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ABSTRACT: Increasing interest has been paid for hydrogen adsorption on atomically controlled nanoalloys due to their potential
applications in catalytic processes and energy storage. In this work, we investigate the interaction of H, with small-sized Ag,Cr (n =
1—12) using density functional theory calculations. It is found that the cluster structures are preserved during the adsorption of H,
either molecularly or dissociatively. Ag;Cr—H,, AgcCr—H,, and AgyCr—H, clusters are identified to be relatively more stable from
computed binding energies and second-order energy difference. The dissociation of adsorbed H, on Ag,Cr, Ag;Cr, AgCr, and
Ag,Cr clusters is favored both thermodynamically and kinetically. The dissociative adsorption is unlikely to occur because of a
considerable energy barrier before reaching the final state for Ag,Cr or due to energetic preferences for n = 1, 5, and 8—12 species.
Comprehensive analysis shows that the geometric structure of clusters, the relative electronegativity, and the coordination number of

the Cr impurity play a decisive role in determining the preferred adsorption configuration.

Bl INTRODUCTION

There is a fundamental interest in atomic clusters for the role
they may play in understanding the complicated mechanism of
hydrogen (H,) adsorption on metal surfaces." While hydrogen
is considered as an infinite source of sustainable energy
because of its environmental friendliness and high efficiency,”’
looking for desirable hydrogen storage media is one of the
important issues that currently limit its employment for daily
energy supply. Solid-state storage of hydrogen is potentially a
more compact and much safer approach” that does not require
high pressure and cryogenic temperature compared to
compressed gas and liquefied one, respectively.’ In this regard,
atomic clusters are often proposed as model solid-state systems
for elucidating the formation of active sites on pure metal and
alloy surfaces as well as their molecular—level interaction
toward H, involved in hydrogen storage. For instance, the
strong variation of H, reactivity patterns of neutral palladium
clusters containing less than 25 atoms has been investigated by
Fayet et al. using saturation measurements and gas-phase
kinetic measurements.’ Following the pioneering work of
Nonose and co-workers on the chemisorption of small clusters
of aluminum with hydrogen,” the reaction mechanism of
charged and neutral aluminum clusters and their doped species
with H, has been later explored in terms of both theoretical
and experimental approaches.””'* The geometric and elec-
tronic structures of hydrogenated scandium, titanium, and
zirconium clusters have been examined by Kumar et al. and
Sheng et al.">'® Swart and co-workers investigated the H,
adsorption on 3d transition metal clusters in combined infrared
spectroscopy and density functional study.'” Density func-
tional theory (DFT) calculations have been performed to
understand the adsorption and dissociation pathway of H,
molecule on magnesium doped with transition metal
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atoms.'*™*° The bonding characters and adsorption energies
of H, molecules on pure and decorated boron fullerenes/
spheres have been extensively studied due to their potential for
hydrogen storage media.”' ™’

While materials made of lightweight elements are often
considered for mobile hydrogen storage applications, various
noble-metal based clusters and their alloy species have been
envisaged for stationary hydrogen storage purposes at either
production or end-use site.”’ For instance, the interaction
nature and the favorable bonding type between a gold cluster
and H atoms have been theoretically examined by Phala et al.*'
Photoelectron spectroscopy and ion trap mass spectrometry
performed by Buckart et al. and Lang et al, respectively,
indicated that even-sized cationic gold clusters adsorbed
molecular oxygen, while anionic ones do not.”** Hydrogen
molecule adsorption on Au,Pt (n = 1—12) clusters has been
investigated and compared with corresponding pure clusters by
Fang and Kuang.’* The effect of hydrogen adsorption on the
structure and electronic properties of gold clusters and their
small alkali auride species has been evaluated and discussed by
Mondal et al. and Li et al, respectively.*>*® Silver clusters
appear as an attractive alternative in terms of commonness and
cost-effectiveness compared to gold or platinum counterparts.
Small neutral, anionic, and cationic silver cluster hydrides
Ag,H and anionic HAg,H (n = 1-7) studied using the density
functional method have shown that the adsorption site is
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Table 1. Calculated Binding Energies for AgH and CrH Dimers Using Different Functions in Conjunction with cc-pVDZ-pp
for Ag Atoms, cc-pVDZ for Cr Atoms, and LanL2DZ/SDD for H One”

PWI1 PBE BP86
LanL2DZ SDD LanL2DZ SDD LanL2DZ SDD experiment
AgH 2.37 2.37 2.36 2.35 2.40 2.49 2.6 + 0.08
CrH 2.16 2.23 2.12 2.20 2.31 2.39 29 + 0.52
“The corresponding experimental values from ref 45 are also included for comparison.
Ag.Cr Ag,Cr-H, Ag,.Cr-2H Ag.Cr Ag.Cr-H, Ag.Cr-2H
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Figure 1. (Color online) Optimized structures of Ag,Cr, Ag,Cr—H,, and Ag,Cr—2H clusters (n = 1—12). The light blue, violet, and red spheres

represent Ag, Cr, and H atoms, respectively.

strongly governed by the cluster charge and size.””** Manzoor
and Pal have shown that the reactivity and catalytic properties
of silver clusters with a chemisorbed hydrogen atom are greatly
enhanced compared with those of the bare species.”” Lately,
Perera and co-workers have demonstrated that the H,
adsorption behavior of silver clusters is not only altered
when being downsized but can also be fundamentally tailored
by proper doping.*” Being motivated by the search for
potential hydrogen storage nanostructured materials, this
study aims to theoretically explore the important role of the
chromium dopant in H, adsorption and dissociation on small
silver clusters. The structures, relative stability, bonding
characters, electronic properties, and adsorption energies of
Ag,Cr (n = 1—12) are calculated, analyzed, and discussed to
evaluate the most potential system within the H, adsorption
limit.

B COMPUTATIONAL METHOD

In the present work, the search for ground-state geometries of
all structures and hydrogen adsorption was conducted by the
DFT calculations implemented in the Gaussian 09 pack-
age.4l’42 For all calculations, guessing structures were first
optimized using the BP86 functional in conjunction with cc-
pVDZ-pp for Ag atoms, cc-pVDZ for Cr atoms, and SDD for
H ones. Isomers with relative energies less than 1.5 eV were
selected for recalculating single-point energies at the same
functional but combined with larger basis sets, cc-pVITZ-pp
and cc-pVTZ for Ag and Cr atoms, respectively. This approach
is a good compromise between accuracy and computational
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effort and reliable for transition metal-doped silver species.*>**

The reliability and accuracy of our calculations are further
tested by examining the binding energy of AgH and CrH
dimers using several functions (PW91, PBE, and BP86) in
conjunction with LanL2DZ and SDD for H. The results are
summarized in Table 1. It is obvious that the computed
binding energies of AgH and CrH with BP86/SDD (2.49 and
2.39 eV) are closest to the experiment values of 2.6 + 0.08 and
2.9 +0.52,% respectively. Based on these benchmark data, we
are confident that the used computational approach is suitable
to predict the interaction between hydrogen and Ag,Cr
clusters.

A large number of Ag,CrH, structures were constructed
using the stochastic genetic algorithm®® as well as manually
built based on placing a hydrogen molecule or two hydrogen
atoms on many different adsorption positions and orientations
of the Ag,Cr cluster.”” The vibrational frequencies were
calculated and examined to ensure the structure’s existence at
the minima on the potential energy surface. Different possible
spin multiplicities were considered for each geometry to ensure
the robustness of the ground-state optimization process. The
transition state (TS) geometries are determined by using the
quadratic synchronous transit method"” through scanning
relaxed potential energy surface with proper internal
coordinates. The intermediates are connected to each TS by
tracing the intrinsic reaction coordinate.”® Vibrational
frequency calculations are carried out to make sure each TS
has only one imaginary frequency, while the intermediate does
not.

https://doi.org/10.1021/acsomega.2c04107
ACS Omega 2022, 7, 3737937387
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Figure 2. (Color online) (a) Binding energy per atom (E,) and (b) second-order energy difference (A,E) of Ag,Cr—H, and Ag,Cr—2H clusters.

B RESULTS AND DISCUSSION

Optimized Geometrical Structures. The first aim of our
computational efforts is to predict plausible ground-state
geometries of hydrogen adsorption on Ag,Cr clusters that can
be useful in guiding further experiments. For this purpose, a
large number of different geometrical and spin isomers for each
stoichiometry is calculated. Figure 1 presents the optimized
structures for both molecular (Ag,Cr—H,) and dissociative
(Ag,Cr—2H) adsorption configurations with n = 1—12. The
lowest energy structures for bare Ag,Cr clusters are also
recalculated for validation.”” Other low-lying isomers for
Ag,Cr—H, and Ag,Cr—2H clusters are shown in the
Supporting Information.*’

It can be seen that small bare Ag,Cr clusters favor the planar
motif with the vertex Cr atom until n = 5, where the cluster
undergoes a 2D—3D transition with five silver atoms binding
to the Cr atom to form a pentagonal pyramid structure. The
growth sequence of larger species prefers a build-up of the
second pentagonal pyramid and finally forms the icosahedral
structure Ag),Cr with the central Cr atom. As the number of
Ag atoms increases, the preferred position of the Cr atom
changes from edge sites to partially and then completely
encapsulated ones.

The adsorption of molecular hydrogen does not alter the
structures of bare Ag,Cr clusters. The calculations reveal the
two most stable kinds of adsorption sites: (i) to the Cr atom
for n = 1-3, 5, and 6 and (ii) to one of the surface Ag host
atoms for other sizes. The adsorption on Cr—Ag and Ag—Ag
bridging sites is found considerably less stable. It is interesting
when putting this result together with previous ones for
transition metal-doped species.”””'*'® The most favored
adsorption position is often on the surface impurity site. For
instance, the energetically preferred adsorption site for Al Cr
(n = 1-13) clusters is on the Cr top site.'> The H, molecule
also likely goes for the Co dopant top site in Mg,Co clusters (n
=1-10) and one of the Rh atoms in Al,Rh, (n = 1-9).'*'* A
proper combination of the cluster size and composition can
induce the H, adsorption on one of the surface Ag atoms or on
Ag—Ag bridging positions, where the transition metal impurity
can be encapsulated or coordination-saturated.'” Our finding
for Ag,Cr clusters with n = 7—12 is in line with this argument.
It should be noticed that H, molecule adsorbed in the planar
Ag,Cr to a vertex Ag atom instead of the surface Cr atom and
this will be discussed later.
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If the clusters started absorbing H, as a molecule, the
following dissociation of H, may trigger a structural trans-
formation.'”'>'® Nevertheless, the stable Ag, Cr structures are
almost preserved when the adsorbed H, dissociates, except for
slightly distorted AgyCr—2H and Ag),Cr—2H. In particular, as
shown in Figure 1, one Ag atom is moderately pulled out of the
three-member and five-member Ag string in AgyCr and
Ag, Cr, respectively, after dissociating H,. The dissociative
adsorption behavior of H, can be generalized into two regions
depending on the position of the Cr atom: Individual hydrogen
atoms favorably bind to the bridging Cr—Ag sites for the
surface Cr atom (n = 1—8, and 10) and to the bridging Ag—Ag
sites for the encapsulated Cr atom (n = 9, 11, and 12). For
AgCr—2H, one H atom binds to the Cr—Ag bridging site,
while the other one prefers the top Cr site.

It is noticeable that the hydrogen molecule favors forming a
bond to the surface Cr atom (with n = 1—6, except n = 4)
rather than to an Ag atom. Another striking feature is that the
individual H atoms prefer the bridging position between the
surface Cr atom (with n = 1—8) and one Ag atom. The most
plausible explanation for preferred bonds of hydrogen to the
surface Cr atom is their electronegativity y. In the Pauling
scale, yc, is 1.6 and y,g is 1.9, while that of H is 2.1. Since the
bonding usually requires electron transfers, the bond between a
lowest-y atom (Cr) and a highest-y atom (H) is favorable.
While the hydrogen adsorption site is evidently governed by
the electronegativity difference, the atomic coordination
number N also plays a vital role. It is known that the atomic
coordination number of a surface atom is inversely propor-
tional to its adsorption energy for small molecules.”’ That
means the less the coordination number of an atom, the more
favorable is adsorption on it. With this picture in mind, one
might be able to understand the case of Ag,Cr—H,, where a
hydrogen molecule is adsorbed to a vertex Ag atom (N, Ag = 2)
instead of the surface Cr impurity (N¢, = 4). The same
argument can be drawn for AgyCr—2H, where the H atoms
prefer bridging positions between two vertex Ag atoms rather
than Cr—Ag ones. Very similar results were reported for the
hydrogen adsorption on Al,Rh*, Al,Rh,", and Al Cr
clusters,"””~"* where the low coordination of the impurity
atom (Rh and Cr) is an influential factor for determining the
favorable adsorption site. This could help us decipher how the
interplay between the electronegativity and the number of
coordination takes the lead in deciding the preferred
adsorption site of hydrogen on Ag,Cr clusters.

https://doi.org/10.1021/acsomega.2c04107
ACS Omega 2022, 7, 3737937387
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Table 2. Calculated Average Binding Energies Per Atom [E, (eV)], Second-Order Energy Differences [A,E (eV)], Adsorption
Energies [E,4 (eV)], and H—H Bond Length [dy_y (A)] for Molecular and Dissociate Adsorption of Hydrogen on Ag,Cr

Clusters”
Ey, (eV) AE (eV) Eyq (eV) dyn (A)
n Ag,Cr—H, Ag,Cr—2H Ag,Cr—H, Ag,Cr—2H Ag,Cr—H, Ag,Cr—2H Ag,Cr—H, Ag,Cr—2H
1 1.56 1.49 0.49 0.19 0.78 3.25
2 1.49 1.58 —0.68 —0.42 0.60 (1.05) 1.04 (1.36) 0.82 3.57
3 1.60 1.66 0.64 0.46 0.77 (0.52) 1.13 (0.85) 0.79 3.63
4 1.59 1.66 —0.62 -0.17 0.48 (0.30) 0.96 (0.69) 0.76 2.67
S 1.67 1.65 —0.10 0.24 0.77 0.63 0.79 2.68
6 1.68 1.70 0.48 0.03 0.72 (0.52) 0.86 (0.57) 0.79 2.93
7 1.65 1.71 —1.00 —0.06 0.05 (0.20) 0.65 (0.33) 0.77 2.38
8 173 1.72 —0.15 0.28 0.67 0.56 0.76 2.72
9 1.76 1.76 0.17 0.36 0.23 0.20 0.76 3.51
10 1.77 1.76 —0.29 —0.49 0.23 0.06 0.77 3.20
11 1.80 179 —0.05 0.22 0.24 0.15 0.77 3.52
12 1.83 1.81 0.25 —0.04 0.77 3.97

“The values in brackets are adsorption energies (AG,gsx in €V) accounting for entropic effects.

Relative Stability. The stability is usually considered as an
important parameter to gain insight into the size-dependent
stable patterns and possibly understand the reaction direction
of absorbed complexes. In this regard, the average binding
energy per atom (Ej,) can be used as a reliable measure of the
cluster’s relative stability. Generally, E, is defined as the
average gained energy per atom during the formation of a
cluster from all free constituent atoms. The average binding
energy per atom for both molecular Ag,Cr—H, and
dissociative adsorption Ag,Cr—2H can be expressed as follows

Ey(Ag,Cr — Hy) = - Jlr JInE(Ag) + E(Cr) + 25(1)

— E(Ag Cr — H,)] (1)
Ey(Ag,Cr — 2H) = - Jlr JInE(Ag) + B(Cr) + 2E(H)

— E(Ag Cr — 2H)] )

where E is the total energy of the cluster or atom. Figure 2a
presents the variation of E, for both Ag,Cr—H, and Ag,Cr—
2H species versus the cluster size. Their corresponding values
are listed in Table 2. At the first glance, it is seen that E values
roughly increase (1.50—1.83 eV) with the size for both species.
It should be noted that the Ey values for bare Ag,Cr clusters
are considerably smaller for n = 1—6 (from 0.75 to 1.40 eV)
and slightly lesser for n = 7—12 (from 1.48 to 1.73 eV)." This
implies that after releasing hydrogen, the clusters with n = 7—
12 will secure their stability better than those with n = 1—6. An
interesting feature is the higher E, values of Ag,Cr—H, clusters
compared to the corresponding ones of Ag,Cr—2H counter-
parts at n = 1, S, and 8—12, suggesting that the molecular
absorption seems to be more favorable at these sizes. It is also
worth noting that there are local maxima in the average
binding energy graph at n = 3, 6, and 9 for Ag,Cr—H, and n =
3 and 9 for Ag,Cr—2H, agreeing well with the relatively high
stability of bare Ag;Cr, Ag,Cr, and AgyCr clusters."’

The relative stability of Ag,Cr—H, and Ag,Cr—2H among
neighboring sizes is further analyzed using the calculated
second-order energy difference (A,E). The second-order
energy difference is the energy difference between a cluster
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and its immediate neighboring sizes and can be obtained as
follows

AZE(AgnCr - H,)
= E(Agn_lCr -H,) + E(AgnHCr - H,)

— 2E(Ag Cr — H,) 3)

AZE(AgnCr — 2H)
= E(Ag, Cr —2H) + E(Ag, , Cr — 2H)
— 2E(Ag Cr — 2H) (4)

where E is the total energy of the cluster or atom. Figure 2b
presents the variation of A,E as a function of the cluster size
for both molecular and dissociative adsorption configurations.
Their calculated values are also listed in Table 2. Two
conspicuous maxima are found at n = 3 and 9 for both Ag,Cr—
H, and Ag,Cr—2H species, indicating their enhanced stability
compared with their neighbors. A plausible explanation can be
attributed to the stability inherited from bare Ag;Cr and
AgyCr, where the joint orbitals between the dopant 3d
electrons and the electrons in the silver stabilize and enhance
the bonding between silver and chromium.” Two distinct
peaks are observed for AgsCr—2H and Ag,Cr—H,, suggesting
that they are relatively more stable among their neighbors.
While the enhanced stability of Ag,Cr—H, is in line with the
calculated average binding energy graph in Figure 2a, E, of
AgCr—2H is less noticeable. The increasing trend is seen at n
= 11 for both hydrogenated configurations as found for bare
Ag,Cr species, but no comment can be made due to the
limitation of studied sizes.

Hydrogen Adsorption Process. The accumulation of
small molecules on a surface is known as the adsorption
process. Based on the accumulating nature, the adsorption can
be generally classified as the physisorption (molecular
adsorption) characterized by weak van der Waals forces and
the chemisorption (dissociative adsorption) featured by
chemical bonding. The adsorption process can be influenced
by various parameters, for example, the details of the host
species involved, the adsorption type, and the energy barrier
between the hydrogen molecule and the surface. In this regard,

https://doi.org/10.1021/acsomega.2c04107
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Figure 3. (Color online) DOS of AgCr—H,, Ag;Cr—H,, and AggCr—H, clusters. HOMO and LUMO stand for highest occupied molecular orbitals

and lowest unoccupied molecular orbitals, respectively.

the adhesion of a single hydrogen molecule on a well-defined
bimetallic nanocluster is exciting to be explored as an ideal
model for fundamental insights into the adsorption process. To
investigate the adsorption process of H, on the Ag,Cr clusters
(n = 1—12), the adsorption energy and the H—H bond length
for both molecular adsorption and dissociative adsorption
configurations are therefore calculated as follows

Ead(AgnCr - H,) = E(AgnCr) + E(H,)

- E(AgnCr - H,) ()

Ead(AgnCr — 2H)
= E(Ag Cr) + E(H,) — E(Ag Cr — 2H) ()

The results are also listed in Table 2. The H—H bond length
dy_yy is found considerably stretched (from 0.79 to 0.82 A) for
Ag,Cr—H, clusters with n = 2, 3, 5, and 6 compared to that of
the isolated H, (0.75 A). The elongated H—H distance
indicates that H, seems to be activated after adsorbing on these
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Ag,Cr surfaces. As can be seen from eqs S and 6, the
adsorption energy is equal to the total energy difference
between the reactants (H, + Ag,Cr) and the product (Ag,Cr—
H, or Ag,Cr—2H), representing the smallest energy required
for the adsorbate to be desorbed from the surface. Except for
Ag,Cr—2H, all computed E, 4 energies take positive values. In
addition, we found that the E,g varies from 0.05 to 0.77 eV for
Ag,Cr—H, clusters and from —0.04 to 1.13 eV for Ag,Cr—2H,
but the general tendency is to decrease with increasing size.
The lowering adsorption barrier could be attributed to the
enhancing trend of average binding energies as n goes from 1
to 12. It is also interesting to compare the molecular
adsorption energy and the dissociative adsorption energy
because of the same reactants. The computed E, 4 values for
Ag,Cr—2H are higher than those for Ag,Cr—H, at n = 2—4, 6,
and 7, meaning that dissociating the adsorbed H, molecule on
these species is an exothermic process and thermodynamically
preferred. Bearing this picture in mind, one can imagine that,
in other words, the molecular adsorption likely occurs for
Ag,Cr with n = 1, S, and 8—12. Meanwhile, after approaching
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the surface of Ag,Cr (n = 2—4, 6, and 7), H, undergoes
molecular adsorption and is eventually dissociated to form
strong bonds with the cluster. Of course, the dissociation of
adsorbed H, also depends on the overcoming of the activation
barrier to take place, and that possibility will be discussed later.
In order to understand the binding nature of adsorbed
hydrogen molecules on Ag,Cr clusters, the densities of
electronic states (DOS) are computed and plotted in Figure
3 for selected thermodynamically preferred configurations. The
results for other species are provided in the Supporting
Information.*” As can be seen, all partial and total densities of
states are presented in each graph, while the solid and dashed
lines correspond to states with spin-up (@) and spin-down (/)
orientations. For physisorption-feasible species AgCr—H,,
Ag;Cr—H,, and Ag,Cr—H, in Figure 4, most of the electronic
states associated with the adsorbed hydrogen are located at the
low-energy side (—13 and —12 eV) and well separated from
the cluster states (above —8 eV). Since there is no overlap
between hydrogen states and cluster ones, it can be confirmed
that the chemical bonding makes a relatively small or almost
zero contribution to the binding nature of hydrogen and these
species. A plausible source of bonding for H, to these clusters
can be the electrostatic interaction between charge-polarized
hydrogen and metal atoms. The electronic states associated
with hydrogen in Ag,Cr—2H, Ag;Cr—2H, and Ag,Cr—2H
show the opposite picture. In particular, the hydrogen
electronic states entirely diffuse to the high-energy side
(above —10 eV) to make a strong hybridization with the
cluster states. The pure character of H, lying on the low-energy
side is no longer observed as expected. It is worth mentioning
that in all cases, the HOMO states are mainly contributed by
3d-Cr orbitals. Since the bonding usually requires electron
transfers, this observation supports our above-mentioned
argument why the H, adsorption prefers the surface Cr site.
To gain more insight into the dissociative process, possible
reaction pathways connecting the reactants and the final
configuration for the single H, adsorption and dissociation on
Ag,Cr, Ag;Cr, and Ag,Cr clusters are calculated and presented
in Figure 4. The relative Gibbs free energies (AG,gg¢ in V)
are given with respect to the initial reactants (Ag,Cr + H,).
The corresponding ones for Ag,Cr and Ag,Cr clusters as well
as their intrinsic reaction coordinates are provided in the
Supporting Information.”” The activation barrier for the
dissociation is determined by the total energy difference
between the reactants and the TS. According to the snapshots
along the dissociation path in Figure 4, the structures of Ag,Cr,
Ag;Cr, and AgcCr clusters are preserved during the H,
adsorption and dissociation. The H, dissociation takes place
on top of the Cr atom when two H atoms get activated and
separated. In their final configurations, two H atoms form
bridges between the Cr atom and the nearest Ag atoms. For
the interaction of H, with Ag,Cr (see Figure 4a), it is found
that all TSs associated with the dissociation process are
considerably lower in energy (0.87 and 1.07 eV for TS, and
TS,, respectively) compared with the reactants. Although there
are submerged barriers required to overcome TS, and TS,
their computed values of only 0.18 and 0.05 eV with respect to
connecting intermediates, respectively, are minor and negli-
gible. The final configuration with dissociated hydrogen Ag—
2Cr—2H is hence thermodynamically and kinetically preferred.
Similar pictures can be applied for species with n = 3, 6, and
7. As seen in Figures 4b,, and S9 in the Supporting
Information, the TSs and intermediates involved in the (not

°
gy e
Ag,Cr+H,

(-0.51) Ag.Cr-H,

(-0.57)

Figure 4. (Color online) Calculated reaction pathways and relative
Gibbs free energies (AG,o5x in eV) for the molecular and dissociative
adsorption of H, on (a) Ag,Cr, (b) Ag;Cr, and (c) Ag,Cr. The
intermediates and TSs are denoted as I; and TS, Light blue, violet,
and red spheres represent Ag, Cr, and H atoms, respectively.

the entire process) dissociation of H, on Ag;Cr, AgCr, and
Ag,Cr clusters and their corresponding relative energies are
plotted. Their incompletion of reaction pathways (for Ag,Cr
and Ag,Cr) might skip other (possibly even higher) barriers
before reaching the final state with dissociated H,, but the
presented energy profiles could be sufficient to learn about
possible kinetic traps of hydrogen relative to activating,
intermediate, and separating states. In particular, the
dissociation of molecularly adsorbed H, on Ag;Cr needs to
subdue a minor energy barrier of 0.523 eV for TS, (+0.003 eV)
with respect to the connecting intermediate (—0.520 eV). For
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H, on Ag,Cr, a submerged barrier of 0.30 eV for TS, (—0.22
€V) with respect to the connecting intermediate (—0.52 eV) is
also encountered. Also, for H, on Ag,Cr, two submerged
barriers of 0.06 eV for TS; (—0.14 eV) with respect to the
connecting intermediate (—0.20 eV) and 0.01 eV for TS,
(—0.24 eV) regarding the connecting intermediate (—0.25 eV)
must be taken into account. In addition, as above discussed,
Ag;Cr—2H, AgCr—2H, and Ag,Cr—2H isomers are found
more thermodynamically favorable than their counterparts
with molecularly adsorbed H,. Therefore, the current results
support the dissociative adsorption of H, on Ag;Cr, Ag.Cr,
and Ag,Cr clusters. Ag,Cr is a different case. Although the final
configuration with dissociative H, on Ag,Cr is considerably
lower in Gibbs free energy (—0.69 eV) with regard to the
entrance channel, the dissociation process of molecularly
adsorbed H, on Ag,Cr suffers from an energy barrier of 1.38
eV (TS;) as shown in Figure S4 in the Supporting
Information.*” Thus, it is safe to state that the adsorption of
a hydrogen molecule is preferable on Ag,Cr, but its
dissociation process is unlikely to occur without external
stimuli.

B CONCLUSIONS

In summary, we have investigated the interaction between H,
and Ag,Cr clusters (n = 1—12) using DFT calculations. The
strongly size-dependent structure, stability, and reactivity
toward H, were observed. The calculated results imply that
the geometric structure of clusters, the relative electro-
negativity y, and the coordination number N of the Cr
impurity play a decisive role in determining the adsorption
configuration. In particular, the Cr atom prefers surface sites
for n = 1—6 and encapsulated ones for n = 7—12. Since y, is
smaller than y,, the most favored adsorption position of
hydrogen is often on the surface Cr site (except for n = 4). For
Ag,Cr, the hydrogen molecule is adsorbed to a vertex Ag atom
because its atomic coordination number (N, Ag = 2) is smaller
than that of the surface Cr atom (N, = 4). For n = 7—12, since
the Cr dopant is encapsulated and coordination-saturated, the
H, adsorption takes place on one of the surface host Ag atoms
or on Ag—Ag bridging positions. The stable Ag,Cr structures
are preserved during the adsorption of H, either molecularly or
dissociatively. Computed binding energies and second-order
energy difference found Ag;Cr—H,/Ag;Cr—2H and AgyCr—
H,/AgoCr—2H clusters relatively more stable, agreeing well
with their high stability of bare counterparts. Importantly,
dissociative H, adsorption is identified to be both thermody-
namically and kinetically favorable for Ag,Cr, Ag;Cr, AgCr,
and Ag,Cr clusters. The molecular adsorption of H, on other
Ag,Cr species likely takes place over the dissociative one
because of substantial energy barriers occurring during the
dissociation (n = 4) or energetic preferences (n = 1, S, and 8—
12). Ag;Cr, which is remarkably stable and barrierless during
the reaction pathway, can serve as an efficient element for
hydrogen dissociation and storage applications. Our finding
results would provide a deeper understanding of the
interaction of H, and Ag,Cr clusters, including the adsorption
site preference, the stability of adsorption configuration, the
effect of impurity, plausible reaction pathways, and energy
barriers involved as well as could offer informative guidelines
for future experiments. This work contributes to the develop-
ment of alloy clusters as elementary building blocks of novel
nanostructured materials for hydrogen catalyst and storage
applications.
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