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Abstract

Analysis of reaction on a solid surface is important task for understanding catalytic reaction 

mechanism. In this study, we studied CO oxidation on Pt(111) surface by using the artificial 

force induced reaction (AFIR) method. Systematic reaction path search was done, and the 

reaction route network was created. This network included not only bond rearrangement 

paths but also migration paths of adsorbed species. Then, the obtained network was analyzed 

using a kinetics method called rate constant matrix contraction (RCMC). It is found that the 

bottleneck of the overall reaction is CO2 generation step from an adsorbed CO molecule and 

O atom. This result is consistent with the Langmuir-Hinshelwood (LH) mechanism with O2 

dissociation discussed in previous studies. The present procedure, i.e., construction of the 

reaction route network by the AFIR method followed by an application of the RCMC kinetics 

method to the resultant reaction route network, was fully systematic and uncovered two 

aspects: impact of existence of multiple paths in each bond rearrangement step and entropic 

contribution arisen from short-range migration of adsorbed species.
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Introduction

Heterogeneous catalysts have widely been used industrially. They are preferred because of 

their robustness and lower operating cost, particularly easier separation from the products, 

than homogeneous catalysts. One of the major applications of the heterogeneous catalysts is 

an automotive catalytic converter in which oxidation of carbon monoxide to carbon dioxide, 

2CO + O2 → 2CO2, proceeds with the help of the surface of finely divided metal particles 

from the platinum group such as platinum (Pt), palladium (Pd), and rhodium (Rh).1,2 Thus, 

the oxidation of CO on Pt(111) surface has been well studied as a model system of 

heterogeneous catalytic reactions.2–23 This reaction is relatively simple and does not involve 

reconstructions of the Pt(111) surface.24 Nevertheless, the overall reaction mechanism on the 

surface could be complicated because it includes not only bond rearrangement (dissociation 

and association) processes between CO and O2, but also adsorption (chemisorption), 

desorption, and surface diffusion (migration) processes. It is known that an O2 molecule 

prefers the dissociative adsorption on Pt(111) surface rather than molecular adsorption except 

at low temperature.17,25–28 The CO2 generation path from adsorbed CO molecule and 

dissociated O atom has been investigated on various surfaces as well as on Pt(111) surface.2–

16,18,19,21,22,29–31 Also, the CO2 production pathway via the OC-OO complex formation has 

been reported especially on the CO-poisoned surface18,23 and on metal nanoparticles.31

In most previous theoretical studies of surface reaction analysis using density 

functional theory (DFT) calculations, the reaction paths that are assumed to be important 

were calculated by using geometry optimization method, such as the nudged elastic band 

(NEB) method.9–11,13,14,17,31,32 Alternatively, ab initio molecular dynamics (AIMD) 

simulations of surface reactions were also performed,33,34 however, it is difficult to complete 

the whole reaction by AIMD simulations because of the limit of timescale (the reaction 

should include many elementary steps that occur in a variety of timescales ranging from 10−15 
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to 103 s). To effectively sample slow reaction processes, rare-event simulation techniques 

such as meta-dynamics simulations35,36 and the blue moon ensemble (BME) method29,37 are 

widely used. If the list of elementary steps is provided, time evolution of the system can be 

simulated by the kinetic Monte Carlo (kMC) method.38 In addition to these methods, the 

heuristic method which creates connective patterns of molecules and estimates potential 

energies by machine learning was proposed.39 These methods are still difficult to perform a 

comprehensive analysis because it is not obvious that which reaction coordinate should be 

selected or how bias should be considered.

In recent years, the methods which can perform a systematic and automatic path 

search have been developed by ourselves40–50 and the other groups.51–63 They could be 

promising to construct the entire path network without any biases. Some of these methods 

have been applied to surface reactions.64–68 Our artificial force induced reaction (AFIR) 

method has also been extended to perform global reaction route mapping for surface 

adsorbed molecules and applied to H2O on Cu(111) surface, where the resultant global 

reaction route network was systematically analyzed by the rate constant matrix contraction 

(RCMC) method.68 In this study, our surface reaction analysis method using the whole 

reaction route network has been applied to CO oxidation on Pt(111) surface. From systematic 

reaction path search, complex reaction route network including both bond rearrangement 

paths and short-range migration paths was obtained. Furthermore, kinetics analyses about two 

kinds of CO2 generation paths, entropic contribution of short-range migration paths, and 

lifetime of minor species were done using the reaction route network with considering 

temperature dependency.
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Computational method

DFT calculation

The density functional theory (DFT) calculation with the Perdew–Burke–Ernzerhof (PBE) 

functional and the DZP basis set implemented in SIESTA 4.0 program69,70 was used for 

calculating the potential energy and its gradient. The pseudopotentials were prepared using 

the parameters in the GGA pseudopotential database;71 the relativistic pseudopotential which 

includes the nonlinear core correction (NLCC) was applied to a platinum atom, but the 

nonrelativistic pseudopotential without NLCC was applied to a carbon or an oxygen atom. 

The smearing parameter of 10 000 K was chosen for the Methfessel–Paxton scheme.72 The 

Monkhorst–Pack grid, which decides k-point sampling, and the mesh cutoff were changed 

depending on the calculation as described below.

Preparation of a Pt(111) surface

A periodic slab model was used to compute the chemical reactions on a Pt(111) surface 

throughout this study. First, the lattice parameter of the face centered cubic (fcc) primitive 

cell of Pt was optimized at the PBE/DZP level of theory. In this step, an 8 × 8 × 8 

Monkhorst–Pack grid was used to sample the Brillouin zone. The mesh cutoff was set to 

200.0 Ry. The optimized lattice constant of the fcc lattice was 4.0319 Å, which was slightly 

longer than experimental one (3.9242 Å).73 Then, the Pt(111) surface was obtained by cutting 

the optimized fcc crystal of Pt. Finally, a periodic slab model was composed of two layers of 

the Pt(111) surface (16 atoms per layer) and a vacuum region of 15 Å. In the subsequent 

calculations, all the translation vectors of the unit cell and Pt atoms were fixed to the initial 

positions. We confirmed this frozen two-layered slab model is reasonable and free from the 

effect of the number of surface layers or adsorption-induced surface relaxations (See 

Supplementary Information Section S1).
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Making a global reaction route network of CO + O2 on the Pt(111) surface

The strategy to make a global reaction route network of a CO and an O2 molecules 

co-adsorbed on a Pt(111) surface is the same as our previous report focused on a water 

molecule adsorbed on a Cu(111) surface.68 The artificial force induced reaction (AFIR) 

method50,74 was adopted here. A systematic reaction path search by using the 

single-component (SC-) AFIR method74 was started from the initial structure shown in Figure 

1. The idea of the AFIR method is to induce reaction by adding artificial forces between two 

“fragments” (the fragment to be defined automatically and systematically from the atoms in 

the system); the model collision energy parameter γ = 250 kJ mol−1 in the AFIR function was 

adopted in the search. The central Pt dimer and atoms in CO and O2 were considered as 

“target atoms” in the SC-AFIR algorithm. To prevent from getting the translational 

symmetrically same structures, additional weak biases were also applied between the central 

Pt dimer and each atom in the CO and O2 with the parameter γ = 25 kJ mol−1. In this 

SC-AFIR search, the mesh cutoff and the Monkhorst–Pack grid for the DFT calculation were 

set to 150 Ry and 1 × 1 × 1, respectively.

Using the locally updated planes (LUP) method,75,76 the obtained AFIR paths were 

re-optimized without the biases to the LUP paths. The LUP method optimizes discrete path 

points toward the direction perpendicular to path tangent. An obtained LUP path is good 

approximation of the corresponding intrinsic reaction coordinate (IRC) path.77,78 The normal 

mode analyses were performed at all local minima (MINs) and path top (PT) points of the 

LUP paths. As described below, the PT points on LUP paths acting as a bottleneck of overall 

reactions were further optimized to actual transition states (TSs). The mesh cutoff and the 

Monkhorst–Pack grid for the DFT calculation were set to 150 Ry and 2 × 2 × 1, respectively.
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The LUP path network gives qualitative overview of reaction mechanism. For more 

quantitative reaction kinetics analysis, further LUP calculations were done for the bottleneck 

paths. To select such paths, the rate constant matrix contraction (RCMC) method79,80 was 

applied. In this method, p × p rate constant matrix that includes p MINs of the path network 

contracts recursively to q × q rate constant matrix that represents transition between q 

superstates, where each superstate is expressed as a weighted sum of all original states (MINs 

on the path network). The RCMC method gives a few superstates that interconvert with each 

other at longer than a certain timescale t, and each superstate includes MINs that can 

interconvert within t. Each element of original p × p rate constant matrix, it is same as the 

elementary step from state X to state Y via TS (or PT), was calculated by following equation 

based on canonical transition state theory:79

                     (1)  .𝑘𝑋→𝑌 = Г
𝑘B𝑇

ℎ 𝑒 ― (𝛥𝐺TS ― 𝛥𝐺𝑋)/𝑅𝑇

ΔGX and ΔGTS are the relative Gibbs free energy values for X and TS (or PT), respectively. kB 

is the Boltzmann constant, T is the temperature, h is the Planck constant, and R is the gas 

constant.

                             (2)Г = 1 +
1

24(ℎ𝜈 ‡

𝑘B𝑇)2

is called the Wigner correction, which has been widely used as a one-dimensional tunneling 

correction. ν‡ is the magnitude of the imaginary frequency at the TS (or PT).

From the reaction route network, the path which behaves as bottleneck can be 

extracted as follows. First, RCMC is applied to obtain a contracted network consisting of q 

superstates, and we consider ωiX that stands for a contribution from original state X to 

superstate i,

                            (3)  .∑𝑞
𝑖 = 1𝜔𝑖𝑋 = 1
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Then, the path is regarded as the bottleneck between different superstates i and j, that is 

connecting original states X and Y, and fills following three conditions simultaneously.

                            (4)  ,𝜔𝑖𝑋𝜔𝑗𝑌 > 0.25

                           (5)  ,𝜔𝑖𝑋𝜔𝑗𝑌 > 𝜔𝑖𝑋𝜔𝑖𝑌

                           (6)  .𝜔𝑖𝑋𝜔𝑗𝑌 > 𝜔𝑗𝑋𝜔𝑗𝑌

In this study, t = 1.0 × 10–1 s was adopted to the timescale and three different 

temperatures, T = 300, 500, 1000 K, were used. By RCMC, the highest energy points along 

the path were selected as the bottleneck, and LUP path refinement calculations were 

performed; a LUP calculation of a selected path continued unless the PT of the selected path 

converged to an accurate TS. Use of such a PT/TS hybrid network was introduced and 

justified for discussions on reaction steps taking longer timescales than t (= 1.0 × 10–1 s in 

this study) in our previous study.68
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Results and Discussion

Reaction route network

By our systematic search for the reaction route network of the CO oxidation on Pt(111) 

surface, 139 MINs and 572 LUP paths (including 545 PTs and 27 TSs) were found. Figure 2 

depicts the obtained reaction route network which consists of 133 nodes (MINs) and 298 

edges (LUP paths) including 26 TSs. 6 of 139 MINs were truncated because they became 

non-connected network due to numerical problems occurred in the LUP calculation process. 

It can happen when numerical parameters such as the Monkhorst–Pack grid are changed 

depending on the search and LUP path refinement stages, but this was not a serious problem 

because most parts in the entire network did not change significantly. The LUP paths 

returning back to the same MIN are not shown on the network for simplicity. Only the lowest 

LUP path is represented when there are two or more paths connecting the same MIN pair. A 

bottleneck path is drawn by thick line and a thin line corresponds to a non-bottleneck path.

There are six different adsorption states in this reaction route network: CO + O2, CO 

+ 2O, CO2 + O, CO2(g) + O, OC-OO, and CO3, where CO2 and CO2(g) stand for a bent CO2 

molecule chemisorbed on the Pt(111) surface and a linear CO2 weakly bound to the Pt(111) 

surface, respectively. CO molecule, O2 molecule, O atom and other obtained species were 

chemisorbed on Pt(111) surface. The most stable structure of each adsorption state is shown 

in Figure 3. Energy values of the structures in Figure 3 are represented as the relative Gibbs 

free energy value to the total energy of CO(g), O2(g), and Pt(111) surface. Although this is a 

simple system that only four atom reacts on the surface, the obtained reaction route network 

is complicated. This is because the network includes both bond rearrangement paths and 

migration paths.

Stability of stable structure depends on adsorption state of each adsorbed species and 

its relative position. The most stable structure in the reactant state is MIN114, and it is shown 
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in Figure 3(a). In MIN114, the CO molecule is adsorbed in the fcc hollow site and the O2 

molecule is adsorbed in bridge (t-b-t) state. We note that the most stable adsorption state of 

CO molecule in this calculation is inconsistent with experimental results that suggest the 

most favorable adsorption site of CO molecule is atop site.81–85 This problem is known as CO 

puzzle, and we discuss the adsorption sites and energies in Supplementary Information (See 

Section S2).

Mechanism from reaction route network

We have developed the RCMC method which helps extracting reaction mechanisms from a 

complicated reaction route network.79,80 The RCMC method provides a q × q rate constant 

matrix that represents transition between q superstates by recursively contracting an original 

p × p rate constant matrix (p = 133 in this case), where, in each superstate, local equilibrium 

among MINs contributing to the superstate is assumed. Figure 4 depicts the superstates at the 

temperature T = 300 K, and in three different timescales, t = 1.0 × 10–1, 1.0, or 1.0 × 103 s. 

Although the case of t = 1.0 × 101 and 1.0 × 102 s was also analyzed, the result is same as t = 

1.0 s. Similar hierarchical analysis in terms of timescale was also performed previously for an 

organic reaction.86 In Figure 4, the numerical values indicate the reaction barriers between the 

superstates. They were calculated from logarithm of overall rate constant, given as 

off-diagonal terms of q × q rate constant matrix obtained from the result of the RCMC 

applied to the original 133 × 133 rate constant matrix, where q = 3, 2, and 1, respectively, in 

the RCMC results with t = 1.0 × 10–1, 1.0, or 1.0 × 103 s.

First, when timescale is set to t = 1.0 × 10–1 s as shown in Figure 4(a), the network is 

contracted into three superstates, SS0, SS1, and SS2. The representative structure in each 

superstate is CO + O2 (SS0), CO + 2O (SS1), and CO2(g) + O (SS2), respectively. SS2 also 

includes three other adsorption states, CO3, OC-OO, and CO2 + O, because these states decay 
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quickly into CO2(g) + O in a shorter timescale than 1.0 × 10–1 s, where lifetimes of these 

minor states are about 10–12, 10–9, and 10–4 s, respectively.

Overall rate constants of k1 and k2 of Figure 4(a) were compared as shown in Table 

1, where k1 and k2 corresponds to an O2 dissociation process and a direct CO2 generation 

process through OC-OO type MIN or TS, respectively. From Table 1, it was found that the 

contribution of the minor path is ~10 % in all temperature ranges considered. This implies 

that CO2 formation via O2 dissociation is more favorable.

Next, if timescale was extended to t = 1.0 s, the reaction path network can be 

contracted to two superstates. The two superstates, SS0 and SS1 at t = 1.0 × 10–1 s, are 

contracted to one superstate at t = 1.0 s depicted in Figure 4(b). Hence, at t = 1.0 s, paths 

connecting a MIN in SS0 and the other MIN in SS1 can be regarded as the bottleneck in the 

entire network. From this result, the bottleneck step of the CO oxidation on the Pt(111) 

surface is formation of CO2 from adsorbed CO molecule and O atom. The result is consistent 

with previous studies which concluded that the reaction proceeds along the LH mechanism.

Finally, all original states are contracted to one superstate at t = 1.0 × 103 s as shown 

in Figure 4(c). This means all reaction can occur within this timescale. By applying the 

RCMC method with different t, the timescale hierarchy of the present reaction was 

elucidated.

As mentioned above, two different CO2 generation paths are known from previous 

studies. Energy profiles at T = 300 K for the two CO2 formation channels extracted from the 

network are shown in Figure 5. This energy profile is a simplified model consisting of energy 

of the most stable structure of each adsorption state and connected path whose TS / PT has 

the lowest energy. We call this simplified model as the lowest conformer to single transition 

state (LC-TS) model.79 According to Figure 5, rate-determining step is the second step that 

corresponds to CO + 2O → CO2(g) + O process in case of (i) via O2 dissociation whereas the 
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first step in which CO + O2 → OC-OO proceeds in case of (ii) via OC-OO complex. The 

final step (CO2 + O → CO2(g) + O) is not depicted in Figure 5 for simplicity, because the 

barrier of this step is very small, about 2.3 kJ mol−1. The reaction barrier of the LC-TS model 

can be compared to other theoretical studies. In the case of (i) via O2 dissociation route, the 

reaction barrier of the first step (CO + O2 → CO + 2O) is 69.7 kJ mol−1 (73.5 kJ mol−1 in 

electronic energy), and that of the second step (CO + 2O → CO2(g) + O) is 89.2 kJ mol−1 

(90.5 kJ mol−1 in electronic energy). This indicates our result is in the range of previous 

theoretical studies, 27.0–74.3 kJ mol−1 (in Refs. 14 and 17) and 37.6–111.9 kJ mol−1 (in Refs. 

9–12,14–16, and 29), respectively. Although (ii) the route via OC-OO complex on the clean 

Pt(111) surface has not been calculated to our knowledge, but similar route was suggested 

from both experimental and theoretical studies.18,23

Impact of reaction route network

To see impact of the reaction route network on the overall kinetics, the result of RCMC was 

compared with that of simplified models. The rate constants obtained by the RCMC method 

include entropic contributions arisen from transitions among many structures which have 

same adsorption states but different relative positions, and many reaction paths connected to 

these structures. Therefore, the rate constant value obtained by the RCMC method is different 

from that by the LC-TS model. The difference is called conformational entropy.79 There are 

two types of conformational entropy. One is conformational entropy of MIN arisen from 

variety of MINs and contributes to decrease the rate constant. The other is conformational 

entropy of TS arisen from various configuration at bond rearrangement TS and contributes to 

increase the rate constant.

How much the conformational entropy of MIN and TS affect the overall rate 

constants can be discussed by comparing rate constants obtained by the RCMC method with 
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those excluding these entropic contributions. Therefore, in addition to k1, k2, and k3 by RCMC 

denoted as kx(RCMC), those by LC-TS denoted as kx(LC-TS) and by a lowest conformer to 

multiple transition states (LC-mTS) model denoted as kx(LC-mTS), were computed. In 

computation of kx(LC-TS), the free energy gap ∆∆G between the lowest conformer in the 

reactant region and the lowest bottleneck TS to the product region was substituted to the rate 

constant expression of the transition state theory. While, kx(LC-mTS) was computed as the 

sum of rate constants computed by substituting the free energy gap ∆∆G between the lowest 

conformer in the reactant region and a bottleneck TS to the product region to the rate constant 

expression of the transition state theory, where the sum is take over all bottleneck TSs to the 

product region. The difference between kx(LC-TS) and kx(LC-mTS) corresponds to 

contribution of conformational entropy of TS, whereas the difference between kx(LC-mTS) 

and kx(RCMC) corresponds to contribution of conformational entropy of MIN.

Table 2 shows k1, k2, and k3 at T = 300, 500, 1000 K, computed by the three different 

models, RCMC, LC-TS, and LC-mTS. In order to visualize the differences clearly, ratios of 

kx(LC-TS) and kx(LC-mTS) with reference to kx(RCMC) are depicted in Figure 6. In Figure 6, 

the ratios do not vary monotonically depending on T because the lowest conformer as well as 

the lowest bottleneck TS changes depending on T. However, we can see some trends in the 

figure. First, the conformational entropy of TS affected all the kx (x = 1–3) values, making 

kx(LC-mTS) 2~3 times of kx(LC-TS). This indicates significance of existence of multiple TSs 

with different configurations in each chemical bond rearrangement process. Its importance 

has also been discussed in studies on chemical selectivity and reactivity of various chemical 

reactions.88–96 Figure 6 clearly show that the conformational entropy of TS has certain impact 

on the CO oxidation on Pt(111) surface.

Second, the conformational entropy of MIN is small in k3 especially at low 

temperature, according to the deviation of kx(LC-mTS) from kx(RCMC). This is consistent to 
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our chemical knowledge that in SS1 all the chemical species, i.e., two O atoms and CO 

molecule, are bound strongly by Pt(111) surface. This suppressed the surface migration in 

SS1 and made the conformational entropy of MIN small. On the other hand, k1 and k2 showed 

a relatively large conformational entropy of MIN, because binding energy of O2 by Pt(111) 

surface is much smaller than that of O atom and CO.

Overall, the simple LC-TS model showed a reasonable agreement with kx(RCMC) 

for k1 and k2 because of an error cancelation between the two conformational entropy 

contributions. Nevertheless, an error cancelation is not expected always. The kx(RCMC) 

based on the reaction route network by the AFIR method would thus be promising in 

evaluating rate constants of elementally steps of surface reactions because it naturally 

includes conformational entropy of both MIN and TS.
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Concluding remarks 

In this study, a systematic reaction path search by using the AFIR method was carried out for 

the CO oxidation on the Pt(111) surface. Then, the reaction route network consisting of 133 

MINs was obtained through the automated exploration. The network included not only bond 

rearrangement paths but also short-range migration paths. The RCMC kinetics method was 

applied to the reaction route network to analyze it systematically, and it was revealed that the 

bottleneck of the entire reaction is the CO2 generation step involving the recombination 

between an adsorbed CO molecule and O atom. Furthermore, contributions of two different 

CO2 generation paths, via O2 dissociation and via OC-OO complex formation, were 

discussed. In addition, the reaction route network included minor species such as CO2 + O, 

OC-OO, and CO3 as short-lived intermediates. It should be emphasized that no prior 

assumption about the reaction mechanism was made for obtaining the present results.

The present reaction route network includes short-range migration paths explicitly. 

Its impact on the overall rate constants was discussed in detail comparing rate constants 

computed by three different models. It was discussed that entropic contributions of MIN and 

TS arisen from variety of configurations taken at stable and transition states shifted the 

overall rate constants downward and upward, respectively. The present approach combining 

AFIR and RCMC would thus be promising to obtain rate constants including entropic 

contributions of the short-range migration. Connecting our approach with kinetic Monte 

Carlo simulations taking account of surface coverage and collision frequency of adsorbed 

species would be an interesting future subject.
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Supplementary material

The molecular geometries of the initial structure of the SC-AFIR search (MIN127 

shown in Figure 1), and the most stable structure of each adsorbed state (MIN0, MIN53, 

MIN58, MIN83, MIN114, MIN131, shown in Figure 3) are provided in the CIF 

(crystallography information file) format. The 26 TS structures are also available in the CIF 

format. 
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Table 1. Overall rate constants from SS0 to SS1, k1, and from SS0 to SS2, k2, and 

contribution of the minor path k2 / (k1 + k2).

T [K] 300 500 1000

k1 [s−1] 4.39 × 100 5.37 × 105 4.10 × 109

k2 [s−1] 4.59 × 10−1 4.95 × 104 5.03 × 108

k2 / (k1 + k2) 0.0947 0.0844 0.1093
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Table 2. Comparison of rate constants, k1, k2 and k3 computed by three different models, 

RCMC, LC-TS, and LC-mTS, and their temperature dependency (see text about the models).

T [K] 300 500 1000

k1 (RCMC) [s−1] 4.39 × 100 5.37 × 105 4.10 × 109

k1 (LC-TS) [s−1] 5.03 × 100 4.55 × 105 2.73 × 109

k1 (LC-mTS) [s−1] 9.70 × 100 9.96 × 105 7.80 × 109

k2 (RCMC) [s−1] 4.59 × 10−1 4.95 × 104 5.03 × 108

k2 (LC-TS) [s−1] 6.28 × 10−1 8.01 × 104 5.35 × 108

k2 (LC-mTS) [s−1] 1.24 × 100 1.59 × 105 1.60 × 109

k3 (RCMC) [s−1] 4.41 × 10−3 1.11 × 104 4.23 × 108

k3 (LC-TS) [s−1] 2.04 × 10−3 5.19 × 103 3.25 × 108

k3 (LC-mTS) [s−1] 4.48 × 10−3 1.21 × 104 8.51 × 108
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Figure 1. Initial structure of the reaction path search. Blue, black and red ball represent Pt, C and O atom, 

respectively. CO molecule is adsorbed on an atop site, and O2 molecule occupies a bridge (t-b-t) site on the 

Pt(111) surface. This structure is included as MIN127 in the reaction route network (see Figure 2).
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Figure 2. Reaction route network of CO oxidation on Pt(111) surface at T = 300 K. Nodes 

and edges stand for stable structures (MINs) and connected paths, respectively. The nodes are 

labeled in ascending order of energy and the most stable structure is MIN0. Color of nodes 

and edges correspond to free energy value relative to MIN0. Shapes of the nodes represent 

adsorption states; the nodes are classified into six types: CO + O2, CO + 2O, CO2 + O, 

CO2(g) + O, OC-OO, and CO3. The network was drawn by using Cytoscape software.87
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Figure 3. Adsorption states included in the reaction route network. The most stable structure 

of each adsorption state is shown here. The energy values are relative free energy values to 

the total energy of CO(g), O2(g), and Pt(111) surface. (a) CO molecule is adsorbed on a fcc 

hollow site and O2 molecule is adsorbed on a bridge (t-b-t) site. (b) CO molecule and two O 

atoms are adsorbed on fcc hollow sites. (c) A bent CO2 molecule is adsorbed. O atom is 

adsorbed on a fcc hollow site. (d) A linear CO2 molecule is weakly bound by the surface. O 

atom is adsorbed on a fcc hollow site. (e) OC-OO complex is formed on the surface. (f) CO3 

is formed on the surface.
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Figure 4. Superstates given by the RCMC method with T = 300 K, and different timescale t. 

(a) At t = 1.0 × 10−1 s, three superstates SS0, SS1, SS2 are obtained, represented by blue 

boxes. The representative structure of each superstate is CO + O2, CO + 2O, CO2(g) + O, 

respectively. (b) At t = 1.0 s, two superstates SS0, SS1 are shown in green boxes. At this 

timescale, representative structure is CO + 2O and CO2(g) + O. (c) At t = 1.0 × 103 s, only 

one superstate including all original states was obtained. The value in this figure shows 
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relative free energy, in the unit of kJ mol−1. This value was given by calculating logarithm of 

off-diagonal terms of rate constant matrix from contraction results.
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Figure 5. Free energy profile of CO2 formation path by the LC-TS model at T = 300 K. The 

energy values are relative free energies to the total energy of CO(g), O2(g), and Pt(111) 

surface. (i) Via O2 dissociation path is represented by blue line. The rate determining step is 

the second step in which a CO2 is generated and desorbed from the surface. (ii) Via OC-OO 

complex formation path was represented by pink line. The rate determining step is the first 

step that corresponds to OC-OO complex formation process.
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Figure 6. Comparison of rate constants, k1, k2 and k3 computed by three different models and 

its temperature dependency. Ratio of k(LC-TS) and k(LC-mTS) with reference to k(RCMC) 

are shown, where k(RCMC) corresponds to the rate constant obtained by the RCMC, 

k(LC-TS) is the rate constant estimated from the LC-TS model, and k(LC-mTS) is the rate 

constant estimated from the LC-mTS model (see the text).
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