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The mechanism of the catalytic oxidation of CO activated by MoS,-supported Au;g nanoparticles (NPs)
was studied using density functional theory calculations. Of particular interest were the effects of the

physical/chemical modification of a MoS, support on the CO oxidation pathway and the activation of

specific reactive centers, i.e., the Au atoms of Aujg or the Au—MoS, perimeter sites. We systematically
modified MoS, by introducing an S vacancy or 5% tensile strain and studied the shift of each reaction
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step and the overall change in the reaction pathway and activity. Despite the lack of direct involvement
of the Au—MoS, perimeter in the reaction, the combination of an S vacancy and the tensile strain in the
MoS, support was found to improve the stability and catalytic activity of Au NPs for CO oxidation. The

results show that support modification can provide information for new pathways for the rational design

www.rsc.org/pccp of Au-based catalysts.

1 Introduction

Au nanoparticles (NPs) have attracted great interest because
of their unusual catalytic activities at the nanoscale toward
CO oxidation."” Because small Au NPs are inevitably structu-
rally volatile, the use of a robust support material, such as a
mesoporous oxide architecture, is essential for the design
of catalysts for industrial applications. However, from the
perspective of catalysis design, the incorporation of a support
material opens up new opportunities for catalyst design
through the formation of the interface.” For example, recent
findings regarding the role of Au-support interfaces in CO
oxidation show that the perimeter activates oxygen, and
furthermore, the findings have provided fundamental insights
into the chemical nature of the reactive species of the supported
Au catalysts.*® In this respect, optimization of the Au-support
interface may cause new chemical properties to emerge that could
enable intensive rational catalyst design beyond just a simple
modification of the composition and shape of the Au NPs.

The unique mechanical, chemical, optical, and electronic
properties” '° of two-dimensional (2D) layered transition metal
dichalcogenides (TMDs) have accelerated their utilization in a
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wide range of applications, such as Li-ion batteries,"*™**

transistors,"> "’ field-effect transistors,'®>* memory devices,
and gas sensors.””>! Regarding the TMDs, MoS, is a widely used
catalyst in hydrodesulfidation (HDS) in the oil refining industry.
Recently, it has been of intense interest as a catalyst for the
evolution of hydrogen.>**° Moreover, modified (exfoliated) MoS,
can also be a supporting template for the epitaxial growth of
noble metal nanostructures.>’ Metal-MoS, hybrid systems, such
as metal nanoparticles (NPs) supported on MoS,, have demon-
strated great potential for the catalytic splitting of water,*>
hydrazine oxidation,*** and for methanol oxidation.>**® Such
an interesting catalytic usefulness of MoS, presumably originates
from its versatile electronic structure, which can undergo direct-
to-indirect gap transition by changing the number of layers and
an insulator-metallic transition by applying a strain or an electric
field.*>*”° In particular, the Au NP/MoS, NP system has recently
been investigated as an oxygen reduction reaction (ORR) catalyst
and was found to exhibit better performance than that of com-
mercial Pt/C in alkaline media.*® These results imply that the
synergistic effect between Au and MoS, can bring about an
unexpected catalytic activity, as has also been reported by Su
et al. for electrochemical biosensing.*" Above all, it demon-
strated catalytic activity for CO conversion for a solid oxide fuel
cell (SOFC) using H,S-containing syngas, which implies that
Au/MoS, can be a good candidate as a catalyst for CO oxidation,
as the authors indicated.”?

Herein, we employed MoS, as a supporting material for Au;q
NPs and studied the mechanism of CO oxidation catalyzed
by the MoS,-supported Au;9 NPs (Au;o/M0S,) using density
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functional theory (DFT) calculations. Because the activity of CO
oxidation catalyzed by the supported Au clusters is strongly
influenced by the defects®*™*° or strain®® in the support materials,
we considered the effect of these surface modifications in our
system. The corresponding changes in the electronic interaction
between Au and MoS, and the catalytic activity induced by the
formation of vacancies and tensile elongation were studied. We
found that surface modifications of the MoS, support can induce
large differences in the molecular adsorption of CO and O, on
Au,9/MoS, and thus the overall catalytic activity of CO oxidation.
Our findings provide a fundamental understanding of the use of
TMDs as a tuneable supporting material for metal NPs.

2 Computational methods

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP) code.””*® Electron exchange and
correlation were treated within the generalized gradient approxi-
mation (GGA)* in the form of the Perdew-Wang (PW91) func-
tional.>® The interaction between the ionic core and the valence
electrons was described by the projector-augmented wave
method®" and involved the valence electrons with a plane-wave
basis up to an energy cut-off of 400 eV. The Brillouin zone was
sampled at the I" point. The convergence criteria for the electronic
structure and the atomic geometry were 10~ eV and 0.01 eV A%,
respectively. The climbing image nudged elastic band (CI-NEB)
method> developed by Henkelman and Jénsson was used to
calculate the reaction barrier by discretizing the reaction path
with eight images. The support was described with a 6 x 6 MoS,
monolayer with 20 A of vacuum.

Gruene et al. investigated®® neutral gold NPs/clusters in the
gas phase using vibrational spectroscopy, and found the Cs,
structure of Au;o to be a minimum, as had been accurately
predicted by the DFT calculations.”® Experimental studies
showed that quasi-triangular crystalline Au NPs can grow on
the M0S,(0001) plane in a Volmer-Weber mode®® and that the
surface plane of MoS, serves as a growth template for Au NPs
along its (111) plane; furthermore, the defects on the basal
plane of MoS, can effectively attract Au precursors (clusters)
and serve as nucleation sites.’® Based on previous studies, we
adapted a truncated pyramidal Au,9 NP structure as reported
by Gruene et al.>® and supported it on the Mo0S,(0001) plane
(Auy9/Mo0S;). Also, we excluded a system containing isolated Au
atoms,” because it was observed that single Au atoms can
easily diffuse on a MoS, surface, and the diffusion barrier can
be as low as ~40 meV, as shown by DFT calculations.>®

Generally, vacancies**™* and strain®® on the support signifi-
cantly affect the catalytic activity of NPs. Therefore, we intro-
duced four model systems depending on the existence of an S
vacancy (a defect) and the tensile strain (5%, strained) in the
MoS, support (refer to Table 1). Bertolazzi et al.>® found that
the critical tensile strain of failure of a MoS, monolayer was
approximately 0.06-0.11 by assuming a linear stress-strain
relationship. Also, the findings of other theoretical studies®>®"
are in good agreement with the experimental data. Thus, we
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Table 1 The four studied Auio/MoS; systems, indicating the modification
of the MoS, support

System No vacancy 1 vacancy

No strain (0%)
5% tensile (5%)

Non-modified (N)
Strained (S)

Defective (D)
Defective and strained (DS)

speculated that a 5% tensile strain does not lead to a breaking
of the MoS, layer but is sufficient to study the effect of the
strain. Additionally, because the formation energy of the
Mo-related defects is high (>4 eV), we considered only an S
vacancy, which can also act as an electron trapping center.’* An
S vacancy was generated below the central gold atom of the
bottom layer of the Au,, particle (refer to Fig. 1a and Fig. S1,
ESIt for the geometries).

The binding energy (E{:-:éf) of the Au;o NP on the MoS,
support was defined as

Augg
Ebi?uli) = Eauyy/Mos, — [EAUW + EMOSz]

where Ey,,/Mos, 18 the total energy of Au,o/MoS, and Eay,, and
Ewmos, are the energies of a free-standing Au;o NP and a MoS,
single layer, respectively.

The molecular adsorption energy of CO (ESS) and O, (ES2)
was systematically studied (Fig. S2, ESIt), and the corres-
ponding energy was defined as

molecule __
E«dds = Emolecule/Aulg/MOSZ - [Emolecule + EAulg/MoSZ]

where Enolecule/Auj,/Mos, 18 the total energy of Au,o/mes, with CO
or O, and Epelecule i the energy of a free-standing molecule.

3 Results and discussion

3.1 The interaction between the Au,, NPs and the MoS,
support

During the geometry optimization, the relaxed pyramidal Au;o
NPs on the MoS, support did not exhibit any significant
deformation. Density functional molecular dynamics (DFT-MD)
for ~6.5 ps at 300 K also supports this aspect (please see the
attached video (Au19_MoS2_6.5 ps.avi), ESIT). For further analyses,
we categorized the Au;o NPs into three geometric layers: top,
middle, and bottom (Fig. 1a). The location of each Au atom
of the bottom layer of Au;o NPs was well matched with the S
atom immediately beneath it (Fig. S1, ESIf) as in a previous
experiment.®®

To investigate how the modification of the support affects

the Au;-MoS, interaction, we calculated the " for all the

systems described above. We found that the adsorption energy
increases when an S vacancy is formed or when a strain is

applied (Table 2). The Au;o NP is bound to the intact MoS, support

g};’f of —1.65 eV. The ES:&Q increases by 27%, 64%, and

with an E

70% for the Au,o/M0S,-D, Au;6/M0S,-S, and Au;o/M0S,-DS systems,
respectively. Clearly, the vacancy strengthens the Au-MoS, inter-
action. However, a more prominent effect was found in the systems
with a strained MoS, support (Fig. 2). Vacancy formation has been
considered as a typical strategy for the minimization of coalescence
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Fig. 1 Morphology of Au;9/MoS; (a): geometric configuration of the Au;o/MoS;-N system. The yellow, cyan, and purple balls represent the Au, Mo, and S
atoms, respectively. The top, middle, and bottom layers are indicated. (b): Au;g deposition-induced charge redistribution in the Aujo/MoS, system.
The red and blue regions represent electron accumulation and depletion, respectively. The isosurface value is 0.001 e Bohr=>.

Table 2 Calculated binding energy of Auig NPs on MoS, supports

(E{;;'('f) the amount of charge transfer from Au;g to MoS, calculated by

Bader charge analysis, and the average distance between the sulfur atoms
of MoS, and the bottom layer of Auyg (ds-_g)

Auyof Auyof Auyof Auyof
MoS,-N MoS,-D MosS,-S MoS,-DS
EA_“19 —1.65 eV —2.10 eV —2.71 eV —2.80 eV
bind
Charge transfer® —0.17 e —0.38 e —0.38 e —0.43 e
ds g 2.63 A 2.53 A 2.45 A 2.42 A

“ A negative value indicates that the Au,, NP has lost the corresponding
amount of electron density.

of NPs because the vacancy strongly binds the Au NPs. Moreover,
our results show that an applied tensile strain on MoS, can also
significantly stabilize the NPs, even more than the S vacancy does.

A Bader charge analysis®"®® has shown that the MoS, draws
electron density from the supported Au,9 NPs, making the Au;,
positively charged (Table 2). In the stoichiometric non-strained
system, for an Au;9/M0S,-N, only 0.17 e of electron density is
transferred from the Au,, to the MoS,. However, when either an
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Fig. 2 Trends in the Au;g—MoS; interaction and CO and O, adsorption
over the studied systems. Defective or/and strained MoS, supports more
strongly bind Au;g NPs. The energy of CO adsorption on Aujg, Eactﬁ, varies
within £0.05 eV in all the studied systems, whereas the energy of O,
adsorption, E,ifs, is significantly low in the systems with defective or/and
strained MoS,.
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S vacancy is formed or a 5% tensile strain is applied, an almost
equivalent amount of electron density is transferred (0.38 e)
from the Au, to the MoS,. This is more than double the value
for the Au,4/Mo0S,-N. The average distance between the sulfur
atoms and the bottom layer of the Au,, (ds_g) decreases with the
degree of modification of the support.

The charge density difference (CDD) in Fig. 1b shows that
the charge redistribution upon the deposition of the Aujo
mainly occurs in the interface region and that the Mo atoms
in the MoS, support are also strongly involved. A quantitative
analysis of the Au,9/Mo0S,-N system demonstrated that the
bottom layer of the Au,o NPs loses a significant amount of
electron density (0.50 e), and, in contrast, the middle and top
layers gain 0.20 e and 0.13 e, respectively. The Mo atoms below
the Au,q also gained a total of 0.18 e. The net amount of
decrease in the electron density of the S atoms is marginal
(a total 0.01 e to the S atoms). The analysis shows that upon the
deposition of Au;9 on MoS,, the upper Au layers acquire extra
electron density, whereas the contact layer (bottom layer) loses
electron density. In other systems, the electronic interaction
between the particle and the support is stronger than that of
the bare system, as expected from the Bader charge analysis
and adsorption energies. (Fig. S3, ESIt)

3.2 CO and O, adsorption on the Au,4-MoS, support

The adsorption of CO and O, is an initial step for the facile
oxidation of CO. To find the preferred binding sites, we system-
atically studied the adsorption behaviors of CO and O, on the
Au NPs of four different Au,o/MoS, systems and the interface
between the Au NPs and their support in the Au,o/Mo0S,-N
system. The most stable adsorption of CO and O, occurs on
the top layer of the Au;q NPs, in agreement with previous
reports.®®® The stable adsorption configurations are shown
in Fig. S4 (ESIt). CO preferentially adsorbs on one Au atom of
the top layer with an ESg, of —0.71 eV (Fig. S4a, ESIt). The most
stable adsorption site for O, is the top-hollow-bridge (THB) site
of the top layer (Fig. S4b, ESIt) with an andzs of —0.51 eV.

The ng is significantly affected by modifying the MoS, support

S
compared to the case of Efcl(s), as shown in Fig. 2, even though the

local atomic coordination is unchanged.”® Additionally, the ngs is
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almost inversely proportional to the E{;;‘f, implying that O,
adsorption is closely related to the strength of the Au;o-MoS,
interaction. As the Au;o NPs strongly interact with the MoS,
support, they share more electrons in the Au-MoS, interaction
rather than saving them for subsequent O, adsorption. Such
behavior has been discussed in the previous section with the
results of the Bader charge analysis. The most significant effects
were observed in the Au;o/Mo0S,-S and Au;o/Mo0S,-DS systems.
These results suggest that the energetics of O, adsorption on
Au NPs supported on a MoS,-like two-dimensional TMD sup-
port could be easily modulated by applying a mechanical force
to the support.

3.3 Bimolecular CO oxidation on Au;o/Mo0S,

Because our Au/MoS, system cannot oxidize CO through the
Mars-van Krevelen mechanism, the coadsorption of CO and O,
is required to activate the Langmuir-Hinshelwood (LH) type of
CO oxidation pathway. The most favorable CO-O, coadsorption
configuration in the Au,4/M0S,-N system is presented in Fig. S5
(ESIY). Following the initial adsorption of CO, a subsequent O,

adsorption occurs on the THB site with an Eﬁfs of —0.58 eV. The
pathway for CO oxidation by the bimolecular LH mechanism
for all systems is shown in Fig. 3. Because the second half of the
CO oxidation is catalyzed by the Au NPs, the oxidation of CO by
the remnant O* on the Au NPs, is relatively faster than the first
half of the CO oxidation, which requires the activation and
dissociation of O,. We thus considered the first half of the
reaction to estimate the CO oxidation activity.

Table 3 shows the ESS and ngs of CO-O, coadsorption,
the activation energy barriers for OCOO* formation and CO,
production, and the maximum reaction rates for each system at
T =298 K, P(CO) = 0.01 bar and P(O,) = 0.21 bar. Details of the
microkinetic analysis are given in the ESL{ Compared to the
cases of single O, adsorption, the presence of the pre-bound

CO increases the value of E?

ads in all the Au;o/MoS, systems. In

particular, in the Au;¢/Mo0S,-DS system, E,gfs increased by

0.28 eV, implying that it is possible to control the interaction

A = Au,;g/MoS,-N
= Au,9/MoS,-D
0 = Au,;9/MoS,-S

\ — Au,4/Mo0S,-DS

'
-
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]
w
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CO+0, OC*+0, OC*+0,* TS1 OCOO* TS2 CO,+O*

Fig. 3 Calculated CO oxidation pathway on Au;s/MoS, systems by the
bimolecular LH mechanism.
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Table 3 Microkinetic analysis of CO oxidation by the bimolecular LH
mechanism?

System ESQ, E2 TSI+ TS1— TS2+ Rate(s™%)
Au/MOSyN  —071 —0.58 021 013 041 2.3 x 10°
Au/MoS,-D  —0.72 —0.45 0.28 005 039 4.1 x 1072
Auo/M0OS,S  —0.67 —0.17 0.16 0.06 026 1.6 x 107"
Au/MoS,-DS  —0.74 —0.33 025 006 041 4.6 x 10°*

¢ Energy values are presented in eV.

between the CO and O, molecules through modification of the
MoS, support. Of all the studied systems, the Au;o/Mo0S,-N
exhibited the highest reaction rate (2.3 x 10° s™"). Remarkably,
the reaction rate can differ by seven orders of magnitude
depending on the support conditions. Note that the CO oxida-
tion was activated by the same reaction center and the reaction
pathway was not changed. The results show that the chemical
or physical state of a supporting material can substantially
affect the overall CO oxidation rate, even though the supporting
material is not directly involved in the reaction.

The TS2, the activation energy for CO, production from the
OCOO* reaction intermediate, is the rate-determining step for
CO oxidation. However, the formation of the OCOO* inter-
mediate from the coadsorbed CO and O, is energetically uphill.
Although the TS1 is considerably low, to assure the high rate
of the forward reaction (CO + O, —» OCOO*), the rate of the
reverse reaction (OCOO* — CO + O,) would exceed that of the
forward reaction. Therefore, the short lifespan of the OCOO*
reaction intermediate leads to a low surface concentration of
the OCOO* intermediate, which negatively attributes to the overall
rate. However, from the point of view of catalysis design, the
chemical stability of the OCOO* reaction intermediate is exquisitely
balanced between the TS2 and the reverse activation barrier of TS1.
Although one can extra-stabilize the OCOO* intermediate and turn
its formation exothermic, in this situation the TS2 would increase
accordingly and thus the rate would decrease.

The experimental results of the deposition of Au on MoS, show
that the Au NPs were hardly stabilized on a stoichiometrically
clean MoS, plane. In contrast, the Au NPs were found to be well
deposited at the defect sites on the chemically exfoliated MoS,
supports.”®”*7* Presumably, although the Au;o/MoS,-N system
showed the highest reaction rate, the oxidation of CO by the
association of single CO and O, molecules can hardly occur.

3.4 Trimolecular CO oxidation on Au,;4/MoS,

Under practical conditions for CO oxidation, the catalyst can
bind more than one of the reacting molecules. As presented
in the previous section, we found that the pre-adsorbed CO
strengthens the binding of O,. This effect can be further
emphasized as the Au,9 binds more CO molecules together
with O,. Previously, Zeng and coworkers®® reported that such a
type of double CO-assisted activation of O, and bond breaking
(CO self-promoting oxidation) occurs on the triangular Aug
motif. Because the triangular Au; motif was the reaction center
of our Au;4/MoS, system, we also examined CO oxidation by the
trimolecular LH mechanism (Fig. 4).

This journal is © the Owner Societies 2016
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Fig. 4 Calculated CO oxidation pathway on Au;9/MoS, systems by the
trimolecular LH mechanism.

Table 4 Microkinetic analysis of CO oxidation by the trimolecular LH
mechanism?

Co! CO? 0,
SyStem Eads Eads Eads

TS1+ TS1— TS2+ Rate (s %)

Au;9/M0S,-N —0.69 —0.63 —0.57 0.02 0.36 0.35 1.6

Au;o/M0OS,-D  —0.74 —0.56 —0.35 0.13 0.51 0.37 2.2 x 10"
Au;o/M0S,-S  —0.67 —0.56 —0.37 0.38 0.57 0.45 4.4 x 10°*
Au;9/M0S,-DS —0.77 —0.68 —0.23 0.15 0.53 0.15 3.8 x 10°

“ Energy values are given in eV.

Zeng’s group found that a decrease in the reaction barrier is
the major benefit of the trimolecular mechanism.®®”> We also
found that with the exception of the Au,4/MoS,-S system, there
was some decrease in the reaction-energy barrier compared to
those of the bimolecular LH mechanism (Table 4). However, in
our systems, the most notable advantage of the trimolecular
mechanism was the stabilization of the OCOO* intermediate,
which increased its lifespan and surface concentration.

Similar to the bimolecular CO oxidation, the reaction rate
decreases in the presence of an S vacancy (Au;o/M0S,-D) or under
the application of a tensile strain (Au;o/Mo0S,-S) on the MoS,
support. However, when both of these coexist (Au;o/M0S,-DS), CO
oxidation occurs at the highest reaction rate (3.8 x 10 s ).
Compared to the Au;o/M0S,-D system, which is commonly fabri-
cated in experiments, we expected that a reaction rate increase of
three orders of magnitude would be obtained by applying a 5%
tensile strain on the support. Additionally, this system exhibited the
highest value of Eﬁ:‘f. This effectively improves the time-dependent
stability, which prevents the coalescence of the catalytic Au NPs.
Therefore, we suggest that a combinatorial application of a chemical
(defect) and a physical (strain) treatment on the supporting MoS, is
effective for the optimal catalytic activity of the Au,o/MoS, system.

3.5 CO oxidation at the perimeter near the interface of Au,5/MoS,

The interfacial area at the perimeter of the supported Au NPs
and their supporting oxides is regarded as a reactive center for
CO oxidation.*® The perimeter can bind and activate an O,

This journal is © the Owner Societies 2016
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Fig. 5 Calculated CO oxidation pathway at the perimeter near the inter-
face between the Auig NP and the MoS; support.

molecule or become a gateway for the supply of oxygen for
CO oxidation by the Mars-van Krevelen mechanism. To verify
the plausibility of CO oxidation at the interfacial area in our
Au,o/MoS, systems, we constructed the complete CO oxidation
pathway and calculated the rate (Fig. 5 and Table 5). Both CO
and O, were found to preferentially adsorb on the perimeter of
the Au,9 NPs, that is, the bottom layer instead of on the MoS,
support, implying that it is difficult for the support to become
directly involved in the CO oxidation reaction.

Fig. 5 shows the CO oxidation pathway at the perimeter near
the interface, with all the molecular adsorption energies, reac-
tion barriers, and reaction rates shown in Table 5. The CO
adsorption energy was slightly higher (0.1-0.2 €V) than that of
adsorption on the top layer of the Au;o NPs because of steric
interaction with the support, which prevents the CO from
adopting its most stable adsorption configuration.”® However,
we found that O, adsorption at the perimeter is energetically
forbidden. Because no Mo atom is exposed on the surface,
reactive sites for O, adsorption do not exist on the MoS, support

itself. An exothermic adsorption with a very low E,gfs of —0.08 eV
occurs only for the Au;4/MoS,-N system, while endothermic adsorp-
tion occurs in the rest of the systems. Additionally, the reaction
barriers for the OCOO* formation in every system are quite high
due to the thermodynamic instability of the OCOO* intermediate.

The low ngs and the high TS1 activation energy barrier system-
atically prevent the facile oxidation of CO at the Au,o/MoS, peri-
meter. This leads to the low reaction rates presented in Table 5. CO
oxidation at the perimeter site of the Au;4/MoS, is unlikely to occur,

regardless of the state of the MoS, support.

Table 5 Microkinetic analysis of CO oxidation at the perimeter near the
interface between the Auig NP and MoS, support®

System ESS E%: TS1  TS1— TS2  Rate (s %)
Au;o/MOS,-N  —0.57 —0.08 0.3 024 043 1.7 x107°
Au;o/M0S,: D —0.52 0.03 0.27 012 055 3.8x10°°
Au;6/Mo0S,-S —0.53 0.18 0.52 033 040 4.8 x 107°
Au;o/M0S,-DS  —0.52 0.05 021 0.00 051 82x107°

“ Energy values are given in eV.
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4 Conclusions

Herein, we used DFT calculations to study the overall CO oxida-
tion pathway catalyzed by Au;o NPs supported on stoichiometric-
non-modified MoS, and physically or chemically modified MoS,
supports.

A combination of an S vacancy and a tensile strain was most
efficient for the optimization of the reaction pathway and for
the achievement of the maximum reaction rate. Of all the tested
reaction pathways and reaction centers, the top Au; motif of the
Au,y, was found to be reactive for CO oxidation. The perimeter
of the Au,9 NPs and supporting MoS, was not able to bind and
activate a molecular O,, confirming that the reaction does not
occur at the multi-phase interface in the Au;o/Mo0S, systems.
The cooperative CO oxidation catalyzed by the Au; motif, which
incorporates the double CO assisted O, activation, assures the
highest CO oxidation rate. The chemical stability of the OCOO*
reaction intermediate and the activation energy barrier for the
final CO, production from the OCOO* were the two key control-
ling factors. The cooperative CO oxidation pathway was especially
effective for the stabilization of the OCOO* intermediate.

Our results suggest that the catalytic activity toward the CO
oxidation of Au;9/Mo0S, can be optimized through a physical or
chemical modification of the MoS, support. Such modifica-
tions also strengthen the binding of the Au;9 NPs on the MoS,
support, thus improving the activity and stability of the catalyst
at the same time.
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