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Abstract 

When using coal-derived syngas or coal as fuel in chemical looping combustion (CLC), CO as a represen- 
tative pyrolysis/gasification product and H 2 S as the main sulfurous gas coexist in fuel reactor. Either CO or 
H 2 S can absorb on the surface of CuO (the active component of Cu-based oxygen carriers), and reactions will 
occur among them. In this study, density functional theory (DFT) calculations are conducted to investigate 
the interaction among H 2 S, CO, and CuO, including: the reaction between CO and H 2 S over CuO particle, 
the influence of CO on the H 2 S dissociation and further reaction process, and the impact of H 2 S dissociation 

products on CO oxidation. Firstly, the co-adsorption results suggest that H 2 S might directly react with CO 

to produce COS via the Eley–Rideal mechanism, while CO prefers to react with HS 

∗ or S 

∗ via the Langmuir–
Hinshelwood mechanism. This means that the reaction mechanisms between CO and H 2 S will change as the 
H 2 S dissociation proceeds, which has already been forecasted by the co-adsorption energies and verified by 
all of potential Eley–Rideal and Langmuir–Hinshelwood reaction pathways. Then, the influence of CO on 

the H 2 S dissociation process is examined, and it is noted that the presence of CO greatly limits the dissocia- 
tion of H 2 S due to the increased energy barrier of the rate-determining dehydrogenation step. Furthermore, 
the impact of H 2 S dissociation products on CO oxidation by CuO is also investigated. The presence of H 2 S 

and S 

∗ significantly supresses the CO oxidation activity, while the presence of HS 

∗ slightly promotes the CO 

oxidation activity. Finally, the complete interaction mechanisms among H 2 S, CO, and CuO are concluded. 
It should be noted that COS will be inevitably produced via the Langmuir–Hinshelwood reaction between 

surface S 

∗ and CO 

∗, which is prior to H 2 O generation and subsequent sulfidation reaction. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Chemical looping combustion (CLC), with the 
characteristics of inherent CO 2 separation during 
fossil fuel conversion process, has been proposed 
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s one of the most promising technologies to ad-
ress the global warming issue [1 , 2] . Typically, there
re two reactors in the chemical looping system, i.e.
uel reactor and air reactor. Oxygen carrier (OC),
s the medium to bridge the two reactors, is re-
arded as a key issue in CLC. Cu-based materi-
ls have been extensively investigated as suitable
Cs, due to the excellent reactivity and high oxy-

en transport capacity [3] . Nevertheless, Cu-based
C has been demonstrated as a sulfur-sensitive ma-

erial, which is easily to be contaminated by sulfur-
ontaining species and thus resulting in degraded
eaction performance (reactivity, durability, and re-
istance to sintering/agglomeration). 

H 2 S and CO always coexist in fuel reactor when
sing natural gas, biogas, coal-derived syngas, or
oal (H 2 S as main sulfur species released from coal
yrolysis) as fuels [4] . Recently, extensive research
n the performance of Cu-based OC with sulfur-
ontaining syngas has been evaluated in CLC
5–9] , and a high concentration of COS has been
etected from the exhaust [8 , 9] . Wang et al. [9] con-

ectured that, in the CLC atmosphere (with copper
re as OC), the COS formation might be via the re-
ctions between SO 2 or H 2 S and CO. Over the ZnO
r Fe 2 O 3 surface, the formation of COS from the
ixture of CO/CO 2 /H 2 S may occur, which was also

erified by experiments [10-12] . Through density
unctional theory (DFT) calculations, Ling et al.
13] further found that the formation of COS from
he CO 

–H 2 S reaction over the ZnO surface was eas-
er than that between CO 2 and H 2 S. 

To date, three different mechanisms have been
eported for the interaction of two gaseous species
ver sorbent surface, including the Mars-van Krev-
len (MvK) mechanism, the Eley-Rideal (E-R)
echanism, and the Langmuir-Hinshelwood (L-H)
echanism [14] . The E-R mechanism represents

he gas-solid heterogeneous reaction, and the L-H
echanism signifies the homogeneous reaction be-

ween two adsorbed molecules. In a previous study,
ing et al. [13] speculated that COS was entirely
roduced via the L-H reaction between the disso-
iated S 

∗ and adsorbed CO 

∗. However, the concen-
ration of CO in fuel reactor was more than two
rders of magnitude higher than that of H 2 S, indi-
ating a high possibility of the E-R mechanism for
he real heterogeneous reaction, which was rarely
nvestigated. 

On the other side, the presence of CO might in-
uence the H 2 S adsorption on the CuO surface and
urther reaction with CuO, and vice versa . Recently,
FT calculations have been successfully conducted

o explore the microscopic adsorption mechanisms
f CO [15 , 16] or H 2 S (resultant HS 

∗ and S 

∗) [17 , 18]
n the surface of CuO (111). These species are all
trongly chemisorbed at the same copper site on
he CuO surface, indicating a competitive adsorp-
ion process. Therefore, when H 2 S and CO coexist
n the surface of CuO, there must be mutual effect
etween them for the competitive adsorption. To
be more specific, the H 2 S adsorption, dissociation,
and further reaction with CuO might be affected
by the presence of CO, and CO oxidation would
be influenced by H 2 S as well. Nevertheless, there
is no report on the intrinsic interactions of CO or
H 2 S with CuO (neither of the homogeneous or het-
erogeneous reactions among two species). There-
fore, gaining fundamental insights into the detailed
interaction among the system of H 2 S, CO, and
Cu-based OC is highly desired. 

In this study, DFT calculations are conducted to
reveal the interaction mechanism among H 2 S, CO,
and CuO. As known, there are three distinct stages
during the H 2 S dissociation process ( i.e. , H 2 S,
HS 

∗+ H 

∗, and S 

∗+ 2H 

∗) [17 , 18] . Thus, in this work,
the co-adsorptions of CO and H 2 S, HS 

∗+ H 

∗,
S 

∗+ 2H 

∗ are firstly investigated respectively, aiming
to preliminarily determine the interaction mecha-
nism. Then, DFT calculations are carried out to ex-
amine all the possible reaction pathways (via either
the L-H or E-R mechanism). Next, the influence of 
CO on the H 2 S dissociation process and subsequent
sulfidation reaction, as well as the impact of H 2 S
dissociation products on CO oxidation are also in-
vestigated. Finally, the entire schematic of reaction
pathways is obtained. Based on the energy barri-
ers analysis, the rate-limiting steps are determined.
These fundamental insights can benefit the acquisi-
tion of the intrinsic interaction and reaction mech-
anism/kinetics of H 2 S or CO over Cu-based OC,
and provide useful guidance to the design of robust
OCs used in a realistic chemical-looping system. 

2. Computational details 

All DFT calculations in this study are con-
ducted by the CASTEP (Cambridge Serial Total
Energy Package) program package. The general-
ized gradient approximation (GGA) in the form
of Perdew-Wang (PW91) is chosen for the elec-
tron exchange-correlation energy [19] . The interac-
tions of electrons and ions are modeled by ultra-
soft pseudo-potential. The cutoff energy of 400 eV
is adopted. The Brillouin zone interactions are de-
scribed within the Monkhorst-Pack type mesh of 
5 × 7 × 5 and 3 × 2 × 1 for CuO bulk cell and CuO
slab, respectively. The GGA + U method is adopted
to describe the strong electron correlations of tran-
sition metals, and 7.5 eV is selected, as it is a rea-
sonable U value for the Cu 3d orbitals [20 , 21] . The
van der Waals-inclusive correction (DFT-D) with
the Ortmann–Bechstedt–Schmidt (OBS) method
is applied, and the convergence criteria for to-
tal energy, maximum inter-atomic force, and dis-
placement are 1.0 × 10 −5 eV/atom, 0.03 eV/ ̊A, and
0.001 Å, respectively. 

As shown in Fig. 1 a, the lattice parameters
of the CuO unit cell ( a = 4.653 Å, b = 3.410 Å,
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Fig. 1. (a) CuO unit cell; (b) six-layer CuO (111) slab. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
The adsorption energies ( E ads /kJ ·mol −1 ) of single ad- 
sorption and co-adsorption. 

single CO, H 2 S CO, HS ∗ CO, S ∗

CO 65.65 63.99 76.43 69.42 
H 2 S 88.35 86.69 – –
HS ∗ 203.80 – 197.11 –
S ∗ 218.98 – – 212.70 

 

c = 5.108 Å, and β= 99.50 ◦) are in good agree-
ment with the experimental values ( a = 4.682 Å,
b = 3.424 Å, c = 5.127 Å, and β= 99.42 ◦) [22] . Con-
sequently, a six-layer p (2 × 3) CuO (111) slab
model is constructed and shown in Fig. 1 b, in which
the top three layers are allowed to relax and the
bottom three layers are fixed. The vacuum space
of 15 Å is added perpendicular above the surface.
More computational details and verifications can
refer to Section S1 in Supplemental Material (SM).

In order to investigate the interactions be-
tween gaseous species and bare slab, the ad-
sorption energy, E ads , is defined as E ads = E (A) +
E (B) − E ( AB ) , where E (AB) is the total energy of 
the adsorption structure; E (A) and E (B) represent
the total energies of substrate and adsorbate, re-
spectively. Moreover, the complete LST/QST (lin-
ear/quadratic synchronous transit) approach is
used to calculate the energy barrier, E b , which is
defined as: E b = E ( TS ) − E ( IS ) , where E (TS) and
E (IS) are the energies of the transition state and the
initial state, respectively. 

3. Results and analysis 

3.1. Co-adsorption of H 2 S and CO on the CuO 

(111) surface 

To find the potential co-adsorption configura-
tions of H 2 S and CO, the individual adsorption
of CO or H 2 S (including the dissociated HS 

∗ and
S 

∗) on the CuO (111) surface is firstly investigated,
and all possible active adsorption sites are consid-
ered (see Section S2 in SM). As listed in Table 1 ,
the adsorption energies of CO and H 2 S are 65.65
and 88.35 kJ/mol, respectively, which are consistent
with the literature results [15 , 18] . Both H 2 S and
CO are intensively chemisorbed at the same site
of T Cu3f . The higher adsorption energy of H 2 S (or
HS 

∗, S 

∗) than that of CO indicates that H 2 S (or
HS 

∗, S 

∗) preferentially adsorbs on the surface of 
CuO (111) in the competitive adsorption process. 
The configurations in Fig. 2 represent the 
co-adsorptions between H 2 S (as well as HS 

∗, 
S 

∗) and CO. As listed in Table 1 , the adsorption 

energy of CO in the presence of H 2 S ( Fig. 2 a) 
is 63.99 kJ/mol, which is slightly lower than 

that of the individual adsorption energy of CO 

(65.65 kJ/mol), implying that the presence of H 2 S 

weakens the adsorption of CO. As known, H 2 S 

is preferentially adsorbed on the surface, and 

CO might be inclined to exist in the form of the 
gas state to react with the adsorbed H 2 S 

∗. It is 
therefore inferred that the interaction between CO 

and H 2 S might follow the E-R mechanism via the 
reaction of H 2 S 

∗+ CO (g) → COS (g) + 2H 

∗, where ‘ ∗’
represents the adsorbed state and ‘(g)’ represents 
gas state. On the other side, the higher adsorption 

energies of CO in the presence of HS 

∗ or S 

∗

(76.43 or 69.42 kJ/mol, in Table 1 ) indicate that 
the adsorption of CO would be enhanced. Since 
HS 

∗ and S 

∗ species are preferentially adsorbed 

on the surface as well, CO might first absorb on 

the CuO surface and then react with the adsorbed 

HS 

∗ and S 

∗ species via the L-H reactions of 
HS 

∗+ CO 

∗→ COS 

∗+ H 

∗ and S 

∗+ CO 

∗→ COS 

∗. In 

other words, the reaction mechanisms of H 2 S and 

CO would change as the H 2 S dissociation proceeds. 

3.2. The reaction between CO and H 2 S on the 
surface of CuO 

To further determine the CO/H 2 S reaction 

mechanism over the CuO surface, all of the 
possible interaction routes are then consid- 
ered. The configurations in Fig. 3 represent 
CO adsorbs on the H 2 S (or HS 

∗, S 

∗) pre- 
adsorbed CuO surface. Following the E-R 

mechanism, H 2 S (or HS 

∗, S 

∗) is pre-adsorbed 

on the CuO surface, and the corresponding re- 
action routes are: H 2 S 

∗+ CO (g) → COS (g) + 2H 

∗, 
HS 

∗+ CO (g) → COS (g) + H 

∗, and S 

∗+ CO (g) → 

COS (g) . The geometric configurations of Fig. 3 a, 
b, and c are regarded as the initial state of these 
E-R reactions, respectively. According to the 
L-H mechanism, the following reaction routes 
are also considered: H 2 S 

∗+ CO 

∗→ COS 

∗+ 2H 

∗, 
HS 

∗+ CO 

∗→ COS 

∗+ H 

∗, and S 

∗+ CO 

∗→ COS 

∗. 
The geometric configurations of Fig. 2 a, b, and 

c are regarded as the initial state of these L-H 

reactions, respectively. 
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Fig. 2. The optimized configurations of co-adsorptions of (a) CO and H 2 S, (b) CO and HS ∗, and (c) CO and S ∗. (Yellow 

ball: S, White ball: H, Red ball: O, Salmon pink ball: Cu, Grey ball: C.). 

Fig. 3. The optimized configurations of CO adsorption on (a) the H 2 S pre-adsorbed CuO surface, (b) the HS ∗ pre- 
adsorbed CuO surface, and (c) the S ∗ pre-adsorbed CuO surface. 

Fig. 4. The corresponding potential energy diagram for 
reaction of S ∗ with CO. 
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Fig. 5. The corresponding potential energy diagram for 
reaction of HS ∗ with CO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.2.1. CO reacts with S 

∗

The configurations of Figs. 2 c and 3 c are cho-
en as the initial state of L-H and E-R reaction
athways, and the value of 62.12 kJ/mol in Fig. 4

s the overall energy difference of the configura-
ions of Fig. 2 c (namely ‘S 

∗+ CO 

∗’ in Fig. 4 ) and
ig. 3 c (namely ‘S 

∗+ CO (g) ’ in Fig. 4 ). As known,
aseous or adsorbed CO can react with S 

∗ to even-
ually produce COS. To determine the formation
oute of COS, all possible active adsorption sites
f COS should be firstly considered (see Section S3
f SM). As shown in Fig. S7 of SM, CO prefers
o migrate to the 3-coordinated oxygen site of T O3f 
o form the adsorbed COS 

∗ (from ‘S 

∗+ CO 

∗’ to
COS 

∗’ in Fig. 4 ), corresponding to the L-H mecha-
ism (S 

∗+ CO 

∗→ COS 

∗). It is found that the energy
arrier of the L-H reaction path is 86.47 kJ/mol.
As for the E-R reaction route (S 

∗+ CO (g) → COS (g) ),
gaseous CO interacts with S 

∗ to produce COS with
an energy barrier of 40.85 kJ/mol. Although the en-
ergy barrier of the L-H reaction is higher than that
of the E-R reaction, the overall energy of the L-H
reaction at TS (24.35 kJ/mol) is still lower than that
of the E-R reaction (40.85 kJ/mol), indicating that
COS is preferentially formed via the L-H mecha-
nism between CO 

∗ and S 

∗ (S 

∗+ CO 

∗→ COS 

∗). 

3.2.2. CO reacts with HS 

∗

As it is shown in Fig. 5 , the potential energy di-
agram for the two reaction paths between HS 

∗ and
gaseous or adsorbed CO is calculated, and the cor-
responding configurations can be seen in Fig. S8
in SM. It is found that COS can be produced via
the E-R mechanism (HS 

∗+ CO (g) → COS (g) + H 

∗) by
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Fig. 6. The corresponding potential energy diagram for 
the reaction of H 2 S ∗ with CO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

overcoming an energy barrier of 55.69 kJ/mol,
while the H atom will transfer to the adjacent 3-
coordinated oxygen site of T O3f . As for the L-
H reaction path, CO still prefers to migrate to
the 3-coordinated oxygen site from ‘HS 

∗+ CO 

∗’ to
‘H 

∗+ COS 

∗’ in Fig. 5 with an energy barrier of 
92.60 kJ/mol . Analogously, the lowest overall en-
ergy of the L-H reaction path at TS (31.14 kJ/mol)
is observed, which also confirms previous specula-
tion on the L-H mechanism between CO 

∗ and HS 

∗

(HS 

∗+ CO 

∗→ H 

∗+ COS 

∗). 

3.2.3. CO reacts with H 2 S 

∗

The potential energy diagram for the two
reaction paths between H 2 S 

∗ and gaseous or
adsorbed CO is shown in Fig. 6 , and the cor-
responding configurations can refer to Fig. S9
in SM. The energy barrier of the E-R reaction
(H 2 S 

∗+ CO (g) → COS (g) + 2H 

∗) is 58.48 kJ/mol,
while two H 

∗ (dissociated from H 2 S) will transfer
to two adjacent 3-coordinated oxygen sites. As for
the L-H reaction path, due to prior occupation
of H 

∗ atoms on the 3-coordinated oxygen sites of 
T O3f , CO can only migrate to the 4-coordinated
oxygen site of T O4f to produce COS 

∗ via the
reaction of H 2 S 

∗+ CO 

∗→ COS 

∗+ 2H 

∗
. Both the

energy barrier and overall energy of E-R reaction
path (58.48 kJ/mol and 58.48 kJ/mol, respectively)
are lower than those of the L-H reaction path
(156.92 kJ/mol and 102.02 kJ/mol, respectively),
which meets the initial expectation that COS are
generated via the E-R reaction between CO and
H 2 S (H 2 S 

∗+ CO (g) → COS (g) + 2H 

∗). 
Therefore, it can be concluded from the above

calculation results that the CO/H 2 S reaction mech-
anism changes from the E-R mechanism to the
L-H mechanism as H 2 S dissociation proceeds,
which has already been forecasted by the co-
adsorption energies and then fully verified by the
results of all potential reaction paths. 
3.3. H 2 S dissociation and further reaction with 
CuO in the presence of CO 

To characterize the interaction between CO 

and H 2 S over the CuO (111) surface, the influence 
of CO on the H 2 S dissociation process is rather 
essential. The potential energy diagram for H 2 S 

dissociation and further reaction with CuO are 
shown in Fig. 7 , in which the H 2 S dissociation in 

the presence of CO is compared with the individ- 
ual H 2 S dissociation on the CuO surface [21] , and 

the corresponding configurations can be found 

in Fig. S10 in SM. The co-adsorption configura- 
tion of H 2 S and CO ( Fig. 2 a) is set as the initial 
state (‘H 2 S 

∗’ in Fig. 7 ) of the H 2 S dissociation 

process. The gradual dehydrogenations of H 2 S 

(H 2 S 

∗→ HS 

∗+ H 

∗ and HS 

∗→ H 

∗+ S 

∗) are firstly 
examined. In the first dehydrogenation step, the 
adsorbed H 2 S 

∗ is dissociated spontaneously into 

HS 

∗ and H 

∗ with an energy barrier of 6.66 kJ/mol 
at TS1, in which CO 

∗ still binds with T Cu3f site, and 

S 

∗ bonds with two adjacent Cu atoms (‘HS 

∗+ H 

∗’ in 

Fig. 7 ). Subsequently, the second dehydrogenation 

step occurs by overcoming an energy barrier of 
39.18 kJ/mol at TS2, and as depicted in ‘S 

∗+ 2H 

∗’
in Fig. 7 , the surface-adsorbed S 

∗ is formed while 
two H 

∗ adsorbs at the T O3f site. 
The energy barriers of the first (4.82 kJ/mol) 

and second (26.05 kJ/mol) steps of H 2 S dehydro- 
genations in the absence of CO are also calculated 

[21] . It can be seen that, the energy barrier of 
the first dehydrogenation step is significantly 
lower than that of the second dehydrogenation 

step both in the presence and absence of CO, 
suggesting that the reaction of HS 

∗→ H 

∗+ S 

∗ is 
the rate-determining step in the two-step dehy- 
drogenation process. Based on the energy barrier 
analysis, it can be concluded that CO does not 
significantly affect the first H 2 S dehydrogenation 

step (6.66 vs. 4.82 kJ/mol), but greatly increases the 
energy barrier of the second dehydrogenation step 

(39.18 vs. 26.05 kJ/mol). This indicates that the 
presence of CO significantly limits the dissociation 

of H 2 S due to the increased energy barrier of the 
rate-determining dehydrogenation step. 

In term of the reaction of 
CuO + H 2 S → Cu x S + H 2 O, the further reactions 
of H 2 O generation and sulfur evolution are con- 
sidered as a vital step to recognize the entire 
reaction process of the interaction of H 2 S with 

CuO. One H 

∗ atom is separated from the original 
(O-H) ∗ group and then close to other T O3f site, 
forming a (H-O-H) ∗ structure with an energy bar- 
rier of 102.94 kJ/mol, which will release as H 2 O (g) 

at a distance of 6 Å above the surface. This would 

contribute to the formation of oxygen vacancy 
(‘S 

∗+ H 2 O(g)’ in Fig. 7 ), and the desorption is 
endothermic (62.64 kJ/mol). According to the 
Lewis acid-base theory [23] , the removal of an 

oxygen atom from CuO surface will leave behind 

two unpaired electrons. This implies that the 
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Fig. 7. The potential energy diagram for H 2 S dissociation and further reaction with CuO in the presence/absence of CO. 

Fig. 8. The potential energy diagram for CO oxidation by 
CuO. 
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xygen vacancy is a strong Lewis base, and the ac-
ive S 

∗ will migrate to the oxygen vacancy forming
 strong adsorption structure (top site of S 3f ) in the
nal state (‘S3f+ H 2 O(g)’ in Fig. 7 ) with an energy
arrier of 2.89 kJ/mol. Thus, in this sense, H 2 S
ventually dissociates into H 2 O molecule and the
esidual S 

∗ remains in the surface. It is inferred that
he residual S 

∗ mainly exists in the form of S 3f site
n the CuO surface, and then lead to a generation
f sulfides as more dissociated S 

∗ atoms gather.
n brief, it can be concluded from Fig. 7 that
O does not significantly affect the following
 2 O generation and subsequent sulfur evolution,

onsidering their nearly same desorption energies
62.64 vs. 61.45 kJ/mol), and energy barriers at
S3 (102.94 vs. 107.37 kJ/mol) and at TS4 (2.89 vs.
.93 kJ/mol). 

.4. The CO oxidation by CuO in the presence of 
 2 S 

The impact of H 2 S as well as its dissociation
roducts on CO oxidation by CuO is also investi-
ated, and CO oxidations in the presence/absence
f H 2 S 

∗, HS 

∗, or S 

∗ are plotted in Fig. 8 . The
orresponding configurations are shown in Fig.
11 in SM. It is noted that CO interacts with the
urface oxygen, forming a surface linear CO 2 com-
plex which bonds with copper atom, leading to the
release of gaseous CO 2 . The energy barriers of CO
oxidation in the presence of H 2 S 

∗ or S 

∗ are 45.44
and 64.16 kJ/mol, respectively, and both of which
are obviously higher than that of CO individual
oxidation (27.98 kJ/mol), indicating that the sulfur
presence significantly restrains the CO oxidation.
In addition, there is little difference of the reaction
energy among the above three reactions. However,
in the presence of HS 

∗, the CO oxidation is nearly
unaffected (their almost identical energy barriers).
Furthermore, the release of CO 2 with the presence
of HS 

∗ is exothermic ( −7.58 kJ/mol), which is en-
tirely different from the above endothermic desorp-
tion of CO 2 . In conclusion, the oxidation reactivity
of CO with CuO in the presence of H 2 S 

∗ or S 

∗

would greatly decrease, while the presence of HS 

∗

contributes to the highest oxidation activity of CO.

3.5. Competitive interaction mechanism among 
CuO, CO, and H 2 S 

Based on the above results, the competitive po-
tential energy profiles of the interaction mecha-
nisms of H 2 S and CO over CuO surface are con-
cluded. As it is shown in Fig. 9 , the black line
represents the H 2 S dissociations on the CuO sur-
face in the presence of CO, and the red lines rep-
resent the formation of COS. It should be noted
that the COS formation adopts the most favorable
reaction mechanism as determined in Section 3.2 ,
i.e. , CO (g) + H 2 S 

∗ (the E-R mechanism), CO 

∗+ HS 

∗

(the L-H mechanism), and CO 

∗+ S 

∗ (the L-H mech-
anism). It can be observed in Fig. 9 that three stages
of the H 2 S dissociation exhibit thoroughly different
performance on the reaction paths. 

Firstly, in the stage of H 2 S and CO, adsorbed
H 2 S 

∗ would prefer to dissociate into HS 

∗ and
H 

∗ for its lowest energy barrier (6.66 kJ/mol),
while the COS formation is rather difficult to
occur even via the E-R reaction, for its quite
higher overall energy barrier. Next, in the stage
of ‘HS 

∗+ H 

∗+ CO 

∗’ in Fig. 9 , COS is also difficult
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Fig. 9. The complete potential energy profiles of interaction mechanisms among CuO, CO, and H 2 S. 

Fig. 10. Comprehensive interaction mechanisms among CuO, CO, and H 2 S. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to generate; however, the overall energy of COS
formation dramatically reduces, and the genera-
tion of COS is promoted to some extent. In this
stage, the dissociated HS 

∗ would still prefer to
dissociate into S 

∗ and H 

∗. Finally, in the stage of 
‘S 

∗+ 2H 

∗+ CO 

∗’ in Fig. 9 , two H 

∗ will undergo a
H 2 O-formation process (with an energy barrier
of 102.94 kJ/mol for ‘S 

∗+ H 2 O 

∗+ CO’ at TS3) and
leave an oxygen vacancy, which is beneficial for the
subsequent sulfur evolution. However, the energy
barrier of 86.47 kJ/mol is just required to produce
COS via the L-H mechanism, implying that the
COS formation is easier than the H 2 O-elimination
and the generation of S 3f , as well as sulfidation
reaction and oxygen carrier poisoning. Therefore,
COS is more preferentially produced over the CuO
surface via the L-H reaction between the active
surface S 

∗ and CO 

∗, which is in line with previous
DFT results [13] . 

The comprehensive interaction mechanisms
among CuO, CO, and H 2 S are summarized in
Fig. 10 . As it can be seen, under a reductive reac-
tive atmosphere, H 2 S and CO always coexist and
co-adsorb on the CuO (111) surface. Then, H 2 S
prefers to dissociate into two H 

∗ and one S 

∗ on
the CO pre-adsorbed surface, and COS will be
produced via the L-H reaction between the active
S 

∗ and CO 

∗, which can well explain the COS for-
mation in experiments [8 , 9] . As indicated by Fig. 7 ,
the dissociations of H 2 S will lead to the generation
of residual S 

∗ (S 3f ) on the CuO surface. Mean-
while, when looking into the pathways of SO 2
formation via the reaction between S 3f and surface
lattice oxygen, it is found that S 3f favors to exist
on the surface rather than the SO 2 formation in
the absence of gaseous O 2 , and copper sulfides will
generate as the dissociation of H 2 S proceeds and 

more S 3f atoms gather on the CuO (111) surface 
[21] . In other words, under an O 2 -free and CO-rich 

condition, the formation of COS, SO 2 , and Cu x S 

follows this order of COS > Cu x S > SO 2 . However, 
it is noted that the reaction reactivity between COS 

and fresh CuO surface is kinetically and thermody- 
namically unfavorable [21] . To effectively complete 
the sulfur fixation and control sulfur emission, it is 
possible to develop a composite material by doping 
different metal or nonmetallic oxide compounds 
into the Cu-based oxygen carrier. In this sense, 
gaining insights into the intrinsic interaction and 

reaction mechanism/kinetics of H 2 S or CO over 
Cu-based oxygen carrier at a microcosmic level 
is critical to reveal the sulfur fate in the realistic 
chemical-looping system, as well as to rationally 
design high-performance Cu-based oxygen carrier. 

4. Conclusions 

In this study, DFT calculations are performed to 

investigate the interaction mechanisms among H 2 S, 
CO, and CuO. The main conclusions are drawn as 
follows: 

(1) Based on the adsorption results, it is found 

that H 2 S (or HS 

∗, S) will preferentially 
chemisorb on the CuO (111) surface. The co- 
adsorption results imply that the reaction be- 
tween CO and H 2 S is more likely to occur to 

produce COS via the E-R reaction, while CO 

prefers to react with HS 

∗ or S 

∗ via the L-H 

reaction, suggesting that the reaction mech- 
anism changes as the H 2 S dissociation pro- 
ceeds, which has already been forecasted by 
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the co-adsorption energies and then verified
by the calculation results of all potential re-
action pathways. 

(2) As for the impact of CO on the H 2 S dis-
sociation and further reaction, the presence
of CO limits the dissociation of H 2 S to a
large extent due to the increased energy bar-
rier of the rate-determining step in the two-
step dehydrogenation steps, but does not sig-
nificantly affect further H 2 O generation and
subsequent sulfur evolution. 

(3) In term of the impact of H 2 S dissociation
products on CO oxidation with CuO, it
is found that the rate-limiting step of CO
oxidation is the activation of surface oxy-
gen, instead of the desorption of CO 2 . The
oxidation activity of CO with CuO in the
presence of H 2 S 

∗ or S 

∗ will greatly decrease,
while the presence of HS 

∗ contributes to the
highest CO oxidation activity. 

(4) The competitive potential energy profiles of 
the interaction mechanism among H 2 S, CO,
and CuO are concluded. It is found that H 2 S
will prefer to dissociate into HS 

∗ and H 

∗ at
the very initial stage, and COS will be in-
evitably produced over the CuO surface via
the L-H reaction between active S 

∗ and CO 

∗,
which is prior to further H 2 O generation and
subsequent sulfidation of Cu-based oxygen
carrier. 
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