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To understand the mechanisms and kinetics of catalytic reactions in heterogeneous catalysis, ab initio
molecular dynamics is one of the powerful methods used to explore the free energy surface (FES) of
surface elementary steps. The most significant aspect of performing such calculations is to choose the
specific collective variable (CV) of the reaction. Here, we take CO oxidation on Pt(111) at 300 K as an
example to demonstrate the protocol of selecting CVs guided by the free energy decomposition which
quantifies individual bond free energy contributions. The basic concept is to conduct the brute-force
molecular dynamics initiated from the transition state on the FES, which is refined from the one on the
potential energy surface, to generate the reaction path at a finite temperature. The validity of this
reaction path is further demonstrated by a 2-D free energy landscape spanned by the path-CV.
By choosing CVs including other bond distances, we find that CO oxidation cannot be well understood

Received 20th July 2020, by umbrella sampling or constrained molecular dynamics (CMD) solely along the OC-O bond distance.

Accepted 21st August 2020 The free energy decomposition analysis suggests that not only the OC—O bond but also two O-Pt
DOI: 10.1039/d0cp03852k bonds are responsible for the free energy change. The further CMD simulations along selected CVs

based on the insights from our protocol capture different reaction stages and give solid estimations of
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1. Introduction

Understanding reaction mechanisms at the atomic level has
always been one of the main tasks of computational hetero-
geneous catalysis. In the last few decades, the entire field has
devoted itself to exploring a large number of reactions by
searching for local minima and saddle points on the potential
energy surface (PES). The transition-state theory bridges the
gap between equilibrium properties and kinetics with the
applicability of free energies (Gibbs and Helmholtz). For sur-
face reaction calculations,’ ™ a specific free energy is usually
estimated as the potential energy plus the statistical mechanics
correction.” However, the most inviting heterogeneous catalytic
reactions are carried out under situations far from the ideal
conditions that we adopt in calculations. Some reactions such
as oxidation and reduction can only happen at a relatively high
temperature which leads to surface disorder from the 0 K lattice
structure.>® Other reactions can take place at ambient
temperature but have to occur at solute-solid interfaces
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especially electrocatalysis”® and photocatalysis. Moreover,
the structures of nanoclusters change rapidly during reactions,
which cannot be treated as frozen solids.'™'? In the studies
related to the above reactions, ab initio molecular dynamics
(AIMD) based on the density functional theory (DFT) is usually
adopted, which offers novel understanding with acceptable
accuracy. Not only new insights into reaction mechanisms
but also free energy values with much better accuracy can be
obtained from AIMD.'*'*

Since the difference between the Gibbs free energy and the
Helmbholtz free energy is very small for surface reactions, the latter
is usually evaluated using AIMD. To explore the free energy surface
(FES) using molecular dynamics simulations, plenty of strategies
have been developed, namely constrained molecular dynamics
(CMD),”> umbrella sampling (US),"*"” metadynamics'®'® and
others.?*?? In the framework of the above methods, the free
energy change is associated with a particular coordinate known
as the collective variable (CV). The free energy at a given value of
the CV &, can be determined by

J‘efE(qN)/kTé(é _ io)qu

A(&) = —kgTIn P(&) = —kT'In e E@)/AT dqN ()
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where P(&) is the probability density of finding the system with the
CV ¢ equal to &, The free energy change along the progress of
the CV is the free energy profile which is often referred to as the
potential of mean force (PMF). The CV selection for some reactions
is quite obvious. Normally, they are structural parameters (bond
distances, angles or torsions) changing drastically throughout the
reaction. The linear combination of a few forming and breaking
bonds can also be used for reactions involving many atoms.>*
In addition, the path-CV**** devised by Branduardi et al. is
suitable for studying the free energy change along a preassigned
path by offering a set of reference structures.

Nowadays, the CV selection deeply relies on how we under-
stand the reaction of interest based on chemical insights. Various
methods have been proposed to efficiently extract suitable CVs
for a given reaction. Most of them employ mathematical analysis
of metastable state fluctuations®® or MD trajectories.”’” When it
comes to surface reactions, many bonds can be affected due to
the interaction between the adsorbates and the surface. As a
consequence, choosing bonds responsible for the free energy
change is a non-trivial task. Haas et al tried to understand
biochemical reactions by calculating individual atom free energy
contributions along the reaction path.”® As bond distances
frequently serve as CVs, the bond free energy contribution is a
better descriptor than the atomic one. Therefore, we suggest a
protocol which analyses individual bond free energy contribu-
tions by utilizing the information of free energy gradients (FEGS)
along the reaction path and further guides the CV selection in the
current work. The elementary step of CO oxidation on the Pt(111)
surface is chosen and tested for the following reasons.
This reaction is perhaps the most typical model surface reaction.
As one of the noxious pollutants resulting from power generation
and automobiles, it is necessary to remove CO. Catalytic CO
oxidation as an a posteriori process answers the demands for
environmentally friendly technology in today’s society.>*
Among the steps in the overall process, the elementary step from
the co-adsorbed CO and O to the adsorbed CO, is arguably the
most important one, the chemical equation for which is

CO* + 0* - CO,* (2)

where * denotes the adsorption state. Pioneering DFT exploration
of its potential energy profile®® and later theoretical work®*"*
unravelled CO oxidation on the Pt(111) surface at the atomic
scale. Recently, a few AIMD studies focusing on the post-
transition-state dynamics investigated the process of the CO,
desorption.>*** In the current work, we study the above elemen-
tary reaction to demonstrate the above protocol, aiming to gain
more insights into this process from the perspective of the FES.

2. Computational methods

2.1 Electronic structure calculation and molecular dynamics
simulations

All electronic structure calculations were performed using the
Vienna Ab initio Simulation Package (VASP)*® in the framework
of DFT at the level of generalized gradient approximation (GGA)
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applying the Perdew-Burke-Ernzerhof (PBE)*” functional.
The projector-augmented-wave (PAW)*® pseudopotential with
a kinetic energy cut-off of 400 eV was adopted to describe core-
electrons, which is the largest among the three elements in the
system (400 eV for O). The first order Methfessel-Paxton®’
scheme was used with a smearing width of 0.2 eV. The Brillouin
zone was sampled using a 12 x 12 x 12 Gamma-centred
k-points scheme® for Pt bulk and 4 x 4 x 1 for the Pt(111)
surface. The optimized lattice length of the FCC Pt bulk is
3.97 A which is close to the experimental result of 3.91 A.*'
The Pt(111) surface model was constructed as a four-layer
p(2 x 2) unit cell with a ~12 A vacuum slab along the Z
direction. The bottom two layers were frozen during all ionic
position updates. For geometric optimizations, all the forces on
flexible atoms were minimized to less than 0.05 eV A™".

The Born-Oppenheimer MD (BOMD) was used for AIMD
simulations. Adsorbates and the top two layers were updated
using the Verlet algorithm with a timestep of 1.0 fs, coupled
with the Nosé-Hoover*? thermostat to maintain the target
temperature of 300 K. Thus, the free energy mentioned below
is the Helmholtz free energy corresponding to the NVT ensemble.
The standard brute-force MD and enhanced sampling methods
including the CMD and the US were realized using the code
Bucko implemented in the VASP.** For the CMD, each structure
was first equilibrated for 0.5 ps and later 3 ps to average the
FEG. The block average algorithm®* was used to assess the
statistical uncertainty of the FEG, which is implemented by
Spencer.*® The integration of FEGs was performed simply using
the trapezoidal method. In the US, the Gaussian function was
taken as the biasing potential with a height of —5.0 eV and a
width of 0.5 A. The samples were collected during a 3 ps
simulation after a 0.5 ps equilibration. The code of the
WHAM®*® analysis used to reconstruct the PMF was developed
by Grossfield.*” For free energy calculations along the path-CV,
our homemade code was utilized to carry out the US along the
path-CV according to velocities and forces given by the VASP.
Two components of the bond referred path-CV s and z took the
form of *®

©) : i‘(i_ e (3)
S(E) = = 3
P—1 zp:e—)(E ;)2
i=1
1 u = =2
2(8) = ffln(Ze’}'(:fm ) (4)

where Z is path vector whose entries are primitive CVs, P is the
number of reference structures and / is the coefficient which
smooths the path. More specific parameters for the US and the
CMD and mathematical derivations of the path-CV can be
found in the S2 and S5 of the ESI{ separately.

2.2 Protocol of the free energy decomposition

In order to understand the reaction from the free energy
perspective, we put forward a protocol which decomposes the
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total free energy change into the free energy contribution of
individual bonds. This method can be readily transferred to
other surface reactions because it utilizes the advantage of the
CMD and begins with the transition state (TS) on the PES. More
details will be provided by applying it to the reaction of the CO
oxidation on the Pt(111) surface below. The procedure is
organized as follows:

(i) Find the TS on the PES with frequently used search
methods such as the constrained optimization®®®® or the
nudged elastic band (NEB) method.”" Refine the above TS to
the one at the target temperature according to the FEG given by
the CMD.** The FEG on this CV should be minimized to a
threshold near zero.

(if) Generate the reaction path by using the brute-force MD
starting from the TS forwards and backwards to the final state
(FS) and the initial state (IS), respectively. The outcome path
intrinsically comprises the reaction environment change due to
the finite temperature including the surface relaxation.

(iii) Carry out the CMD on selected equidistance structures
along the reaction path to obtain individual bond free energy
changes, which guides the selection of CVs for various stages of
the reaction. Later, enhanced sampling methods can be per-
formed to acquire better interpretable PMFs along selected CVs.

3. Results and discussion

3.1 Potential energy profile of the CO oxidation on the Pt(111)
surface

We started our investigation by calculating the potential energy
profile of the CO oxidation on Pt(111). To better understand the
reaction, here we recap the structure characteristics of the
Pt(111) surface. Fig. 1 denotes a few adsorption states and
key bond distances used in our work. There are four adsorption
sites on the surface, namely the hexagonal close packed (HCP)

Few Notations

(a) p(2 x 2) unit cell (b) Co-adsorbed CO and O

C (o] Pt

e o O
Fig. 1 Notations used through the article. (a) Four Pt atoms in the first
layer are marked as Ptp to Ptp. The FCC, HCP, bridge and top sites are
where CO and O can be adsorbed on. (b) The structure of the initial state
with the lowest potential energy is illustrated. Bond distances Roc-o,
Ro,ptA, Ro,ptB, Ro,ptc and Rc,ptD are important structural features during
the reaction.
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site, the face centred cubic (FCC) site, the bridge site and the
top site. The IS with the lowest potential energy is that CO is on
the top site while O co-adsorbs on the FCC site in the p(2 x 2)
unit cell.

This reaction is driven by the interaction between the
co-adsorbed CO and O and Fig. 2 shows four key structures
during the reaction. Beginning from the co-adsorbed IS, O
moves to the bridge site which provides the opportunity for
CO to interact with O. The TS is located at the HCP site where
CO weakly bonds to O. Finally, the formed CO, will move from
HCP site to the bridge site, which then desorbs into the gas
phase. Intuitively, the distance of the forming OC-O bond
(Roc-o) can serve as the CV. However, microscopically, several
bonds are generated and cleaved consecutively due to the
interaction between the adsorbates and the surface. It may be
inappropriate to attribute all of the free energy change to the
sole Roc-o change and the interpretation of this reaction may
not be completely convincing without taking other bonds into
consideration. Obviously, Roc-o changes explicitly but the other
four bonds also vary during the whole reaction. Rop;, and
Ro pt, have to elongate until these two bonds break when O
moves from the FCC site to the top site at Ptc. If the CO, finally
desorbs, Ro_pr, will also change. In addition, CO is restricted by
the C-Ptp bond around the top site, which varies to allow C to
interact with O during the whole reaction.

Then we calculated the potential energy changes along the
path, starting with the co-adsorbed CO and O and ending with
the adsorbed CO,. Fig. 3 illustrates the potential energy profile
along the minimum energy path (MEP) via nudged elastic band
(NEB)*" calculations. Direct thermo-corrections were applied to
estimate the corresponding free energies at 300 K (the mathe-
matical formula of which can be found in the ESIt S1). Since
AIMD here does not retrieve the nuclear quantum effect, the

CO Oxidation on Pt(111) Surface
(a) Initial State (b) Transition State

T &

(c) Final State (d) Physisorbed CO,

© ® ©
Fig. 2 Key structures of the CO oxidation on the Pt(111): (a) the initial
state; (b) the transition state; (c) the final state; and (d) the physisorbed
COs. In this study, the elementary reaction from (a) to (c) is extensively
investigated by the density functional theory calculation and ab initio
molecular dynamics. The p(3 x 3) unit cell is used only for the illustrative
purpose. All calculations were carried out using the p(2 x 2) unit cell.
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Energy Profile from Nudge Elastic Band Calculation
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Fig. 3 Potential energy profile of the CO oxidation on the Pt(111) surface
along the minimum energy path. Seven structures were linearly inter-
polated between the initial state and the final state. Forces perpendicular
to the path were minimized smaller than 0.05 eV A~ The forward
potential energy barrier is 0.92 eV while the backward step is 0.97 eV.
Thermodynamic corrections are also applied to obtain the free energies
for the IS, the TS and the FS. The resulting forward and the backward free
energy barrier is 0.95 eV and 1.00 eV respectively.

zero point energy is excluded from the free energy correction
for the further comparison. The potential energy barriers are
similar to those reported in recent articles,*>* which assures
the accuracy of the electronic structure calculation setting in
this study. The reaction process has a forward potential energy
barrier of 0.92 eV and 0.97 eV for the backward step while free
energy barriers are 0.95 eV and 1.00 eV, respectively. The energy
profile is almost symmetrical except for the turning point
located in the last half reaction, where the process of the CO,
rotation from the HCP site to the bridge site takes place.

3.2 Potential of mean force along the OC-O bond distance

Towards the free energy calculation of this reaction, we accom-
plished the US and the CMD by taking Roc-o as the CV first.
These two methods are most frequently used to calculate the
PMF in the AIMD. Both methods sampled Roc_o from 3.3 A to
1.2 A with an interval of 0.1 A. Detailed FEGs with their
standard errors from the CMD and free energies with errors
of the US are listed in ESI{ S3.

The US gives a forward free energy barrier of 0.83 eV, which
is about 0.1 eV lower than the direct thermodynamically
corrected results 0.95 eV. In the thermodynamic corrections
the harmonic approximation is used, while the US actually
samples all the dynamic motions at the finite temperature.
The deviation between these two values can be attributed to the
existence of anharmonicities in the system.>* Although the free
energy curve seems smooth, the sampling along Roc_o from the
TS to the FS appears to be peculiar. For the PMF from the US,
the FS has a much lower free energy as shown in Fig. 4. Since
the US estimates the free energy from the relative probability of
sampled CV values, we cannot determine the stable states on
the FES when unaware of the FEGs. The Roc_o in the optimized
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10 PMF along Roc-o0 by US
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Fig. 4 Potential of mean force and numbers of samples collected in
various bins for the CO oxidation on the Pt(111) surface along Roc-o by
the umbrella sampling. A Gaussian function with 5 eV depth and 0.5 A
width worked as the restraining potential. The blue curve is the PMF while
colourful bars are numbers of samples collected during simulations.
The forward free energy barrier is 0.83 eV. This method fails to determine
the free energy of the final state because samples representing the
adsorbed CO, are difficult to collect during simulations initiating from
structures with Roc_o between 1.2 A and 1.4 A.

adsorbed CO, on the PES is 1.290 A, and the Roc_o in the FS on
the FES is expected to be about 1.3 A. However, the histogram of
samples from the US illustrates that the number of samples at
1.3 A is significantly lower than those in other regions. As its
barrier is about 0.2 €V,>® the desorption of chemisorbed CO,
over the bridge site can be easily observed within few hundred
MD steps at 300 K depending on the initial structure and
velocities. Meanwhile, the restraining potential was only
applied to the reacting OC-O bond while the C-Pt, and
O-Pt; bonds that anchor the molecule on the surface are rather
flexible in our simulations, and CO, would form readily and
fleet into the gas phase during the simulations initiated from
the structure with the Roc_o between 1.2 A and 1.4 A. As a
consequence, the most samples with Roc_o of about 1.3 A are
contributed by CO, in the gas phase, which unlikely describe
the behavior of the adsorbed CO,. The FS with the free energy
of —0.42 eV is actually the gas CO, ensemble. Moreover, the
interpretation of the reaction based on Roc_o is ambiguous,
which will be discussed below.

On the other hand, the CMD presents a similar PMF to the
one obtained from the US by integrating FEGs at sample points
with a little larger forward free energy barrier of 0.86 eV and the
backward free energy barrier of 0.92 eV. The FEG decreases
linearly with the decrease of Roc_o from 3.3 A to 2.2 A but
suddenly drops to zero with only 0.2 A reduction in Roc_o.
Moreover, intermediate states on the FES should have zero FEG
which is analogous to the case of the PES.>® The requirement of
the zero FEG for intermediate states indicates that key states of
the reaction can be located along Roc_o, which is 3.3 A 20A
and 1.28 A for the IS, the TS and the FS, respectively. Fig. 5
illustrates the PMF with the key states marked. The abnormally

Phys. Chem. Chem. Phys., 2020, 22, 21340-21349 | 21343
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10 PMF along Roc-o0 by CMD
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Fig. 5 Potential of mean force for the CO oxidation on the Pt(111) surface
along Rc-o by the constrained molecular dynamics. The SHAKE algorithm
was used to constrain Roc-o at given values. The generated forward free
energy barrier is 0.86 eV. The key states, the initial state, the transition state
and the final state are marked by stars, located at 3.3 A, 2.0 A and 1.28 A
respectively. The extremely large free energy gradient at 1.2 A is majorly
caused by the tension of the OC-0O bond.

large FEG at 1.2 A is the result of the large tension of the C-O
bond in the gas CO,. From the structures sampled in the CMD
simulations, we find that CO, could feasibly rotate from the
HCP site to the bridge site when Roc_o is smaller than 1.5 A.
Thus, the collected samples after the TS can be classified into
two categories. When Roc_o is between 1.5 A and 2.0 A, most
samples are the OC-O complex over the HCP site. For Roc_o
being smaller than 1.5 A, adsorbed CO, on the bridge site
constitutes the majority of samples. Although the CMD gives a
better performance in describing the FS than the US, the
samples collected in simulations from the two categories imply
the deficiency of Roc-o in understanding this reaction.

3.3 Collective variable selection by the free energy
decomposition

The incapability of describing the adsorbed CO, state implies
that Roc_o alone may not be the most suitable CV. But it is
extremely time-consuming to test whether a structural para-
meter does contribute to the reaction free energy change rather
than fluctuations caused by its periodic thermal vibration.
To demonstrate the protocol of the CV selection by the free
energy decomposition along the reaction path, we first tested
the first two steps in Section 2.2. The MEP of the CO oxidation
displays that there are two bonds (Ro-pt,, Ro-pt,) cleaved and
one bond (Roc_o) formed during the reaction. Two additional
bonds (Rc pt,, Ro-pt,) are constantly being adjusted during the
entire reaction. When O is close to CO, the O-Pty, bond distance
also becomes smaller. While the smallest distance during the
reaction is always larger than 2.7 A, we suggest that the change
in this bond will not affect the free energy change. Besides, one
may assume that the change in the triple bond of CO could also
influence the reaction. Hence, we performed an on-the-fly FEG
analysis on this bond which shows a synchronous change in
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the FEG and the bond distance (see the ESIt S4 for a discus-
sion). Our result shows that the firstly mentioned five bonds
could contribute to the free energy change in the current
system.

Reaction path generation and evaluation. To obtain the
reaction path along the FES, we used the following three-step
approach. Step 1: To find the TS on the PES, which is key to
reduce the computing cost, we utilized the constrained mini-
mization, which has been successfully applied to the TS search
in various reaction systems.****°” Step 2: The refinement of the
TS would be relayed by the CMD during which the chosen CV
updates according to the FEG.>* For the CO oxidation, though
the reaction is driven by different bonds at different stages,
the OC-O bond plays the most significant role when it comes
to the TS either on the PES or on the FES. Since the structure
on the PES has already captured the major characteristic of the
reaction, the optimization of the TS on the FES can be accelerated
by adopting the TS on the PES as the initial structure and also
avoids the region on the FES which is not merely determined by
the OC-O bond. The TS at 300 K was found with very few updates
of the Roc_o by minimizing the FEG to zero as shown in Fig. 5,
the length of which is 2.007 A, a little longer than 1.988 A of the
one on the PES. Since the simulated temperature is ca. 300 K, the
bond distance difference between the 0 K-PES and the 300 K-FES
is very small. The increase of the OC-O bond length at the TS on
the FES relative to that on the PES can be expected due to thermal
vibrations. Step 3: Beginning with the structure of the TS on the
FES, brute-force MD simulations were carried out with initial
velocities being set to make Rc_o shorten or elongated to push it
to the IS or the FS, respectively, at 300 K. These two trajectories
were connected to constitute a complete reaction path from the
IS to the FS. The potential energy changes and the temperature
fluctuations of selected trajectories are shown in the ESI{ S6.
Unlike the few powerful but expensive minimum free energy
path (MFEP) optimization methods, e.g. the string method®>°
and the CMD-based discrete path optimization,®”®! the above
procedure only requires a brute-force trajectory starting from
the TS. In addition, the difference between the trajectory
and those of intrinsic reaction coordinate trajectories is that
the former can incorporate the surface relaxation at the finite
temperature.

Before carrying out the free energy decomposition, we
utilized the path-CV to evaluate the effectiveness of the reaction
path generated above. With the difficulty in free energy calcula-
tions along multi-CVs by enhanced sampling methods due to
the unaffordable computing time, it is easy for one to utilize the
path-CV to comprise plentiful CVs. From the obtained brute-
force MD trajectory, we selected 30 equidistant structures with
a smoothing parameter A of 100 A~ to form the path-CV
including the above five bond distances as its components.
To sample structures around the reaction path, harmonic
potentials with the spring constant of 500 eV and 80 eV are
used to restrain the path-CV s at certain values between 0 and 1
and z at 0.05, respectively. Fig. 6 shows the 2-D free energy
landscape from the co-adsorbed CO and O to the adsorbed CO,
by the US and also the projected PMF along s. The PMF from
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Path Collective Variable Umbrella Sampling

Free Ene}gy (eV)

Fig. 6 Potential of mean force for the CO oxidation obtained by the
umbrella sampling along the path-CV. The 3-D free energy landscape
illustrates the reaction path from a selected brute-force molecular
dynamics trajectory. The free energy barriers are taken as values along
the projected curve at z = 0.05, which gives 0.87 eV for the forward and
0.92 eV for the backward. The plateau between s € [0.5, 0.7] reflects the
slow rotation of CO, from the HCP site to the bridge site.

the IS to the TS is really similar to ones from the US and the
CMD along the sole Roc-o, which yields a forward free energy
barrier of 0.87 eV and the backward energy of 0.92 eV. The
obvious difference lies in the region s between 0.5 to 0.7. Unlike
the monotonic lowering of the free energy in Roc_o from the US
simulations, there is a plateau indicating the distinct behavior
between the PES and the 300 K-FES. The reason for this is the
rotation from the loosely bonded CO and O with a Roco of
about 1.3 A passing the TS to the stabilized bent CO, as the FS.
The outcome 2-D free energy landscape not only demonstrates
the effectiveness of the brute-force MD trajectory but also
captures the rotation process.

Free energy decomposition. It is clear that the path-CV made
up of five bonds can generate the proper PMF. To understand
the importance of these bonds, we carried out the free energy
decomposition analysis, in which the CMD of the 30 reference
structures were obtained. Fig. 7 shows the constrained bond
distances along the reaction path and the FEGs. As can be seen,
Roc-o changes drastically along the reaction path and then
keeps fluctuating around 1.3 A, which is expected to be
observed for the formation of CO,. Rc pe, stays around 2.0 A
which is stretched compared to the adsorption bond length.
Two of three O-Pt bonds are elongated at different stages of the
reaction, which reflects the bond cleavage for O to react with
CO. However, the understanding obtained from the bond
distance changes in the reaction is limited. Thus, we utilized
the FEG from the CMD to gain insights into the free energy
contributions of each bond.

The free energy contribution of each bond is integrated from
the FEG along the reaction path. Fig. 8 illustrates the free
energy changes and the FEG, respectively. The free energy
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4.0 Bond Distance Changes along Reaction Path
\0\“‘0\(
N\
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0

15 20 25 30
Images along Reaction Path

Fig. 7 Bond distance changes of five bonds along the selected brute-
force molecular dynamics trajectory. Three bond distances, Roc-o. Ro_ptA
and Ro,ptB, change explicitly while Rc,ptD and Ro,ptc are only slightlﬂy
adjusted. During the reaction, Roc-o varies from 3.3 A to 128 A
The distances of t\{vo O-Pt bonds, Ro,ptA and Ro,ptB, ranges from 2.0 A
to more than 3.5 A. The diswtances of rest two bonds, RC_ptD and Ro_p(c,
only fluctuates around 2.0 A.

changes combine the information from both the bond distance
changes and the FEG. These curves show that the entire
reaction can be divided into four stages: (i) the O-Pt, bond
activation with the bond increase; (ii) the repulsive interaction
between CO and O with the decrease of the OC-O bond; (iii) the
attractive interaction between CO and O with the further
decrease of the OC-O bond; and (iv) the second O-Pty activa-
tion with the just formed CO, rotation. The individual bond
contribution to the total free energy changes is apparent from
the free energy changes along the bond by integrating the FEG.
It can be seen from both the bond distance changes and the

os—Free Energy (A) and Gradient (3A/5%) Change along Path __ |

oc-o0

C—Ptp

Free Energy (eV)
O — Pty

O—Ptg

O - Ptc

-0.5- T T T T T T -1.0
[

10 15 20
Images along Reaction Path

Fig. 8 Free energy contributions of five bonds. The reaction can be
divided into four stages dominated by various bonds: (i) the first O—Pt
bond activation by the O—Pts bond; (ii) the repulsive interaction of the
OC-0 bond; (iii) the attractive interaction of the OC-O bond; (iv) the
second O-Pt bond by the O-Ptg bond. Red curves are free energy
changes while blue curves are respective free energy gradients.
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free energy contribution that the CO oxidation reaction is
ignited by the first O-Pt, activation. When the image number
N € [1, 8], O would crawl from the FCC site to the bridge site by
overcoming a free energy barrier of 0.60 eV. After the O-Pt bond
increases to 2.7 A, O is close enough to interact with CO, which
is reflected by the increasing free energy of 0.24 eV from
0A/ORoc-o for N € [8, 12]. The second stage ends with the CO
getting through the repulsive region to form a roughly bonded
OC-O. These results demonstrate that the major difficulty in
the CO oxidation is the O self-activation (0.60 eV). The total
forward free energy barrier of 0.84 eV calculated by the path-CV
US can be mostly attributed to the Ro pey (0.60 eV) and the
Roc-o (0.24 eV). After the TS, CO and O is getting closer which is
in the region N € [12, 15], during which the OC-O bond
becomes attractive, thus lowering the free energy by 0.45 eV.
At this stage, the Roc-o of about 1.3 A indicates that CO, can be
considered to have been formed. Then the second activation of
the O-Ptg bond as in Ne [15, 30] pushes CO, to move from the
HCP site to the bridge site. This activation is a relatively long
process and lasts for almost 15 images, which lowers the free
energy of 0.36 eV. During the long rotation process, the OC-O
bond does not contribute considerably to the free energy
changes because of its periodic stretching. As discussed above,
the OC-O bond attraction lowers the free energy by 0.45 eV
larger than that of the O-Ptg activation (0.36 eV), which
will dominate the reverse process of the CO oxidation
ie. the CO, activation. In addition, the C-Pt, bond and the
O-Ptc bond have no significant effect on the CO oxidation
process: their free energy contributions are at a magnitude of
0.05 eV.

3.4 Further verification on the collective variable selection

The free energy decomposition analysis guided us to include
Roc-o and Ro pt, to describe the process before the TS while
Roc-o and Rg_py, after the TS. The whole free energy decom-
position pattern shows that only a few bonds contribute to the
free energy changes at different stages of the reaction. The FEG
of active bonds are evaluated under the conditions that other
inactive bonds are constrained at the same time, which may
underestimate the influence of the changes in those bonds.
Although the four stages can be recognized from the free energy
decomposition, it is difficult to accurately sample individual
bonds for each stage. Recently, Hovan et al. suggested that this
problem could be simplified by using the path-CV made up of
weighted CVs.®” The method requires the weight coefficients of
CV along the reaction progress to incorporate a multidimen-
sional CV into one weighted path-CV. Despite its potential in
capturing CV significance in driving the dynamics, it could be
computationally intensive for obtaining these weights, and
thus expensive for the AIMD. For simplicity, we only divided
this elementary reaction into two parts which are separated by
the TS, in which the CMD was performed along the CV by
combining the indispensable bonds discussed above.

For the process from the IS to the TS, we took the linear
combination of two bond distances S(Roc-0, Ro-pt,), Which
incorporates the influence of these two bonds. Ropr, is
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Fig. 9 Potential of mean force along S(Roc-o, Ro-pt,) = Roc-o0 — Ro-py,-
The sampling is from —1.0 A to 1.2 A with an interval of 0.1 A. The smooth
free energy gradient change yields a forward free energy barrier of 0.87 eV.

used to describe the process of the O-Pt, bond activation while
Roc-o is used for the interaction between CO and O near the TS.
Fig. 9 shows the PMF along the selected CV. In this PMF, the
near zero FEGs indicate that the IS is at § = 1.3 A and the TS is at

= —0.9 A. 1t gives a forward free energy barrier of 0.87 eV,
which is similar to the ones obtained for other CVs. The output
FEG decreases gradually with the increase of S(Roc-0, Ro-pt,)
and reduces mildly to zero, which is much smoother than those
generated along the sole Roc.o. Although the interaction
between the adsorbates and the surface is reflected by samples
implicitly no matter what CV is used, the CV should still be
chosen carefully to better describe the surface relaxation, which
is the major difference from gas reactions. In the CMD along
the linear combination CV S(Roc-0, Ro-pt,), there are no con-
straints applied on its components. Unlike the OC-O bond with
a fixed length which will restrict the relaxation of the surface in
the CMD along Roc_o, samples from the CMD along S(Roc-o,
Ro_PtA) on the much more flexible surface will be collected in
the simulations.

The process after the TS becomes a little complicated due to
the rotation process of CO, from the HCP site to the bridge site.
We utilized two CVs, Roc-o and S(Ro-pt,, Ro-pt,)- Roc-o was used
to describe the attractive interaction between C and O after the
TS and the changes in S(Ro pt,, Ro-pt,) €an capture the rotation
process. The resulting PMF and the FEGs are shown in Fig. 10.
Checked by the CMD in advance, there are two metastable
states where FEGs equal zero on this 2-D (S,R) FES, namely the
TS at (0.0, 2.0) and the FS at (1.20, 1.28). The FEG indicates that
the rotation, i.e. the increase in S(Ro,ptB, Ro,PtC), may encounter
a small energy barrier when Roc_o is larger than 1.4 A (see ESI+
S6). In addition, a few CMD simulations show that CO, on the
HCP site can desorb readily when Rc_o is 1.3 A. It is clear from
our results that the OC-O complex is still bonded with the
surface until Roc_o is 1.4 A. Then it goes through the rotation
which is represented by the changes in S(Ro-pt,; Ro-pt,) from
0.0 A to 1.2 A while maintaining Roc-o, and finally forms the
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Fig. 10 Projected 2-D free energy surface (S,R) spanned by Roc-o and
S(Ro,p(B, Ro,ptc). The potential of the mean force along Roc-o is separated
into two parts by the CO; rotation indicated by the change in S(Ro-py,,
Roff’tc) ranging from 0.0 A to 1.2 A. The rotation happens when Roc_o is
1.4 A due to the gradually decreasing free energy barrier along S(Ro_ptB,
Ro,ptc). The free energy change in Roc-o is —0.54 eV and —0.18 eV before
and after the rotation. The free energy change in S(RO_ptB, Ro_ptc) is
—0.30 eV. Thus, the total backward free energy barrier is 1.02 eV.

adsorbed CO, with Roc_o of 1.28 A. The free energy changes of
the above process were computed from the integral as

1.2

1.4
A= J dA/ORdRoc_o + J 0A/0SdS(Ro-py, Ro-pic)
2.0 0.0

(5)

1.28
+ J 6A/8RdROC,O
1.4

The free energy change due to S(Ro pt,, Ro-pr.) i —0.30 €V,
which is similar to the C-Ptg bond free energy contribution of
—0.36 €V from the free energy decomposition analysis in Section
3.3. The total free energy contribution in Roc_o is —0.72 eV, which
can be separated into —0.54 eV and —0.18 eV due to the change
in Roc-o before and past the rotation. Thus, the backward free
energy barrier is summed as 1.02 eV (0.30 eV + 0.72 eV). Although
the value of the free energy is similar to above PMFs using other
CVs, the 2-D FES is proved to be better at describing the rotation
process. The standard errors of FEGs and information about
other sampled points can be found in the ESI} S7.

Having thoroughly tested various choices of CVs and
enhanced sampling methods, we are in the position to make
general discussions. Since most free energy calculation methods
are path-based and require a predefined collective variable, the
protocol we devised above is able to guide the CV selection by
quantifying the free energy contributions of various bonds
especially for surface reactions. For the CO oxidation on the
Pt(111) surface at 300 K, the free energy changes along various
CVs are very similar. However, the interpretability of the
reaction largely depends on the CV used in the free energy
calculations. To determine free energy barriers of this reaction
swiftly by the AIMD, we suggest to sample Roc_o with the CMD.
This choice gives a fair estimation of free energy changes if the
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collected structures are taken care of when the simulation
comes close to the FS. In addition, the CMD assures the
existence of local minima and saddle points on the FES by
checking the FEG. On the other hand, the US requires much
care in determining the CV sampling range with a prior knowl-
edge of the IS and the FS. To effectively obtain the reaction path,
our results suggest the use of S(Roc-o, Ro_ptA) before the TS and
Roc-o in tandem with S(Ropt,, Ro-pt,) after the TS. These CVs
will be much helpful for investigating the different reaction
stages when the catalyst surface varies, which will provide
fruitful insights into the tuning of the catalytic process. For
the reaction with CVs entangled, our work shows that a path-Cv
is needed, which may be computationally intensive.

4. Conclusion

In this work, we have revisited the model catalytic reaction, CO
oxidation on the Pt(111) surface, for heterogeneous catalysis at
300 K with enhanced sampling methods including the US and the
CMD. Various choices of CVs for this reaction were tested, namely
bond distances, their linear combinations and the path-CV. We
found that the PMF along Roc_o is not enough for understanding
the whole reaction although it generates similar free energy values
to that of others. To further select essential CVs for the free energy
calculations, we proposed a method to quantify bond contribu-
tions on the reaction path extracted from brute-force MD trajec-
tories initiated from the TS on the FES at the finite temperature.
Before carrying out the free energy decomposition, the path-CV
was utilized to construct the free energy landscape of this reaction
by taking five bonds (Roc-o, Rcpy,y Ropy Rop, Ropy) into
consideration, which assesses the reaction path from a selected
brute-force MD trajectory. As a significant step in the CV selection,
the free energy decomposition analysis showed that Roco and
Ro pr, are responsible for the forward free energy barrier while
Roco and Ro p, for the backward energy barrier. The further
assessment on S(Roc-0, Ro-pt,) for the first half reaction while
Roc-o and S(Ro_pr,, Ro-pt) for the second yields fair estimations of
free energy barriers and captures the various reaction stages.
Regarding the free energy contributions, the O-Pt, bond is the
determined step for the CO oxidation while the OC-O bond is for
the reverse process. These new insights into the CO oxidation
could also advance the free energy calculation of carbon oxides
reactions on noble metal catalysts. Above all, this reaction path
based on free energy decomposition for the CV selection is
remarkably feasible for the field of heterogeneous catalysis
because it all starts from the TS on the PES.
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