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ABSTRACT 

Two different possible mechanisms of water gas shift reaction including formate and redox mechanisms on the Ag5 cluster were 
investigated using DFT computations. All the elementary steps involved in both mechanisms were considered. It was observed 
that dissociation of H2Oads and OHads, as well as formation of CO2(ads), required activation energy. For these steps, transition state 
structures were determined and their corresponding activation energies were calculated. For both mechanisms, the highest 
activation energy (402.34 kJ mol-1) was related to the dissociation of OHads as the rate limiting step. The calculated activation 
energy of CO2(ads) formation according to the redox mechanism (𝐶𝑂ௗ௦  𝑂ௗ௦ → 𝐶𝑂ଶሺௗ௦ሻ) was 9.32 kJ mol-1 indicating that 

this step was relatively fast on the surface of Ag5 cluster. It was observed that, CO2(ads) formation according to the formate 
mechanism occurred through three consecutive steps where the dissociation of formate (𝐻𝐶𝑂𝑂ሺௗ௦ሻ → 𝐶𝑂ଶሺௗ௦ሻ  𝐻ௗ௦) had the 

highest activation energy, 171.53 kJ mol-1. 

Keywords: Density functional calculations, Kinetics, Reaction mechanisms, Silver cluster. 

1. Introduction

The water gas shift reaction (WGSR), 𝐶𝑂  𝐻ଶ𝑂 →
𝐶𝑂ଶ  𝐻ଶ, is one of the most important reactions in the 
industry for hydrogen generation and CO removal. The 
production of hydrogen from various sources will lead 
to the development of the world through the hydrogen 
economy. In fact, WGSR is an intermediate reaction for 
the production of carbon-based hydrogen [1-7]. It is 
believed that WGSR begins with the dissociation of 
water [8-10] and then proceeds in different paths 
depending on the reaction of CO with different 
generated species [11]. Due to the specific importance 
of WGSR, abundant experimental and computational 
studies have been devoted to find its mechanism and 
better catalysts. These studies have shown that the 
WGSR mainly proceeds via three mechanisms 
including carboxyl, redox and formate pathways 
depending on the employed catalysts [12-14]. In the 
theoretical study of WGSR, nanoclusters have attracted 
considerable attention [15-18]. The catalytic 
performance of nanoparticles and real catalysts can be  
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estimated by studying the interaction between 
nanoclusters and reactant species [18-21]. Ag 
nanoclusters with interesting physical and chemical 
properties are applicable for different catalytic reactions 
[22-24]. For example, TiO2 surfaces incorporated with 
Ag clusters have good catalytic activity for N2O 
dissociation [23] and p-nitrophenol reduction [24]. 

The carboxyl mechanism of WGSR on the surface of Ag 
nanocluster was analyzed in our previous study and 
results revealed that dissociation of H2O was the rate 
limiting step [15]. In addition, according to our results, 
Ag cluster showed good catalytic activity for H2O 
dissociation compared to the Ni, Cu, and Au clusters. In 
the present paper, the other mechanisms of WGSR 
including redox [25] and formate [7] as presented in 
scheme 1 were investigated on the silver nanocluster 
using DFT calculations. The transition states, energy 
profiles, and kinetics of each step were completely 
determined and discussed. The aim of this study is to 
promote future researches relating to WGSR catalysts. 
In addition, the NBO results and Wiberg bond indexes 
were analyzed in order to better investigate the nature of 
the interaction between reactants, products, and 
transition states with the silver cluster. 

213



D. Sharafie et al. / Iran. J. Catal. 9(3), 2019, 213-221

Scheme 1. The proposed redox [25] (a) and formate [7] (b) mechanisms of water gas shift reaction. 

2. Computational details

Density functional theory (DFT) computations at the 
hybrid B3PW91 functional [26, 27] were employed for 
all of the analyses. The B3PW91 functional is reported 
as an acceptable functional for investigation of small 
clusters [28-32]. For example, the results obtained using 
B3PW91 functional for silver small clusters are in good 
accordance with the results obtained using more 
accurate coupled-cluster (CCSD) methods [28-30]. For 
O, C, and H atoms, the 6-31+G* and for Ag atom, the 
LANL2DZ (with effective core potential) basis sets 
were used. Geometry optimization was followed by the 
frequency analysis in order to evaluate the nature of 
optimized structures. The intrinsic reaction coordinate 
(IRC) analysis was employed to corroborate that an 
obtained saddle point connects two considered minima. 
For the calculation of thermodynamic quantities, 
all of the energies were corrected by considering the 
zero-point energy contribution. The natural bond orbital 
(NBO) analysis was also applied to the optimized 
structures. All of the computations were carried out 
using the Gaussian 03 program [33]. 

3. Results and Discussion

Different geometries for Ag5 cluster were optimized and 
the most stable geometry was a quasi-planer geometry 
with the spin multiplicity of 2 [15]. This geometry 
was considered here for the investigation of all  
steps included in the redox and formate mechanisms  
(see scheme 1) as follows: 

3.1. Adsorption of H2O and CO  

Adsorption of CO from carbon and oxygen ends on 
different sites of Ag5 cluster was investigated. The most 
stable geometry as presented in Fig. 1 (a) is adsorption 
from the carbon atom on the top site of Ag5 cluster. In 

this geometry, the obtained values of adsorption energy 
and the nearest distance between carbon and silver atom 
of the cluster are -12.53 kJ mol-1 and 2.236 Å, 
respectively.  

The values of adsorption energies were evaluated using 
Eq. 1 

𝐸ௗ௦ ൌ 𝐸௨௦௧ିௗ௦ௗ െ 𝐸௨௦௧ െ 𝐸ௗ௦ௗ (1) 

Where Eadsorbed, Ecluster, and Ecluster-adsorbed denote energy of 
the adsorbed entity, cluster and cluster-adsorbed 
complexes, respectively. 

The covalent character of a bond can be explained using 
the Wiberg bond index (WBI). The larger values of WBI 
show the stronger covalent character. The WBI values 
were obtained from the NBO calculations. 

The NBO charges on Ag3 atom before and after CO 
adsorption are 0.04 and -0.10, respectively. The NBO 
charges of C and O atoms before adsorption are 0.51 and 
-0.51 and after adsorption are 0.48 and -0.44,
respectively. In addition, the WBI of CO after
adsorption has been reduced from 2.25 to 2.22. These
results indicate that charge transfer has occurred from
the bonding orbitals of CO to the Ag5 cluster.

According to the NBO results, no natural bond orbital 
(BD) was observed between the carbon atom of CO and 
the silver atom(s) of the cluster indicating no typical 
covalent C-Ag bond [34]. For C-Ag and Ag-Ag bonds, 
the obtained WBIs are smaller than 1 indicating that the 
interactions involved in the C-Ag and Ag-Ag bonds are 
weak compared to a covalent single bond. In other 
words, electrostatic interactions have more contribution 
to the C-Ag and Ag-Ag bonds [35, 36]. 

Fig. 1 (b) exhibits the most stable state of adsorbed H2O 
on the Ag5 cluster. In this structure, H2O prefers to 
adsorb from the oxygen end on the top site of Ag5 cluster 
and its adsorption energy is -13.5 kJ mol-1.  
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(a) 

 

(b) 

 
Fig. 1. The most stable adsorption modes of CO (a) and H2O (b) on Ag5 cluster. 

This optimized geometry is the reactant of  
𝐻ଶ𝑂ௗ௦ → 𝐻ௗ௦  𝑂𝐻ௗ௦step in order to find the 
transition state structure. The NBO atomic charges of H 
atoms are obtained 0.49 and 0.51 before and after 
adsorption, respectively. For O atom, no variation in 
NBO charge (-0.98) is observed after adsorption. The 
WBI of O-H bonds has been reduced from 0.76 to 0.73 
after adsorption. Therefore, the charge transfer has 
occurred form the bonding orbitals of OH to the Ag5 
cluster. The obtained value of WBI for the O-Ag1 bond 
is 0.10 confirming there is no typical covalent bond 
between cluster and H2O. 

The above results reveal that H2O and CO entities were 
adsorb physically on the Ag5 cluster so that the initial 
steps of redox and formate mechanisms are 
spontaneous. 

3.2. Dissociation of H2O  

OH and H co-adsorption on the Ag5 cluster is  
studied to provide kinetic information for  
𝐻ଶ𝑂ௗ௦ → 𝐻ௗ௦  𝑂𝐻ௗ௦ step. The most stable 
configuration of OH & H co-adsorbed (Eads=-445.37 kJ 
mol-1) on the Ag5 cluster as the product of the step  
is displayed in Fig. 2. The geometry of transition  
state and energy barrier of this step are determined  
and results are presented in Fig. 2. The WBI of O1-H2 
bond has been reduced from 0.73 in the reactant to  
0.15 in the geometry of transition state. In addition, in 
the geometry of transition state, a new bond with WBI 
of 0.35 has been formed between Ag3 and H2 atoms. In 
the product, the WBIs of O1-Ag1, O1-Ag3, H2-Ag3, 
and H2-Ag4 bonds are 0.20, 0.24, 0.46, and 0.30, 
respectively. 

 
Fig. 2. The energy barrier of 𝐻ଶ𝑂ௗ௦ dissociation on the Ag5 cluster according to the 𝐻ଶ𝑂ௗ௦ → 𝐻ௗ௦  𝑂𝐻ௗ௦ reaction. 
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The free energy of activation (𝛥𝐺ஷ) for H2Oads 
dissociation on the Ag5 cluster is obtained to be  
166.27 kJ mol-1. The comparable results have also been 
reported for the activation energy of H2Oads dissociation 
on different catalysts [18, 37, 38]. For example, the 
values of 87.90 kJ mol-1 and 137 kJ mol-1 have been 
obtained for the activation energy of H2O dissociation 
on the Pt4 cluster [18] and on the surface of ZnO 
supported by 2Cu atoms [37], respectively. For 
bimetallic clusters of copper (Cu12-M, M= Au, Ag, Ni, 
and Cu) the values of 123.39 kJ mol-1, 110.85 kJ mol-1, 
108.93 kJ mol-1, and 109.89 kJ mol-1 have been obtained 
for M= Au, Ag, Ni, and Cu, respectively as the 
activation energy of H2O dissociation [38]. On the Au10, 
Au13, and Au20 clusters, the values of 276.00 kJ mol-1, 
169.84 kJ mol-1, and 204.85 kJ mol-1 have been reported 
as the activation energy for H2O dissociation [39]. 

The rate constant of this step (𝑘 ൌ 4.60 ൈ 10ିଵ𝑆ିଵ) 
was calculated according to the Eq. 2.  

𝑘 ൌ
ಳ்

ℎ
𝑒𝑥𝑝 ቀെ

௱ீಯ

ோ்
ቁ    (2) 

Where KB, T, h, and R are the Boltzmann constant, 
temperature (298 K), the Planck constant, and gas 
constant, respectively. 

3.3. Dissociation of OH 

OHads intermediate dissociates to the Oads and Hads 
entities by the 𝑂𝐻ௗ௦ → 𝑂ௗ௦  𝐻ௗ௦ reaction. 
Adsorption of OH as the reactant and also O&H  
co-adsorption as the product of this step are investigated 
on the Ag5 cluster. Fig. 3 presents the structures with the 
lowest energy for the reactant, product and transition  
 

state along with the corresponding energy barrier of this 
step. For the adsorption of OH and co-adsorption of 
H&O species on the Ag5 cluster, the values of 
adsorption energies are obtained -287.27 kJ mol-1  
and -660.34 kJ mol-1, respectively. The WBIs of  
O1-Ag1, O1-Ag3, and O1-H1 bonds are 0.20, 0.20, and 
0.76 in the reactant and 0.62, 0.24, and 0.33 in the 
transition state, respectively. A new bond between the 
Ag1 and H1 atoms of the transition state has also been 
formed with the WBI of 0.56. Furthermore, in the 
product, the calculated WBIs of O1-Ag1, O1-Ag3,  
Ag2-H1, and Ag1-H1 bonds are 0.55, 0.33, 0.38, and 
0.39, respectively. For this step, the highest value 
(402.34 kJ mol-1) for activation energy (𝛥𝐺ஷ) is 
obtained. In addition, the calculated value of rate 
constant (k) for this step is 2.01 ൈ 10ିହ଼𝑆ିଵ.Therefore, 
dissociation of OHads intermediate is the rate 
determining step of redox and formate mechanisms and 
Oads and Hads species are slowly formed on the Ag5 
cluster. The values of 480.57 kJ mol-1, 234.50 kJ mol-1, 
and 482.50 kJ mol-1 have been reported for the 
activation energy of OHads dissociation on Au10, Au13, 
and Au20 clusters, respectively [39]. 

3.4. CO2(ads) formation from redox mechanism 

In the redox mechanism, the oxidation of CO is done by 
atomic O obtained from dissociation of OH (step 4 of 
scheme 1), to form CO2 according to the step (5-a) 
presented in scheme 1. The most stable geometries of 
O&CO species co-adsorbed (Eads= -545.62 kJ mol-1) and 
CO2 adsorbed (Eads= 45.31 kJ mol-1) on the cluster have 
been shown in Fig. 4 as the reactant and product, 
respectively. 

 
Fig. 3. The energy barrier of 𝑂𝐻ௗ௦ dissociation on the Ag5 cluster according to the 𝑂𝐻ௗ௦ → 𝑂ௗ௦  𝐻ௗ௦ reaction. 
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Fig. 4. The energy barrier of 𝐶𝑂ௗ௦  𝑂ௗ௦ → 𝐶𝑂ଶሺௗ௦ሻ step on the Ag5 cluster according to the redox mechanism. 

The optimized geometry of the transition state along 
with the corresponding energy barrier is also presented 
in Fig. 4. In the reactant, the WBIs of C1-O1, C1-O2, 
C1-Ag5, O2-Ag4, O2-Ag5, Ag4-Ag5 bonds are 2.26, 
0.01, 0.38, 0.24, 0.25, and 0.06, respectively. In the 
transition state, the WBIs of O2-Ag4, O2-Ag5, C1-Ag5, 
and C1-O1 bonds have been reduced to 0.21, 0.21, 0.10, 
and 2.24, respectively while the WBIs of C1-O2 and 
Ag5-Ag4 bonds have been increased to 0.06 and 0.08 
respectively compared to the reactant. In the product, 
the WBIs of C1-O1, C1-O2, C1-Ag5, O2-Ag4, O2-Ag5, 
Ag4-Ag5 bonds are 1.73, 1.52, 0.25, 0.11, 0.04, and 
0.11, respectively. For this step, the calculated values of 
𝛥𝐺ஷ and rate constant (k) are 9.32 kJ mol-1 and 
1.45 ൈ 10ଵଵ 𝑆ିଵ, respectively. It indicates that CO2(ads) 
formation according to the redox mechanism is a fast 
reaction on the silver cluster. A similar result has also 
been reported for the formation of CO2(ads) on copper 
[25]. On the Pt4 cluster, on the other hand, a high 
activation energy (114.20 kJ mol-1) has been obtained 
for the formation of CO2(ads) [18]. On the Au10, Au13,  
and Au20 clusters, the values of 331.00 kJ mol-1,  
117.73 kJ mol-1, and 30.88 kJ mol-1 have been obtained 
for the activation energy of OHads dissociation [39]. 

3.5. CO2(ads) formation from formate mechanism 

For the formation of CO2(ads) according to the  
formate mechanism, three consecutive steps (5-b-1),  
(5-b-2), and (5-b-3) of scheme 1 occur. In (5-b-1)  
step, COads reacts with the Hads obtained from 
dissociation of OH (step 4 of scheme 1) to form CHOads, 

𝐶𝑂ௗ௦  𝐻ௗ௦ → 𝐶𝐻𝑂ሺௗ௦ሻ. Co-adsorption of CO and 
H species and the adsorption of CHO have been 
investigated on the Ag5 cluster as the reactant and 
product, respectively. The adsorption energies for co-
adsorbed H&CO and adsorbed CHO on the Ag5 cluster 
are obtained -253.53 kJ mol-1 and -102.18 kJ mol-1, 
respectively. The most stable structures of reactant, 
transition state, and product of this step have been 
presented in Fig. 5. The WBI values of C1-H1 bond in 
the reactant, transition state, and product are 0.03, 0.45, 
and 0.68, respectively. For, H1-Ag3 bond, the obtained 
values of WBI are 0.36, 0.02, and 0.24 for the reactant, 
product, and transition state, respectively. For this step, 
the calculated values of 𝛥𝐺ஷ and rate constant (k) are 
73.81 kJ mol-1 and 7.27 ൈ 10ିଵ𝑆ିଵ, respectively. 
In (5-b-2) step, the formate specie (HCOO) has been 
formed according to the 𝐶𝐻𝑂ሺௗ௦ሻ  𝑂ௗ௦ →
𝐻𝐶𝑂𝑂ሺௗ௦ሻ elementary reaction. Co-adsorption of 
CHO&O species as the reactant is investigated on  
the Ag5 cluster and two different structures (R1, R2 of 
Fig. 6) are optimized. In this figure, the values of the 
relative (Er) and adsorption (Eads) energies are also 
presented. The transition states of this step are 
determined considering both R1 and R2 structures as the 
reactant. The relative energies show that the R2 
structure is 24.10 kJ mol-1 less stable than R1 structure. 
For the adsorption of HCOO entity on the cluster, three 
different structures as the products are optimized  
(P1, P2, and P3 of Fig. 6). The P1 structure is  
10.60 kJ mol-1 and 32.78 kJ mol-1 more stable than P2 
and P3 structures, respectively.  
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(a) 

 
(b) 

 
(c) 

Fig. 5. The most stable structures of reactant (a), transition state (b), and product (c) of 𝐶𝑂ௗ௦  𝐻ௗ௦ → 𝐶𝐻𝑂ሺௗ௦ሻ reaction on 
the Ag5 cluster. 

For the conversion of R1 and R2 structures to the P1, P2 
and P3 structures three different transition states (ts1, 
ts2, and ts3 of Fig.6) and four different paths (Fig. 7) are 
obtained. The ts1 structure is 38.56 kJ mol-1 and 52.06 
kJ mol-1 more stable than ts2 and ts3 structures, 
respectively. The caclculated values of free energies of 
activation (𝛥𝐺ஷ) and rate constants (k) for the four paths 
presented in Fig. 7 have been collected in Table 1. The 
smallest value of activation energy is related to the R1-
P1 and R1-P2 paths, 7.78 kJ mol-1. For R1-P1 and R1-
P2 paths, similar transition state is obtained (ts1 of Fig. 
6) but the P1 product is 10.60 kJ mol-1 more stable than 
the P2 product. 

In the formate mechanism, the CO2(ads) is formed  
from the dissociation of formate species according to the 
(5-b-3) step, 𝐻𝐶𝑂𝑂ሺௗ௦ሻ → 𝐶𝑂ଶሺௗ௦ሻ  𝐻ௗ௦. The 

considered reactants for this step are the products of the 
previous step (P1 and P3 of Fig. 6). For the product of 
this step, Co-adsorption of H&CO2 species is 
investigated on Ag5 cluster and the optimized structure 
(P) is presented in Fig. 8. Two optimized geometries of 
transition states (ts1 and ts2) of this step are also shown 
in Fig. 8. The ts1 structure is 28.92 kJ mol-1 more stable 
than ts2 structure. For this step, two energy barriers have 
also been obtained for the conversion of reactants (P1 or 
P3) to the product (P) as presented in Fig. 9. The 
calculated values of free energies of activation (𝛥𝐺ஷ) 
for P3-P and P1-P paths are 167.55 kJ mol-1 and  
171.53 kJ mol-1, respectively. The corresponding values 
of rate constants are obtained 2.74 ൈ 10ିଵ𝑆ିଵ  
and 5.51 ൈ 10ିଵ଼𝑆ିଵfor P3-P and P1-P paths, 
respectively. Therefore, dissociation of formate has a 
higher activation barrier compared to its formation 
(167.55 kJ mol-1 versus 7.78 kJ mol-1). This confirms 
that formate entity is a stable and observable 
intermediate in the WGSR in accordance with the 
experimental observations [14]. 

As can be seen in scheme 1, the evolution of carbon 
dioxide and hydrogen are the termination steps of both 

redox and formate mechanisms. The values of 𝛥𝐺 for 
these steps are obtained to be -17.72 kJ mol-1 and -41.52 
kJ mol-1, respectively. Therefore, it is clear that CO2(ads) 
and Hads desorption are spontaneous processes on the 
Ag5 cluster. 

4. Conclusions 

The redox and formate mechanisms of WGSR on the 
Ag5 cluster were investigated by DFT calculations. All 
elementary reactions involved in both mechanisms were 
considered separately. The nature of the interaction 
between reactants, products, and transition states with 
the cluster was investigated using NBO analysis and 
calculation of Wiberg bond indexes. For both 
mechanisms, it is observed that some elementary 
reactions such as CO and H2O adsorption and CO2(ads) 
and Hads desorption occurred spontaneously. For 
dissociation of H2Oads, dissociation of OHads, and 
formation of CO2(ads), the transition state geometries and 
energy barriers were determined. The free energy of 
activation (𝛥𝐺ஷ) for H2Oads and OHads dissociation on 
the Ag5 cluster was obtained to be 166.27 kJ mol-1 and 
402.34 kJ mol-1, respectively. Our kinetics results 
revealed that for both mechanisms dissociation of OHads 
was the rate determining step. The formation of CO2(ads) 
which proceeds via different steps in the redox and 
formate mechanisms was also analyzed. According to 
the redox mechanism, CO2(ads) formation (𝐶𝑂ௗ௦ 
𝑂ௗ௦ → 𝐶𝑂ଶሺௗ௦ሻ) was a fast elementary step on the 

cluster with the activation energy of 9.32 kJ mol-1. In the 
formate mechanism, CO2(ads) formation occurred 
through three steps containing formation and 
subsequent dissociation of formate intermediate 
(𝐻𝐶𝑂𝑂ሺௗ௦ሻ). The formation of formate was a fast step 
(activation energy of 7.78 kJ mol-1) compared to its 
dissociation (activation energy of 171.53 kJ mol-1). This 
result confirmed that formate entity was an observable 
intermediate in accordance with the experimental 
observations. 
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R2 

 
R1 

Er= 24.10 Er= 0.00 
Eads= -892.66 Eads= -916.76 

 

ts3 

 

ts2 

 

ts1 
Er= 52.06 Er= 38.56 Er= 0.00 

 

P3 

 

P2 

 

P1 
Er= 32.78 Er= 10.60 Er= 0.00 

Eads= -165.81 Eads= -187.98 Eads= -198.58 

Fig. 6. Different optimized structures, relative and adsorption energies of reactant (R1, R2), transition state (ts1, ts2), and product 
(P1-P3) of 𝐶𝐻𝑂ሺௗ௦ሻ  𝑂ௗ௦ → 𝐻𝐶𝑂𝑂ሺௗ௦ሻ step on the Ag5 cluster. All energies are in kJ mol-1. 

Table 1. The calculated values of the free energies of activation (𝛥𝐺ஷ) and rate constants (k) for different paths of 𝐶𝐻𝑂ሺௗ௦ሻ 
𝑂ௗ௦ → 𝐻𝐶𝑂𝑂ሺௗ௦ሻ step presented in Fig. 7. 

Path 𝛥𝐺ஷሺ𝑘𝐽/𝑚𝑜𝑙ሻ k (s-1) 

R1-P1 7.78 2.69 ൈ 10ଵଵ 

R1-P3 51.86 5.10 ൈ 10ଷ 

R1-P2 7.78 2.69 ൈ 10ଵଵ 

R2-P2 20.14 1.84 ൈ 10ଽ 
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Fig. 7. Different energy barriers of 𝐶𝐻𝑂ሺௗ௦ሻ  𝑂ௗ௦ → 𝐻𝐶𝑂𝑂ሺௗ௦ሻ step on the Ag5 cluster. 

 
 

 

P ts2 ts1 

Eads= -247.75 Er=28.92 Er=0.00 

Fig. 8. Different optimized structures, relative and adsorption energies of the transition states (ts1, ts2) and product (P) of 
𝐻𝐶𝑂𝑂ሺௗ௦ሻ → 𝐶𝑂ଶሺௗ௦ሻ  𝐻ௗ௦step on the Ag5 cluster. All energies are in kJ mol-1. 

 
Fig. 9. Different energy barriers of 𝐻𝐶𝑂𝑂ሺௗ௦ሻ → 𝐶𝑂ଶሺௗ௦ሻ  𝐻ௗ௦ step on the Ag5 cluster. 
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