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ABSTRACT: The free-energy barrier and its temperature dependence and
the activation entropy of chemical reactions are key quantities to reaction
kinetics but are very challenging to predict accurately, particularly for
reactions in complex environments. Herein, by combining global neural
network potential with umbrella sampling molecular dynamics (MD), we
are able to resolve the activation entropy of CO oxidation on Pt(111), a
prototype heterogeneous catalytic reaction, with two different mechanisms
(CO reacting with the adsorbed atomic O, CO + O, and with the adsorbed
OH, CO + OH) in the absence and presence of an aqueous solution. We
show that (i) CO + OH reaction is always kinetically more preferable than
CO + O reaction despite that the presence of an aqueous solution increases
significantly the barrier of CO + OH reaction, and (ii) the activation
entropy, although with the absolute value being below 35 J·mol−1·K−1, equivalent to 0.1 eV at 300 K, contributes differently to the
free-energy barrier depending on the reaction conditions: it is negative under the solid−gas conditions but turns out to be positive
under the solid−liquid conditions. The configuration entropy dominates the activation entropy, to which the classic harmonic
approximation to account for the vibrational entropy is a poor approximation. Our results are of significance for understanding and
predicting the free-energy barrier of catalytic recombination reactions in general.
KEYWORDS: machine learning, free-energy calculation, activation entropy, CO oxidation, solid−liquid interface, neural network potential,
electrocatalysis

1. INTRODUCTION

CO oxidation on Pt is a model heterogeneous catalytic reaction
extensively studied in the past decades.1 The reaction is not only
of great importance under the solid−gas conditions, for
example, used in automobile exhaust treatment,2−6 but also
commonly encountered under the solid−liquid conditions, for
example, for electrocatalysis on Pt electrodes.7,8 Despite
tremendous efforts made in understanding the catalytic reaction,
many challenges remain to be solved, particularly on enhancing
the room-temperature activity and on reducing the CO
poisoning under the solid−liquid reaction conditions. It is the
purpose of this work to understand this fundamentally
important reaction under different catalytic conditions, that is,
with and without an aqueous solution, by using the latest-
developed machine-learning potential-based atomic simulation.
Taking the reaction on single-crystal Pt(111) as an example

where surface science experimental data are most available, we
summarize key findings on this reaction below. The reaction has
complex kinetics behaviors with multiple temperature regimes
of CO2 production, categorized as the low-temperature reaction
(∼220 K) and the high-temperature reaction (∼340 K). The
low-temperature reaction occurs exclusively at O island
peripheries, and a trace of H2O can significantly promote the
reaction.9,10 The fitted reaction barrier by near-edge X-ray

absorption fine structure spectroscopy (NEAXFS) experiments
is as low as 0.31 eV with a substantially low pre-exponential
factor of 102 s−1,11 while it is 0.53 eV with a 106 s−1 pre-
exponential factor by in situ high-resolution X-ray photoelectron
spectroscopy.12 At high temperatures, the reaction is reasonably
attributed to CO reacting with the isolated O atom. The
activation barrier reported, however, is highly scattered, varying
from a low value of 0.39−0.51 eV measured by variable-
temperature scanning tunneling microscopy,13 NEAXFS,11 and
molecular beam (MB)14,15 experiments to a high value of 0.74−
1.05 eV from temperature-programmed desorption16 and MB15

experiments. Accordingly, the pre-exponential factor is also in a
wide range from 104 to 108 s−1 (suggesting a negative activation
entropy).11,13−15

To understand the experimental findings, the reaction has also
been extensively studied in theory. Some studies focused on the
CO adsorption puzzles where CO is observed dominantly at the

Received: March 31, 2022
Revised: April 28, 2022

Research Articlepubs.acs.org/acscatalysis

© XXXX American Chemical Society
6265

https://doi.org/10.1021/acscatal.2c01561
ACS Catal. 2022, 12, 6265−6275

D
ow

nl
oa

de
d 

vi
a 

FU
D

A
N

 U
N

IV
 o

n 
M

ay
 1

2,
 2

02
2 

at
 1

1:
24

:5
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ling-Heng+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si-Da+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Pan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.2c01561&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?fig=abs1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.2c01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


top sites in experiments but tends to favor the high coordination
sites [face-centered cubic (fcc) hollow sites] using density
functional theory (DFT) calculations. For example, CO
adsorption at the fcc hollow site is ∼0.17 eV more stable than
that at the top site (0.11 ML) with the DFT Perdew−Burke−
Ernzerhof (PBE) functional.17

The others aimed to resolve the reaction mechanism and
kinetics, which showed that the calculated reaction barrier for
CO reacting with atomic O is high, that is, 0.74−1.06 eV
(depending on DFT functionals), in a p(2 × 2) supercell (0.25
ML) where CO is initially at the top site and O is at the fcc
hollow site.18−21 Apparently, the high barrier of CO + O cannot
explain the low temperature activity. Instead, the CO + OH
mechanism is proposed to be responsible at low temperatures,
where the reaction barrier is calculated to be ∼0.4 and 0.60 eV
without and with H2O molecules near OH,20,22 respectively.
The major inconsistency in the field is on the pre-exponential

factor of CO oxidation, leading to the large uncertainties on the
activation entropy. Based on transition state (TS) theory, the
pre-exponential factor of CO + O and CO + OH reaction was
calculated to be 1.5−11.2 × 1012 s−1 (0.25 ML) and 9.89 × 1012

s−1, respectively, fromDFT with the harmonic approximation to
obtain the vibrational frequency for both the initial state (IS)
and TS.19,20 Recently, the complete potential energy sampling
method23 was further utilized to refine the translation entropy of
adsorbed CO, and a pre-exponential factor of 3.3 × 1010

(interpolated to zero coverage) s−1 was obtained. These
theoretical values are generally larger than the data fitted from
experiments, for example, 109 s−1 for high-temperature CO
oxidation by Nakai et al.11

On the other hand, at the solid−liquid (Pt−H2O) interface,
CO oxidation on a Pt electrode cannot occur readily under the
ambient conditions, commonly known as the CO poisoning
phenomenon. In practice, the elevation of electrochemical
potential is essential to promote the reaction: on Pt(111), the
CO oxidation starts at 0.7 V versus RHE (the same reference
hereafter) and exhibits a narrow main peak at 0.75−0.8 V in 0.1
M H2SO4/HClO4 and ∼0.8 V in 0.1 M NaOH.24,25 When the
temperature increases to 328 K, the starting potential for CO
electro-oxidation reduces slightly to 0.68 V.26 The electro-
oxidation of CO on the Pt electrode was suggested to be
mediated by the carboxyl (COOH) intermediate according to
shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS).25 Since the carboxyl intermediate should come
from the recombination of CO with OH, it is intriguing why the
CO + OH reaction turns out to be difficult at the solid−liquid
interface compared to the solid−gas conditions occurring at low
temperatures. In addition, DFT calculations with modified
Poison−Boltzmann electrostatics for treating the solvation and
surface charging showed that the barriers of surface recombi-
nation reactions are insensitive to the electrochemical
potential27 but can be influenced strongly by the local coverage
of adsorbates. It thus suggests that CO+OH reaction in solution
is likely to have a much higher barrier than under the solid−gas
conditions.
To settle the long-standing puzzles on CO oxidation under

different reaction conditions, herein, we systematically inves-
tigate CO oxidation in the absence and presence of an aqueous
solution via machine-learning-based atomic simulation. A Pt−
C−H−O quaternary global neural network (G-NN) poten-
tial28,29 is developed to allow for long-time enhanced molecular
dynamics (MD) simulations, namely, umbrella sampling
(US),30 in computing the free-energy profiles for CO reacting

with atomic O and with OH in both solid−gas and solid−liquid
environments, that is, CO + O(g), CO + OH(g), CO + O(aq),
and CO+OH(aq) (g and aq stand for gas and aqueous solution,
respectively). Based on the free-energy profiles at different
temperatures, we provide new physical insights into CO
oxidation under different reaction conditions. The activation
entropies of CO oxidation are obtained and discussed in the
context of previous findings.

2. METHODS
2.1. G-NN Potential Generated from the SSW-NN

Method. To perform the long-time atomic simulation for CO
oxidation under different reaction conditions, we utilized the
latest machine learning techniques to generate a Pt−C−H−O
quaternary G-NN potential as implemented in the Large-scale
Atomic Simulation with neural network Potential (LASP, www.
lasphub.com) program developed by our group. The G-NN
potential follows the atom-centered high-dimensional NN
architecture28,31 and utilizes the power-type structure descriptor
(PTSD)29 as the input layer for NN, which consists of 170 two-
body, 200 three-body, and 40 four-body PTSDs for each
element. The G-NN potential is generated by self-learning the
global potential energy surface (PES) data set screened from G-
NN-based stochastic surface walking (SSW)32,33 global
optimization, namely, the SSW-NN method. The final data set
contains 79,724 structures that are computed by DFT, including
bulks, layers, clusters, and surfaces, and the final accuracy for the
G-NN potential is 3.229 meV/atom for the root-mean-square
(RMS) error in energy and 0.111 eV/Å for the force. The Pt−
C−H−O G-NN potential is openly available on the LASP
website (via the link34). More details of the G-NN potential
architecture and SSW-NN method can be found from Table S1
in the Supporting Information. The typical accuracy of G-NN
potential is illustrated in Figure 1a, where the benchmark with
DFT results is shown for 18 structures randomly selected from
the umbrellas sampling the MD trajectory of the CO + OH(aq)
reaction pathway (the RMS error in energy is 0.068 eV per slab
of 188 atoms). More benchmarks are detailed in Table S3.

2.2. Free-Energy Calculation and the Derivation of
Reaction Entropy Contribution. The free-energy profiles for
CO oxidations under different reaction conditions were
obtained by performing enhanced MD simulations based on
G-NN potential using the LASP program. All MD simulations
were carried out in the canonical ensemble with a Nose−Hoover
thermostat under 300−500 K for the solid−gas reactions and
300−380 K for solid−liquid reactions, both with a small time
step of 0.1 fs interval. The free-energy profile was calculated
using a US method, a bias MDmethod to obtain the mean force
along the reaction coordinate. The reaction coordinate is
divided into 60−80 windows distributed evenly along the
reaction pathway from IS to FS. This is achieved by imposing the
harmonic bias potential ω ξ ξ= −( )i

K
i2
ref 2 to constrain a

designated reaction coordinate ξi
ref for each window i. As

shown in eq 1, the resulting biased probability at each window
Pi
b(ξ) can be collected from MD simulation

∫
∫

ξ
β ω ξ δ ξ ξ

β ω ξ
=

{− [ + ′ ]} [ ′ − ]

{− [ + ′ ]}
P

E r r r r

E r r r
( )

exp ( ) ( ( )) ( ) d

exp ( ) ( ( )) di
i

N

i
N

b

(1)

The derivative of free energy to the reaction coordinate ξ,
∂Gi/∂ξ, can be derived as shown in eq 2.35 The umbrella
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integration method was utilized to approximate the ∂Gi/∂ξ and
integrate the potential of mean force to finally export the free-
energy ΔG profile

ξ β
ξ ξ

σ
ξ ξ

∂
∂

=
−

− −
G

K
1

( )
( )i i

i
i

b

b 2
ref

(2)

where ξi
b represents the mean value of ξ and σi

b represents the
variance. In this work, the reaction coordinate ξ is defined as the
distance between the C and the reacting O(H), and it is rescaled

into the range of 0−1, with IS and FS corresponding to 0 and 1,
respectively.
In the constant temperature MD simulation, the Nose−

Hoover mass is set in the range of 0.6 to 1 eV·fs2 for the solid−
gas reactions and 400 to 800 eV·fs2 for the solid−liquid
reactions, adjusted at different windows to guarantee the
temperature control and energy conservation. The force
constant K (eq 2) for the harmonic bias potential is also
adjusted from 30 to 50 eV·Å−2 for different temperatures in
order to keep the appropriate overlap of ξ between windows.
The starting structures in each window of US are generated

from the trajectory with the lowest free-energy barrier by pre-
running a number of US trajectories. The simulation time for
each window is 5 ps for the solid−gas and 10 ps for solid−liquid
reactions, with the initial 40% of time for equilibrium and the
rest for production. Each free-energy profile is averaged from five
times of US simulations to ensure the credibility of the data (see
Table S4 for the data).
Once the free-energy barrier of reaction Ga is obtained at a

series of temperatures, we can use the rate constant k and
temperature to generate the ln k−TArrhenius plot, and thus, the
activation energy Ea, the pre-exponential factor A, and the
activation entropy ΔS⧧ can be fitted/derived according to the
TS theory as shown in eq 3

= = =Δ − −≠
k

k T
h

k T
h

Ae e e eG RT S R E RT E RTB / B / / /a a a

(3)

In this work, the pre-exponential factor A and the activation
entropy (ΔS⧧) derived at 300 K are utilized for comparison
between reactions.

2.3. Models for Reactions. 2.3.1. Pt(111). The Pt(111)
surface is modeled by a four-layer slab with the bottom two
layers of atoms being fixed at the bulk position. The top view of
the surface in a p(3× 3) supercell is shown in Figure 1b, with the
typical adsorption sites on the (111) surface, including top,
bridge, and hollow [fcc and hexagonal close-packed (hcp)] sites,
as labeled.

2.3.2. Pt−H2O Interface. The reactions in the aqueous
surroundings are simulated in the ×p(4 2 3 ) Pt(111)
supercell with 40 explicit water molecules on top of the surface
(see Figure 1c). The water layers are restricted to the surface by a
Lennard-Jones (LJ) wall potential positioned in vacuum to
ensure the density of water at ∼1.0 g·cm−3. The O−H bonds in
system are restrained to their equilibrium distance (1.0 Å) using
a Gaussian bias potential. The constraining of O−H bond
distance can facilitate to obtain the averaged free-energy profile
of CO + OH reaction in aqueous solution, which, if without the
constraint, has a chance to decay to CO + O reaction by losing
its H of reacting OH to solution. We have confirmed that the
extra constraints do not introduce systematic error to the
reaction barrier of CO + OH reaction. To equilibrate the
reaction in aqueous solution, we start from the most stable
structure from SSW-NN global optimization (see Section 2.4
below) and then perform long-time MD (800 ps) for the
reactions at the ISs. The density profile of water layers along the
z-axis after equilibrium is also shown in Figure 1c, which agrees
well with previous works using ab initio MD (AIMD)
simulation.36,37

2.4. DFT Calculations and Reaction Pathway Search.
For the solid−gas reactions, DFT calculations are carried out to
compute the reaction profile as implemented in the Vienna ab
initio simulation package (VASP).38−40 The DFT calculation

Figure 1. (a) Benchmark of G-NN potential and DFT energetics for 18
structures randomly selected from the US MD trajectory of the CO +
OH(aq) reaction pathway. The energy is relative to the initial structure.
(b) Top view of a p(3 × 3) supercell of the Pt(111) surface. (c) The
side view for the Pt(111)/H2O interface for modeling CO + O(aq)
reaction. The density profile of water layers (4 layers) at equilibrium is
also shown in the black curve. The average density of ∼1.0 g·cm−3 of
water is achieved via a soft confinement potential (LJ repulsive
potential).
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setup is the same as the data set creation used in G-NN potential
generation. Specifically, the projected augmented wave potential
is utilized to represent the electron−ion interaction, and the
DFT exchange−correlation functional utilized is the PBE
functional, widely applied for reactions on metals.41,42 The van
der Waals (vdW) effect is also checked by adding Grimme’s D3
vdW correction43 inMD simulation, which is found to have little
effect on the free-energy barrier (<0.03 eV). The kinetic energy
cutoff is set as 450 eV. The first Brillouin zone k-point sampling
utilizes the Monkhorst−Pack scheme with an automated mesh
determined by 25 times the reciprocal lattice vectors.
The SSW-NN method is employed to search for the global

minimum of IS for all reactions at 0 K (see Table S2). The
reaction pathway search is then obtained by using the double-
ended surface walking44 method and refined using constrained
Broyden minimization45 to locate the TS. All minima IS and TS
are confirmed by vibrational frequency analysis, that is, no
imaginary frequency for IS and one for TS.

3. RESULTS

3.1. Reaction under the Solid−Gas Conditions.
3.1.1. CO + O(g) Reaction. Our investigation starts from CO
+Oon Pt(111) by using the G-NN potential to explore different
possible configurations and perform free-energy calculations.
Two different surface coverages are initially considered in SSW-
NN simulation to identify the best initial configuration, which
shows that in accordance with the literature,17 CO prefers the fcc
hollow sites at the low coverage (0.11 ML CO and 0.11 ML O),
as shown in Figure 2a, and shifts to the top site at the relative
high coverage (0.25 ML CO and 0.25 MLO). This is due to the
well-known deficiency of the DFT PBE functional in predicting
CO adsorption sites at low coverages (the energy difference is
0.17 eV between CO at the fcc hollow site and at the top site at
the PBE functional using VASP). This should not affect us to
compare systematically CO oxidation under different reaction

conditions at the same DFT level. As we focus on the catalytic
reaction under different conditions, the results at the low
coverage limit, 0.11 ML CO and 0.11 ML O (see in Figure 1b),
will be presented in detail. We will return to the effect of CO
adsorption sites on free energy in the discussion section (Section
4.2).
The lowest reaction pathway at 0 K for CO reacting with O is

first searched, and the lowest energy TS has a bent CO−O
structure over the fcc hollow site with CO at the atop site and O
at the bridge site; the C−Odistance is 1.99 Å (cf. 2.02−2.07 Å in
the literature19,21). The calculated reaction barrier is 0.92 eV
with respect to CO at the fcc hollow site and reduced to 0.74 eV
with respect to CO at the top site. These values are consistent
with the data reported previously.18−21

Next, the free-energy profiles for the reaction have been
calculated using enhanced MD simulation based on the US
method. Five different temperatures (from 300 to 500 K) are
investigated, and the free-energy barriers are calculated, and the
barrier is 0.96 eV at 300K and increases slightly to 0.99 eV at 500
K. Figure 2a shows the most common snapshots from MD at
300 K, and Table 1 lists the related structural information. We
note that under the solid−gas reaction conditions, the FS state
CO2 of CO oxidation is at a linear form (Figure 2a), which is at
least 7 Å away from the surface. Figure 3a shows the free-energy
profile at 300 K, collected from 60 windows in US.
We found that at the finite temperatures, the reaction pathway

is largely like that at 0 K, except that CO can diffuse rapidly on
the surface as manifested by the 53% population of bridge site
adsorption and 47% of fcc site adsorption (statistics from a long
MD of 100 ps simulation at the IS). The TS structure averaged
from the highest energy window along the free-energy profile
has the geometry very close to that at 0 K, except that CO−O is
now over the hcp site with the OC−O distance being 2.00 Å
(Figure 2a) (note that at 0 K, the two different TSs, the TS over
the fcc and the TS over the hcp site, differ by 0.05 eV).

Figure 2.Reaction snapshots, including IS, TS, and FS, fromMD simulations: (a) CO +O(g) at 0.11 (1/9)MLCO and 0.11MLO coverage. (b) CO
+OH(g) at 0.11MLCOand 0.11OML coverage. (c) CO+O(aq) at 0.06 (1/16)MLCO and 0.06MLOcoverage. (d) CO+OH(aq) at 0.06 (1/16)
ML CO and 0.06 MLOH coverage. In (c,d), only the first layer of water is shown for clarity. Atom representation scheme: big gray ball: Pt; small gray
ball: C; red ball: O; white ball: H.

Table 1. Structural Statistics for Four CO Oxidation Reactions from MD Trajectoriesa

CO site O/OH site C−O distance

reaction IS TS IS TS IS TS

1 b (53%) + h (47%) t (100%) h (100%) b (100%) 4.87 2.00
2 h (66%) + b (34%) t (100%) t (90%) + b (10%) t (100%) 3.54 1.86
3 b (51%) + h (49%) t (100%) h (100%) b (100%) 3.44 1.98
4 h (97%) + b (3%) t (100%) t (100%) t (100%) 3.54 2.04

aListed data include the CO, O, and OH population (%) at different surface sites and the average C−O distance (Å) at the IS and TS at 300 K.
Notation b: bridge, h: hollow, and t: top site. Reactions 1−4 refer to CO + O (g), CO + OH (g), CO + O (aq), and CO + OH (aq), respectively.
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The Arrhenius plot is then obtained as shown in Figure 3b,
where the apparent activation barrier and the activation entropy
are derived from the linear fit (see eq 3 in Section 2.2). These
data are summarized in Table 2, and for comparison, the
calculated vibrational entropy at 300 K with the harmonic
approximation is also listed.
As shown in Table 2, the fitted activation barrier is 0.92 eV,

being 0.05 eV lower than the barrier at 0 K, and the pre-
exponential factor is 1.48 × 1012 s−1, which is in the range of the
values calculated previously, that is, 1.5−11.2 × 1012 s−1.19,20

Importantly, the activation entropy is negative, −12.29 J·mol−1·

K−1, while the vibrational entropy is very small and positive, 0.60
J·mol−1·K−1. The large difference between the activation
entropy and the vibrational entropy from the harmonic
approximation suggests that themajor contribution of activation
entropy does not originate from the vibrational degrees of
freedom.

3.1.2. CO + OH(g) Reaction. We then move to CO + OH
reaction at the solid−gas interface, where the reactant O is
replaced with OH. This elementary reaction is of interest by its
own, for example, involved in water gas shift reaction to form a
carboxyl (COOH) intermediate.10,46,47 By following the same
procedure, we identify the most stable configuration for CO and
OH coadsorption, the lowest reaction pathway, and the free-
energy profiles. Here, we highlight the major findings by
comparing the two reactions with O and OH.

(i) For the IS, being different from O that stays always in the
hollow site, OH can diffuse quite freely on the surface
from the top site (90% population) to the bridge site
(10%). In achieving the TS, the OH is at the top site in the
CO + OH reaction (see Figure 2b) for CO + OH TS,
which is different from the bridging O at the TS of CO +
O reaction. A shorter TS distance of 1.86 Å is found in CO

Figure 3. (a) Free-energy profiles for CO + O(g) (red) and CO + OH(g) (blue) reactions on Pt(111) from USMD. (b) Linear fitted Arrhenius plot
using the average free-energy barrier at 300−500 K. (c) Free-energy profiles for CO + O(aq) (red) and CO + OH(aq) (blue) reactions on Pt(111)
fromUSMD. (d) Linear fitted Arrhenius plot using the average free-energy barrier at 300−380 K. The unit is eV for the free-energy barrier (Ga) and J·
mol−1·K−1 for the activation entropy (ΔS⧧).

Table 2. Key Kinetics Parameters of the Four Reactionsa

reaction Ga Ea, A ΔS⧧ ΔSvib
1 0.96 ± 0.04 0.92, 1.48 × 1012 −12.29 0.60
2 0.46 ± 0.02 0.40, 5.26 × 1011 −20.88 −0.84
3 0.91 ± 0.01 0.97, 7.69 × 1013 20.57 −2.06
4 0.76 ± 0.01 0.86, 2.97 × 1014 31.80 −0.37

aListed data include the free-energy barrier (eV), the fitted activation
barrier (eV), the pre-exponential factor, the activation entropy (J·
mol−1·K−1), and the vibrational entropy at 300 K (J·mol−1·K−1).
Reactions 1−4 are as the same as Table 1.
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+ OH reaction, apparently because the top site OH is
more inert than the bridging atomic O.

(ii) The reaction energy barrier at 0 K is very low, 0.36 eV,
much lower than that of CO + O (0.97 eV). This reflects
the fact that the OH activation from IS to TS is much
easier compared to the O activation: the atomic O has a
corrugated PES with a large energy difference between the
fcc hollow site at the IS and the bridge site at the TS.

(iii) The free-energy barrier for CO + OH at 300 K is 0.46 eV,
again much lower than that of CO + O. From the
Arrhenius plot, we derive the pre-exponential factor to be
5.26 × 1011 s−1, and the activation barrier is 0.40 eV. As a
result, an activation entropy of −20.88 J·mol−1·K−1 is
obtained, which is even more negative than that in CO +
O reaction.

To summarize, for the two solid−gas reactions, the entropy at
the IS (SIS) is always larger than the entropy at the TS (STS). As a
result, the entropy term of the two solid−gas reactions (−TΔS⧧)
contributes positively to the overall free-energy barrierΔG⧧with
a magnitude of up to +0.05 eV at 300 K. In particular, the
entropy term in CO + OH reaction is almost double of that in
CO + O reaction. Since the vibrational entropy computed using
harmonic approximation cannot account for, even qualitatively,
the activation entropy, the other entropy terms, the configura-
tional, translational, and rotational entropies, are thus more
important for consideration. We further note that for the CO +
O and CO + OH reactions, there are in fact no very low
vibrational frequencies (i.e., below 50 cm−1) at both the IS and
TS (see Supporting Information Table S5) from harmonic
vibrational analysis, which suggests that the hindered translation
and rotation often discussed in the literature, particularly
important for organic molecules (e.g., methanol),48 should not
be the major contributors to the activation entropy in CO
oxidation, although they have been taken into account naturally

in our MD sampling. Therefore, we conclude that the
configurational entropy should be the main source for the
activation entropy.
It is of interest to compare the pre-exponential factor from our

work with the calculated values in the literature. The activation
entropy for CO oxidation on Pt(111) under the solid−gas
conditions has been calculated previously by many groups with
harmonic approximation,19,20,23 and the theoretical results
generally predict the reaction pre-exponential factor of around
1012 s−1 (1.5−11.2× 1012 s−1, close to kBT/h = 6.25× 1012 s−1 at
300 K), which is in the same order of magnitude as the value
from this work (1.48 × 1012 s−1). Jørgensen and Grönbeck23

have estimated the entropy for CO oxidation reaction using the
hindered translator model, which yields a pre-exponential factor
of 6.3 × 1010 s−1, in the same order of magnitude as that using a
complete potential energy sampling method (3.3 × 1010 s−1).
Their calculations consider only the CO diffusion at the IS but
neglects the entropy contribution at the TS. These values are
smaller than the value (1.48 × 1012 s−1) from our MD results.

3.1.3. MD Trajectory Analysis. To better understand the
negative activation entropy, here, we utilize the CO + OH
reaction as the example to analyze how the structure
configuration evolves from IS to TS. To this end, the long-
time (100 ps) MD trajectories at the IS and the TS windows are
collected and their geometries are analyzed statistically. The
radial distribution function (RDF), g(r), is calculated for the
reacting C in CO, gC−Pt(r), and the adsorbed O in OH (Oa),
gO−Pt(r), by using eq 4

π
=
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g r
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r r
( )
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N i

N

A B
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1
1 B

2
iA

A
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where A represents the centering atom and B is the neighboring
atom of A, and nBi

is the number of B within r to r + Δr to A.

Figure 4. Plots to reflect the structure evolution from IS to TS for CO +OH(g) [the top panel, (a−c)] and CO +OH(aq) [the bottom panel, (d−f)].
(a,d) RDF g(r) for C with its neighboring Pt; (b,e) g(r) for O of OH with its neighboring Pt. (c,f) Rotation angle of OH with respect to the OC−O
plane. The dashed circles highlight the tail feature, showing the diffusion of CO/OH.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c01561
ACS Catal. 2022, 12, 6265−6275

6270

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01561/suppl_file/cs2c01561_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01561?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Here, g(r) was normalized by dividing the total number of B
atoms and the volume of the slab (V).
The gC−Pt(r) is shown in Figure 4a, which can reflect the

interaction of C with the Pt(111) surface at the IS (the blue line)
and the TS (the orange line). It shows that there is a long tail
(the dotted circle in Figure 3a) for the first large peak at 2.1 Å
(corresponding to the hollow site adsorbed CO) at the IS, which
is caused by the rapid swap between the hollow and neighboring
bridge sites (from the hollow site to the bridge site, one C−Pt
bond is broken with the distance lengthened from 2.1 to 2.5 Å).
This phenomenon is consistent with the population statistics in
Table 1. In contrast, the gC−Pt(r) at the TS has a sharp first peak
at 1.9 Å with a much lower intensity, which corresponds to the
CO exclusively at the top site in reacting with OH. Similarly, we
found that in the gO−Pt(r) plot, the first peak also has a small tail,
as indicated by the dotted circle in Figure 4b, where the leading
peak comes from the top site adsorbed OH (90% population)
and the tail caused by the OH diffusion to the bridge site (10%
population). At the TS, the Oa is largely fixed at the top site with
only a single peak at 2.1 Å. Since both C and Oa are much less
mobile at the TS than at the IS, the translational configuration
entropy at the TS should be much reduced compared to the IS.
Furthermore, we found that the rotational entropy due to the

rotation of the OH bond also contributes to the negative
activation entropy. Figure 4c counts the probability of the
adsorbed OH at different rotation angles from −180 to 180°
with respect to the OC−O plane as a mirror (outward or inward
of the plane).We found that theOH can rotate quite freely at the
IS with a broad distribution of rotation angles, but at the TS, the
angles are limited to two peaks,∼−100 or∼100°. Obviously, the
OH at the TS has to free an sp3-hybridized orbital of Oa for
reacting with the coming 5σ orbital of the CO molecule.49,50

The above analysis fromMD trajectories confirms that the TS
of the catalytic reaction can only be achieved at a right geometry
and thus loses degrees of freedom in translation and rotation.
For the CO + OH reaction, not only the adsorption sites for
reactants are fixed (e.g., CO and OH at the top site) but also the
OH bond is only allowed to point to two specific directions. The
reductions of both translational and rotational configuration
entropies contribute to the negative activation entropy. With
this knowledge, it becomes straightforward to understand why
the activation entropy for CO + O reaction is only about half of
that for CO + OH reaction: in the CO + O reaction, only one
reactant, CO, is mobile at the IS (the O is always at the hollow
site), but in the CO + OH reaction, both CO and OH are
mobile.
3.2. Reaction in Aqueous Solution.COoxidation can also

occur on Pt electrodes in aqueous solution, where the
surrounding H2O is not merely the solution but also acts as
the reactant to provide OH or O at elevated electrochemical
potentials.22 The previous calculations51 have shown that both
OH and O species are available at elevated potentials from
thermodynamics following the sequential reaction H2O → OH
+H+ + e and OH→O +H+ + e. The former reaction starts ∼0.4
V versus RHE, and the latter occurs above ∼0.6 V on Pt(111). It
remains elusive on which reaction CO + O(aq) and CO +
OH(aq) dominate the electrochemical CO oxidation.
To provide a quantitative answer, we carried out US MD

simulation to compute the free-energy profiles for CO reaction
with O and OH on Pt(111) in aqueous solution. Three different
temperatures (300, 340, and 380 K) have been considered to
establish the Arrhenius plot. The reaction snapshots are shown
in Figure 2c,d. It is interesting to note that the FS structure for

CO + O reaction in aqueous solution has a bent O−C−O
structure well adsorbed on the surface, suggesting that FS is
more like an adsorbed COO− stabilized by solution. This is in
contrast with the linear form of CO2, as found in the CO +O(g)
reaction in Figure 2a. Figure 3c shows the free-energy profile
versus the reaction coordinate for CO + O(aq) (red curve) and
CO + OH(aq) (blue curve) reaction at 300 K from 80 windows
of MD simulation. The statistics on the adsorption site of
reactants and the key distances at the ISs and the TSs are also
listed in Table 1.
For the IS of CO + O reaction in aqueous solution, we found

that similar to it under the solid−gas conditions, CO also has
two possible adsorption sites, the hollow site and the bridge site,
and the relative population is also close. Again, the adsorbed O
stays exclusively at the hollow site (see Table 1). These suggest
that the water surroundings do not affect much the adsorption of
CO and O in the CO + O reaction.
On the other hand, for the CO + OH reaction, the adsorbed

OH always stays at the top site in the aqueous solution, while it
swaps between two possible sites (top and bridge) under the
solid−gas conditions. From the IS snapshots, the water solution
is found to stabilize the top OH (see Figure 5a) viaH-bondings,

where the OH acts as both the acceptor and donor of H-
bonding. Interestingly, CO now mainly stays at the hollow site
(97%) at the IS (see Table 1). This may be attributed to the fact
that the hollow site adsorbed CO is less protruding outside the
surface and thus interferes less with the existing H-bonding
network in stabilizing OH.
The presence of O and OH species on the Pt surface will

naturally lead to the system under the positive electrochemical
potential conditions. For example, the CO + OH reaction in the

Figure 5. (a) Local H-bonding network at IS and TS in CO + OH(aq)
reaction. (b) RDF g(r) for the O of OH with the neighboring H atoms
of H2O.
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aqueous solution is at 0.7 V from our DFT calculations by
measuring the electrostatic potential of the system and referring
to the absolute potential of the Pt electrode at 0 V (see Figure S2
for more details).52−54 This allows us to compare the calculated
reaction kinetics data with the relevant electrochemical
experiments.
As for the free-energy profiles, the most striking finding is the

high barrier of CO + OH in the aqueous surroundings, 0.76 eV
at 300 K, compared to it under the solid−gas conditions, only
0.46 eV. This suggests that the reaction in the aqueous solution
is 105 orders of magnitude slower than that in the gas phase. The
presence of the water solution thus quenches the low-
temperature CO oxidation. Nevertheless, this result explains
the puzzling findings in experiments, where CO oxidation in the
presence of a trace of H2O occurs above ∼220 K under the
solid−gas conditions, but CO is a poisoning species on Pt
electrodes until the electrochemical potential is elevated to more
than 0.4 V. Even in the presence of OH, the reaction rate of CO
oxidation is not fast, that is, 0.57 s−1 in alkaline solution,24 from
the measured cyclic voltammogram curve, which agrees well
with our calculated rate of 1.03 s−1 for the aqueous CO + OH at
300 K.
By using the free-energy barriers at different temperatures, we

obtained the Arrhenius plots for the two aqueous reactions, as
shown in Figure 3c,d. We found that compared to the solid−gas
reactions, the reactions in the aqueous phase have the opposite
trend of activity with respect to temperature: with the increase of
temperature, the reaction has the lower free-energy barrier. For
example, the free-energy barrier of CO +O in the aqueous phase
is 0.91 eV at 300 K, close to that in the gas phase, but slightly
decreases to 0.90 eV at 380 K. The trend is the same for CO +
OH reaction, with the free-energy barrier decreasing from 0.76
eV at 300 K to 0.74 eV at 380 K. As a result, the pre-exponential
factors for the reactions are generally larger than their
counterparts in the gas phase, being 7.69 × 1013 s−1 and 2.97
× 1014 s−1 for the aqueous CO + O and CO + OH reactions,
respectively. The activation entropy is derived to be 20.57 and
31.80 J·mol−1·K−1, both turning out to be positive, in contrast to
those under the solid−gas conditions.
Despite the high barrier of CO + OH reaction in aqueous

solution (0.76 eV) compared to the the solid−gas conditions,
the reaction is still much faster than CO +O reaction in aqueous
solution (a free-energy barrier of 0.91 eV, see Table 1): at 300 K,
the rate differs by 373 times. We can thus conclude that the CO
+OH reaction is always the dominant channel for CO oxidation
in aqueous solution on Pt(111) terraces.
3.2.1. MD Trajectory Analysis. Our results reveal that the

activation entropy of aqueous reactions is positive, just opposite
to that under the solid−gas conditions. It is thus of interest to
further analyze the MD trajectories for the aqueous CO + OH
reaction by tracing the geometrical changes from IS to TS.
Similar to that under the solid−gas conditions, we also
computed the RDF, g(r), for the C−Pt and Oa−Pt pairs, and
the OH bond angle distribution and the results are shown in
Figure 4d−f. Three major features for the aqueous reaction are
thus revealed and they are elaborated in the following.

(i) The translation movement of CO at the IS is highly
frustrated as reflected in the gC−Pt(r) plot, where the C−Pt
first peak at the IS has no obvious tails, indicating that the
hollow to bridge movement is largely blocked. Indeed, the
population of CO at the bridge site is reduced to 3% from
statistics, much lower than 34% under the solid−gas

conditions. On the other hand, we note that the second
peak (∼3−4 Å) is broader at the TS than at the IS,
implying that CO at the TS, although at the top site, can
have a large wagging displacement and thus interact
dynamically with six nearby Pt atoms.

(ii) The OH is pinned well at the top site at both IS and TS
since there is no splitting of the first peak for OH in the
gO−Pt(r) plot. Similar to the finding for CO, the top OH
can have a large wagging movement at the TS, leading to
the broader successive peaks.

(iii) The rotation of the OH bond is no longer free even at the
IS, which is limited by the H-bonding network to a small
window centering at −120°, as shown in the probability
distribution plot of the OH rotation angle. On the
contrary, the rotation at the TS has one additional peak at
+100°, suggesting that the OH bond has more degrees of
freedom. Compared to the CO + OH reaction under the
solid−gas conditions, the aqueous solution suppresses
obviously the rotation of OH, particularly at the IS.

The above three findings all lead to the same conclusion that
the configuration entropy of the aqueous reaction increases from
IS to TS, and thus, the activation entropy is positive. The
aqueous solution suppresses the translation/rotation degrees of
freedom at the IS more than those at the TS. To understand the
physical origin, we thus further analyzed the H-bonding network
at the IS and the TS. Figure 5b shows the RDF for the Oa with its
nearby H in water, gO−H(r) at the IS and the TS, which can
reflect the change of the H-bondings around the Oa. A large,
broad peak at 1.7 Å is present at the IS, indicating the presence of
the H-bonding between Oa and neighboring water molecules,
and this peak vanishes at the TS. This picture is consistent with
the H-bonding snapshots (Figure 5a) taken at the IS and TS,
focusing on the local environment of adsorbed OH. Obviously,
the presence of H-bondings in the aqueous surroundings
restricts strongly the translation of CO/OH and the rotation of
OH at the IS, but the restriction is much released at the TS.

4. DISCUSSION
4.1. Free Energy of Surface Reactions. The free-energy

barrier is the key kinetics quantity determining chemical
reactivity. By using the G-NN potential-based US MD
technique, we can now systematically evaluate the entropy
contribution for CO oxidation reactions occurring with and
without the aqueous surroundings, which can be of general
significance for understanding catalytic reactions on surfaces via
the Langmuir−Hinshelwood15 mechanism. Two general lessons
can be learned from our results.
First, the activation entropy of surface reactions is generally

small even in the aqueous surroundings but can be critical to the
reaction rate. The values for the four recombination reactions
(CO + O(g), CO + OH(g), CO + O(aq), and CO + OH(aq))
are within ±35 J·mol−1·K−1, which is equivalent to ±0.1 eV at
300 K (TΔS). The neglection of the entropy term thus can lead
to an error in rate by up to 48 times.
The configuration entropy contributes majorly to the

activation entropy, while the vibrational entropy computed
from harmonic approximation can be both wrong in the sign and
smaller by 1 order of magnitude. Therefore, the common
practice to estimate the reaction entropy via harmonic
approximation appears to be a poor approximation for surface
recombination reactions. On the other hand, we note that the
free-energy computation via the US MD technique also has its
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own limitations, particularly to configure the reaction
coordinate, which is still largely based on chemical intuition or
trial-and-error approaches (e.g., the C−Oa distance utilized in
this work for CO oxidation). Without the correct reaction
coordinate, the US MD can either fail to link the reaction
pathway or produce the potential of mean force that is far off
from the true free-energy profile.
Second, the major effect of the aqueous solution to surface

reactions is still through the enthalpy term, where the presence
of H-bonding near the surface can stabilize the reaction
intermediates to different extents and thus alter the activity.
The CO+OH reaction, as a good example, turns out to bemuch
more difficult in the aqueous solution compared to the solid−gas
conditions. Therefore, it is vital to identify the most stable
configurations of reaction intermediates, both IS and TS, at the
solid−liquid interface, based on which the reaction enthalpy can
be computed accurately to predict the catalytic activity. In this
sense, the long-time MD simulation and the constrained global
optimization are important techniques to reveal these key
thermodynamically favored structures in solution, which can
now be significantly facilitated with the help of machine learning
potentials.
4.2. Coverage Effect of CO Oxidation. Finally, we would

like to discuss the coverage effect on CO oxidation. While this
work, for better comparison, focuses on different CO oxidation
reactions at the low coverage limit, one must bear in mind that
the coverage of reactants is known to be critical to affect the
kinetics. A striking evidence from experiments is the low-
temperature CO oxidation on Pt(111) that occurs exclusively at
the O island periphery after CO saturation coverage is
reached.11,13,55 The discrepancies in kinetics parameters
measured from different experiments were also argued to be
caused by the CO and O coverage and the domain size in the
surface preparation procedure.15,16,56

To check the CO coverage effect, we have performed
additional calculations by using the same theoretical approach.
The main results are summarized below and the reaction
snapshots for these high CO coverage reactions can be found in
Figure S1.

(i) For the solid−gas CO + O reaction, when taking one CO
molecule and one O coadsorbed in a p(2 × 2) unit cell
(0.25MLCO) as the IS, we obtained a free-energy barrier
of 0.74 eV, which is 0.22 eV lower than that of the reaction
occurring at 0.11 ML CO. This is apparently due to the
initial CO adsorption site changing from hollow to top.

(ii) Further increasing CO coverage, when taking twoCO and
O coadsorbed in a p(2 × 2) unit cell (0.5 ML CO) as the
IS, we obtained a free-energy barrier of 0.46 eV, being 0.28
eV lower than that of the reaction occurring at 0.25 ML
CO.

(iii) Similarly, for the solid−liquid CO + OH reaction, when
we increase the CO coverage to 0.25ML (OH still at 0.06
ML), the free-energy barrier is also reduced to 0.65, 0.11
eV lower than that of the reaction with 0.06 ML CO
coverage. This suggests that the reaction is much faster
(∼50 times) at the high coverage of CO.We found that at
high CO coverages, the water layer is pushed away from
the surface and both CO and OH can diffuse rapidly on
the surface and thus the calculated barrier is close to the
one (0.6 eV) under the solid−gas conditions of CO +OH
reaction with a H2O molecule nearby.22

The major reason for the change of free-energy barrier with
coverage is the sensitivity of CO adsorption energy to the local
CO and O coverage. Taking CO oxidation under the solid−gas
reaction conditions as an example, from our DFT calculations,
the CO adsorption energy drops from 1.68 eV at 0.25 ML
coverage to 1.50 eV at 0.50 ML coverage (both at fcc hollow
sites), indicating a repulsion interaction between adsorbed CO
molecules. In the presence of the coadsorbed O atom (0.25
ML), we found that the CO adsorption energy drops more
rapidly from 1.44 eV at 0.25 ML to 1.16 eV at 0.50 ML (the
additional 0.25 ML CO occupies the hcp site). The large energy
difference of 0.28 eV in the coadsorption case is consistent with
the reduction in the barrier of CO oxidation from 0.74 at 0.25
ML to 0.46 eV at 0.5 ML.
From these results, we confirm that the CO coverage has

strong influence on the CO oxidation kinetics no matter the
presence of the aqueous surroundings. The effect (up to 0.5 eV
from low coverage to the saturation coverage under the solid−
gas conditions) can be much larger than the entropy
contribution (∼0.1 eV at 300 K). Considering that the kinetics
data measured in experiments are the apparent value averages of
all reaction situations with different CO andO/OH coverages, it
is thus not surprising that the theoretical activation entropy of an
elementary step at a well-defined coverage (condition) is
generally far larger than the experimental values. We expect that
the small pre-exponential factor in the experiment reflects the
fact that the coverage of CO in the reaction is temperature-
dependent and drops rapidly with the increase of temperature.
More kinetics studies are needed to model CO oxidation at
different coverages and at the domain boundaries.

5. CONCLUSIONS

To recap, this work reports the free-energy profiles for CO
oxidation on Pt(111) via CO + O and CO + OH pathways
under the solid−gas and solid−liquid reaction conditions. The
first Pt−C−H−O G-NN is developed via self-learning of the
SSW global optimization PES data. By combining the G-NN
potential with US MD simulation, we determine the free-energy
barriers of the reactions at different temperatures, based on
which the activation entropies of reactions are derived from the
Arrhenius plot. The physical origin of the activation entropy has
been revealed by analyzing the MD trajectories to observe the
configurational, translational, and rotational degrees of freedom.
The key results are summarized as follows:

(i) The free-energy barriers are 0.96 for CO + O and 0.46 eV
at 300 K for CO + OH reaction under the solid−gas
conditions at the low coverage limit (0.11 ML CO and
0.11 ML O/OH). The activation entropies of the two
reactions are negative, being −12.28 and −20.88 J·mol−1·
K−1.

(ii) The free-energy barriers are 0.91 for CO + O and 0.76 eV
at 300 K for CO +OH reaction in the aqueous solution at
the low coverage limit (0.06 ML CO and 0.06 ML O/
OH). The activation entropies of the two reactions are
positive, being 20.57 and 31.80 J·mol−1·K−1. The aqueous
solution introduces extra H-bondings to stabilize the
adsorbed OH that significantly increases the barrier of
CO+OH reaction compared to the solid−gas conditions.
Despite this, the CO + OH reaction should still dominate
CO oxidation on the Pt electrode under electrochemical
conditions.
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(iii) The magnitudes of activation entropies (10−30 J·mol−1·
K−1) are generally much larger than those of the
vibrational entropies (0.4−2 J·mol−1·K−1) calculated
from harmonic approximation, indicating that the
configuration entropy dominates the activation entropy
for the surface reactions.

(iv) CO oxidation activity is very sensitive to the CO coverage.
For CO + O reaction under the solid−gas conditions, the
free-energy barrier is reduced to 0.46 eV at 300 K with 0.5
ML CO and 0.25 MLO coverage. For CO +OH reaction
in the aqueous solution, the free-energy barrier is reduced
to 0.65 eV at 300 K with 0.25 ML CO and 0.06 ML OH
coverage.
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