrier of pathway 2 is 23.10 kJ mol™, which
is 23.50 kJ mol™ smaller than that of pathway 1. From the energy
barrier of the second dehydrogenation process, it is concluded
that pathway 2 is the most probable reaction process for the H,S
dissociation on the CuO(111) surface. The barriers for the first
and second dehydrogenation process are about 9.65, 0 kJ mol™ on
Fe(110)*, 35.70, 3.86 ki mol? on Pd (111) surface®®, 35.66,
51.47 kJ mol™ on ZnO(10R0) surface®, and 52.4, 82.7 kJ mol™
on Cu,O(111) surface. It is concluded that CuO(111) surface
exhibits a strong catalytic activity toward the dissociation of H,S.

Conclusion

The adsorption and decomposition mechanism of H,S on the
CuO(111) surface have been investigated using density functional
theory together with periodic slab models. The most stable
adsorption structures and adsorption energies for H,S, SH, S and
H species, as well as the coadsorption of SH fragment and a H
atom, and of a S atom and two H atoms are identified. The results
show that H,S is adsorbed on the CuO(111) surface with S atom
bonded on Cugy, site. It is proposed that the most stable
configurations for SH and S on the CuO(111) surface is the S
atom is bonded to two Cug,, atoms via the bridge bond, where as
H adsorb preferentially on the Oy site. The energy barrier for the
dissociation of H,S is obtained. The pathway for the two H atoms
adsorbed on Og sites is the probable reaction process. In the
pathway, the energy barriers of the first and second
dehydrogenation process are 242 and 23.10 kJmol?
respectively, which indicated that CuO(111) surface exhibits a
strong catalytic activity toward the dissociation of H,S.
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