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An automated reaction route mapping for the
reaction of NO and active species on Ag4 clusters
in zeolites†

Shunsaku Yasumura, a Taisetsu Kato,a Takashi Toyao, a Zen Maeno b and
Ken-ichi Shimizu *a

A computational investigation of the catalytic reaction on multinuclear sites is very challenging. Here,

using an automated reaction route mapping method, the single-component artificial force induced

reaction (SC-AFIR) algorithm, the catalytic reaction of NO and OH/OOH species over the Ag4
2+ cluster

in a zeolite is investigated. The results of the reaction route mapping for H2 + O2 reveal that OH and

OOH species are formed over the Ag4
2+ cluster via an activation barrier lower than that of OH formation

from H2O dissociation. Then, reaction route mapping is performed to examine the reactivity of the OH

and OOH species with NO molecules over the Ag4
2+ cluster, resulting in the facile reaction path of

HONO formation. With the aid of the automated reaction route mapping, the promotion effect of H2

addition on the SCR reaction was computationally proposed (boosting the formation of OH and OOH

species). In addition, the present study emphasizes that automated reaction route mapping is a powerful

tool to elucidate the complicated reaction pathway on multi-nuclear clusters.

1. Introduction

Automated reaction route mapping is considered a powerful
method for elucidating the mechanism of chemical reactions.1–10

Maeda et al. developed an artificial force-induced reaction (AFIR)
method implemented in the global reaction route mapping
(GRRM) program as an efficient reaction path-searching method;
additionally, they demonstrated the rational design of chemical
reactions in homogeneous systems.11–16 Investigating the reaction
mechanism over multinuclear clusters in heterogeneous systems
is challenging17–21 because various active sites are present in one
cluster (e.g., on-top, bridge, and hollow sites) and their shapes
change during the reaction.22–25 Thus, the exploration of the
reaction mechanism over the clusters, based on transition state
calculations, focuses typically only on some critical steps expected
from previous results and experiences, which hinders the
identification of more plausible reaction pathways.26–33 Gao et al.
employed the AFIR method to investigate the structural transfor-
mation of neutral Aux clusters (x = 3–12) induced by O2 adsorption
and reported that the transformation of Au clusters was pro-
moted by O2 adsorption.34 Similarly, Iwasa et al. investigated the

relationship between the structural transformation of a Cu13 cluster
and NO dissociation using the AFIR method.35 Although the afore-
mentioned studies reveal the nature of metal clusters and adsorbed
molecules by the AFIR method, the detailed reaction mechanism in
the catalytic processes over metal clusters has not been reported.

Ag-loaded Al2O3 and Ag-exchanged zeolites have been stu-
died for the selective catalytic reduction of NO to N2 (SCR).36–39

Interestingly, adding a small amount of H2 improved the SCR
performance of these catalysts; many researchers have inten-
sively studied the reaction mechanism of H2-assisted SCR on
Ag-loaded Al2O3 and unraveled that the oxidized Ag species was
promoted to be reduced into the metallic state by H2.40–48 In the
case of Ag-exchanged zeolite, in the presence of H2, the formed
Agn

d+ clusters improved the SCR performance.49–53 Shibata
et al. performed UV-vis and XAS measurements, which revealed
that the average structure of the formed cluster in the zeolite
was Ag4

2+.54 Using in situ IR measurements, Shimizu et al.
reported that the formed Agn

d+ cluster activates O2 and H2 to yield
OOH species that are responsible for the drastic improvement in
ammonia- (NH3�) and hydrocarbon-(HC-) SCR performance.52,55

For decades, numerous experimental50–52,55,56 and theoretical53

investigations have been reported on the characterization of active
Ag clusters and plausible SCR mechanisms. However, these studies
still lack a molecular-level understanding of the reaction pathways
based on computational techniques.

In this study, using automated reaction route mapping, the
reaction of H2 and O2 was investigated over Ag4

2+ clusters
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confined in CHA zeolite (a relatively small number of atoms are
required to describe its periodic model). The formation of OOH
and OH species from H2 + O2 requires a lower activation barrier
than OH formation from H2O dissociation over the Ag4

2+

cluster. Subsequently, the reactivity of NO with the active
species formed on Ag4

2+ was assessed. The results indicated
that minimal activation barrier was required to produce the
HONO intermediate, which then migrated into the Brønsted
acid sites to give N2 + H2O via reaction with NH3 (discussed in
our previous reports57). Similarly, the NO + H2 reaction
required a relatively high activation barrier to produce NH3,
thus indicating that NO preferentially reacts with the active
species, OH, and OOH species on the Ag4

2+ cluster. The present
study demonstrates the effective use of an automated reaction
path-searching method to explore catalytic reactions in multi-
nuclear clusters.

2. Computational details

Spin-polarized density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simulation Package
(VASP).58,59 In particular, the projected augmented wave (PAW)
method60,61 was employed for the Kohn–Sham equations62,63

with a plane-wave energy cutoff of 400 eV. The generalized
gradient approximated Perdew–Burke–Ernzerhof (GGA-PBE)
functional64 was employed to describe the electron exchange-
correlation. The Brillouin zone sampling was restricted to the G
point (convergence tests of cutoff energy and k-point mesh are
shown in Table S1 and S2, ESI†).65 van der Waals interactions
were considered using the dispersion-corrected DFT-D3 (BJ)
method.66,67 The periodic model of the CHA zeolite, utilized as
the model zeolite for reducing the computational cost for the
reaction mapping, was obtained from the International Zeolite
Association (IZA) database (a = b = 13.7 Å, c = 14.8 Å, a = b =
90.01, and g = 1201).68 The lattice constants were fixed at the
initial values during the calculations (comparison before/after
the optimization of the lattice constants is shown in Table S3,
ESI†). CHA zeolite is composed of only one crystallographically
inequivalent T site,69 and the third-nearest-neighbor in a six-
membered ring site (6MR3NN site) in CHA was considered a
model paired Al site in this study (Fig. 1).26,70,71 Reaction route
mapping was performed using the single-component artificial
force induced reaction (SC-AFIR) method, as implemented in
the GRRM17 program.16 In this method, a structural deforma-
tion is induced by pushing or pulling a pair of target atoms with
the applied artificial force using the following AFIR function.16

FAFIRðQÞ ¼ EðQÞ þ ra

P
i2A
P

j2B oijrijP
i2A
P

j2B oij

E(Q) represents the potential energy surface (PES) of geome-
trical parameters Q. In the second term, the artificial force is
applied to the system, and the strength of the artificial force is
controlled by a, where r is set to either 1 or �1. rij represents

the interatomic distance of atoms i and j in fragments A and B,
respectively. The weight oij is described as,

oij ¼
Ri þRj

rij

� �6

where Ri and Rj represent each covalent radius.
A model collision energy parameter of 1000 kJ mol�1 was

used for all calculations. The obtained AFIR path was subse-
quently optimized by the locally updated plane (LUP) method
to obtain the approximate equilibrium structures (EQs) and
path top (PT) points, which were subsequently re-optimized by
the following intrinsic reaction coordinate (IRC) calculation to
determine the transition state (TS) structures and their
connectivity.72 The structures are treated to be optimized when
the difference in their electronic energies, the RMS error in
interatomic distances, and the maximum error in interatomic
distances are all smaller than 6.0 kJ mol�1, 3%, and 6%,
respectively. Only a positive force was applied to the SC-AFIR
calculations. Reactants in the gas phase (H2, O2, and NO
molecules) of the initial structures were considered the target
atoms of the SC-AFIR algorithm. During the calculations, the
positions of the atoms in the zeolite framework were fixed at
the initial positions, except for the Al atoms, the Si atoms
around the Al atoms, and the O atoms connected to the Al and
Si atoms (Fig. 1b).73 All the structures predicted in this study
can be found in the ESI.†

3. Results and discussion
3.1 Reaction route mapping of the H2 + O2 reaction to
produce an OH group over the Ag4 cluster in CHA zeolite

Our group previously reported the mechanism of NH3–SCR,
wherein the OH species bound to transition metal cations
oxidizes NO into HONO species (Mn+(OH) + NO - M(n�1)+ +
HONO; Mn+ describes metal cations) that then migrate into
Brønsted acid sites (BAS) to form H2O and NO+ species
(HONO + H+Oz

�- NO+Oz
� + H2O; H+Oz

� represents BAS) that
easily react with NH3 to produce N2 and H2O (NO+Oz

� + NH3 -

H+Oz
� + N2 + H2O).57,74–77 Thus, the generation of OH groups

on active metal cations is a crucial step in the SCR reaction.

Fig. 1 (a) Utilized periodic model of CHA zeolite including the Ag4 cluster
and (b) the starting structure (EQ0) for the reaction route mapping with the
SC-AFIR method.
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Here, the H2 + O2 reaction was explored to assess the feasibility
of generating OH groups on the Agn

d+ cationic cluster. Shibata
et al. reported that in the presence of H2, Ag4

2+ clusters were
generated within the zeolite framework and acted as active sites
for the SCR reaction.54 Encouraged by their study, the Ag4

2+

cluster at the 2Al site was used as the initial structure. Fig. 1a
shows the periodic model of CHA zeolites obtained from the
IZA database. In this study, two T sites in the six-membered
ring of CHA were replaced by Al.70 As a starting structure, O2

and H2 molecules were added to the periodic model, including
the Ag4

2+ cluster (Fig. 1b), and the reaction route was explored
by the SC-AFIR method. Fig. 2a shows the results of the reaction
route mapping, and the relative energies along the main
reaction coordinates are shown in Fig. 2b. 57 of the structures,
which showed different shapes of Ag4

2+ clusters, and 57 of their
connections (TS and PT) were found by the aid of the SC-AFIR
method. In the first step, H2 molecules were dissociated to give
OOH species and H atoms on the Ag4 cluster via an activation
barrier (Ea) of 127 kJ mol�1. Sawabe et al. also performed DFT
calculations to reveal that OOH species on the Ag4

2+ cluster are
potential active species for the SCR reaction while H2 dissocia-
tion took place as the first step in their reaction path (activation
barrier of OOH formation was not shown).53 Next, the formed
OOH species dissociated into OH and O species on the cluster with
an Ea of 125 kJ mol�1. Subsequently, the O atom combined with

the H atom to give another OH species via low Eas (4, 29, and
3 kJ mol�1) with an exothermicity of 371 kJ mol�1. The dissocia-
tion of H2O molecules to form OH species on the Ag4 cluster was
also examined (Fig. 3). The results revealed that the formation of
OH species from H2 + O2 required a lower Ea than the H2O

Fig. 2 (a) Reaction route network for H2 + O2 on a Ag4 cluster in CHA zeolite. Nodes and edges describe obtained structures and paths connecting them
(TS and PT, determined by GRRM program16). The color of the nodes and edges represents the relative energy (the color bar is shown on the left side).
The representative structures are displayed together (only the Ag4 cluster and reactants are shown for clarity). (b) Energy profile for the main reaction
route toward EQ21. The relative energies of each structure and the activation barriers are shown below the bar and in brackets, respectively. Schematic
views of the structures are displayed together.

Fig. 3 Energy profile for H2O dissociation reaction to yield OH species
and a H atom over a Ag4 cluster. The relative energies of each structure
and the activation barriers are shown below the bar and in brackets,
respectively. The structures are displayed together (only the Ag4 cluster
and reactants are shown for clarity).
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dissociation (127 kJ mol�1 vs. 179 kJ mol�1). These results
indicated that the H2 + O2 mixture more facilely dissociates on
the Ag4 cluster than H2O dissociation. The following section
discusses the reactivity of OOH and OH species with NO molecules
over the Ag4 cluster.

3.2 Reactivity of OOH and OH species with a NO molecule to
produce a HONO intermediate on a Ag4 cluster

The reactivity of OOH and OH species previously formed on the
Ag4 cluster with an NO molecule was examined by the SC-AFIR
method. One NO molecule was added to the structure of EQ21,
as shown in Fig. 2a (Ag4(OH)2 species). Fig. 4 shows the results
of the reaction route mapping, and Fig. 5a shows the relative
energy along the main reaction route of the OH and NO
molecules on the Ag4 cluster. The adsorbed NO on the Ag4

cluster reacted with OH species to form HONO species as a
facile process (Ea = 13 kJ mol�1). Subsequently, the formed
HONO species was desorbed from the cluster via an Ea of
70 kJ mol�1. With the same starting structure (EQ21 in Fig. 2a),
the reaction of the OOH species and NO molecules was also
explored. Fig. 5b shows the relative energies along the main
reaction route for OOH + NO. To form the HONO species, the
O–O bond in the OOH species was cleaved to provide an OH
fragment, which subsequently reacted with adsorbed NO via an
Ea of 47 kJ mol�1. The formed HONO achieved the same
structure as the case of OH species (EQ114) through relatively
small Eas (31 and 27 kJ mol�1) before detaching through an Ea
of 70 kJ mol�1 (EQ123). The formation of NO2 species on the
Ag4 cluster was predicted as another reaction route from OOH +
NO, and the evaluated Ea was low (17 kJ mol�1). Our previous
study demonstrated that N2O4 species, formed via the dimer-
ization of NO2, also produced NO+ species at the Al site in the

zeolite.57 Besides, Bader charge analysis78 was performed to
evaluate the charge of the Ag4 cluster before/after NO adsorp-
tion (Fig. S1, ESI†), and the result showed that the total charge
of the cluster was not changed by NO adsorption while that of
the NO molecule slightly decreased.

In summary, OH and OOH species, formed via the H2 + O2

reaction, easily oxidize NO to HONO or NO2 species. Thus, H2

addition promotes the formation of the highly active species
OH and OOH on the Ag4 cluster.

3.3 Reaction of NO + H2 on the Ag4 cluster toward NH3

formation.

Three H2 and one NO molecules were added to the periodic
system, including the Ag4 cluster (Fig. 1a), and reaction route
mapping was carried out using the SC-AFIR method. Fig. 6
shows the reaction route for the 3H2 + NO reaction; the
adsorbed NO was exothermically hydrogenated in a step-by-
step manner to yield NH3 and H2O. Fig. 7 shows the energy
profile along the main reaction route toward NH3 and H2O.
First, the N atom of the adsorbed NO molecule is hydrogenated
by the adjacent adsorbed H2 molecule toward NH2O species.
This step has an exothermicity of 126 kJ mol�1 through a
relatively high Ea (138 kJ mol�1). Subsequently, the O atom in
the formed NH2O species was hydrogenated to give hydroxyla-
mine (NH2OH) and adsorbed H atoms with an Ea of
90 kJ mol�1. Finally, the N–O bond in the formed NH2OH is
cleaved by the addition of H2 molecules to give molecular NH3

and H2O with a high exothermicity (329 kJ mol�1) through an
Ea of 111 kJ mol�1. The first process in the entire reaction
pathway to give the NH2O species exhibited the highest Ea.
Considering the Ea for the formation of OH and OOH species

Fig. 4 Reaction route network for a NO molecule and Ag4(OH)2 in CHA zeolite (EQ21 in Fig. 2a). Nodes and edges describe obtained structures and
paths connecting them (TS and PT, determined by GRRM program16). The color of the nodes and edges describes the relative energy (color bar is shown
on the left side). The representative structures are displayed together (only Ag4 cluster and reactants are shown for clarity).
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(127 kJ mol�1), the direct hydrogenation of NO with H2 toward
NH3 is less plausible for the SCR reaction.

Fig. 8 shows the proposed reaction routes in this study,
combined with previous reports.56,57 In the presence of H2 and
O2, OH and OOH species were generated on the Ag4 cluster with
an Ea of 127 kJ mol�1. Moreover, the generation of OH species
from adsorbed H2O molecules required an Ea of 179 kJ mol�1.
The active species formed on the Ag4 cluster, OH, and OOH
species, easily reacted with the NO molecule to yield the HONO
intermediate. As another possible reaction, the direct hydro-
genation of NO with H2 was assessed; the Ea for NH3 formation
was evaluated to be 138 kJ mol�1, which is higher than that for
the H2 + O2 reaction. The proposed contribution of H2 addition
to NH3–SCR by zeolite-based catalysts is to boost the formation
of active OH and OOH species on the Ag4 cluster. Previous
research on H2-assisted SCR over Ag-loaded Al2O3 proposes that
the main contribution of H2 addition is stabilizing nitrate

(NO3
�) on the Al2O3 surface to prevent poisoning active Ag

species, which is different from our result on zeolite-based
catalysts.40,42,45,79 For HC-SCR, the previous study using in situ
spectroscopy proposed that C3H8 reacted with active species
(e.g. OOH species) to form NH3 (by the reaction with NO2)
through CH3COO�, CH3NO2, and NCO� intermediates on the
Ag4 cluster.52,55 According to this result, the formed HONO species
is probably decomposed into N2 and H2O at Brønsted acid sites by
the formed NH3. Thus, the present study demonstrated the effective
utilization of automated reaction route mapping to explore the
reactions over multinuclear clusters confined in zeolites.

4. Conclusion

Automated reaction route mapping was carried out to explore
the catalytic reaction over the Ag4

2+ cluster confined in the
zeolite. The H2 + O2 reaction over the Ag4

2+ cluster indicated

Fig. 5 Energy profile for the main reaction route toward EQ123 from (a) OH species and (b) OOH species. The relative energies of each structure and the
activation barriers are shown below each bar and in brackets, respectively. A schematic view of the structures is displayed together.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 5
/7

/2
02

6 
9:

56
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp04761f


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 8524–8531 |  8529

that the generation of active species, OH and OOH species,
required lower activation energy than that for the formation of
OH species from the dissociative adsorption of H2O
(127 kJ mol�1 vs. 179 kJ mol�1). The formed OH species were
highly reactive with NO molecules to yield HONO species
(Ea = 13 kJ mol�1), whereas the reaction of NO and OOH
species gave HONO or NO2 species via Eas of 47 and
17 kJ mol�1, respectively. Additionally, the reactivity of H2 with
NO over the Ag4 clusters was examined. This result revealed
that the formation of NH3 from NO + H2 required an Ea as high
as 138 kJ mol�1, thus indicating that the NO molecule prefer-
entially reacted with OH or OOH species formed on the Ag4

cluster to give HONO. The present study demonstrated that the
automated reaction route-searching method is suitable for

investigating the catalytic reaction over multinuclear clusters
with structural changes during the reaction.
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J. Finale, Y. Wang, A. Michaelides, P. Deshlahra, P. Christopher,
M. Flytzani-Stephanopoulous, M. Stamatakis and E. C. H. Sykes,
Science, 2021, 372, 1444–1447.

7 Z. W. Ulissi, A. J. Medford, T. Bligaard and J. K. Nørskov,
Nat. Commun., 2017, 8, 14621.

8 A. A. Latimer, A. R. Kulkarni, H. Aljama, J. H. Montoya, J. S. Yoo,
C. Tsai, F. Abild-Pedersen, F. Studt and J. K. Nørskov, Nat.
Mater., 2017, 16, 225–229.

9 J.-M. Schweitzer, J. Rey, C. Bignaud, T. Bučko, P. Raybaud,
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