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� Alloying Co clusters with Ag improves their catalytic activity towards hydrogen.

� Hydrogen adsorbs preferentially on the Co atoms of the CoAg nanoalloys.

� Adsorption sites are determined by host coordination and chemical environment.

� Activation barriers for H2 dissociation on CoAg nanoalloys are small.
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Adsorption of molecular hydrogen on the surface of catalytic metal nanoparticles and its

dissociation in atomic hydrogen are processes of interest inmany chemical technologies. As

in other chemical reactions, alloying can improve the efficiency of the catalysts. By focusing

onCo6,Co5Ag,Co3Ag3 andCoAg5,weexplore theeffect of changing the relative concentration

of the two components in small ComAgn clusters, a peculiar nanoalloy because Co and Ag do

not form bulk solid alloys. Molecular hydrogen adsorbs preferentially on the Co atoms, and

the binding is mainly due to the electrical polarization of the charges of adsorbate and host.

The preference for Co sites and the trend in the strength of the H2-cluster binding are

explained by the combination of two effects characterizing the host environment. One of

these is geometric, arising fromthedegree of exposure of thehost atom: the lower the atomic

coordination of the host atom, the stronger its bonding with H2. The second effect, newly

identified, reveals the importance of the chemical nature of thehost atomenvironment: host

Co atoms having both Co and Ag neighbors maintain their capacity to bind hydrogen more

intact than thosewith only Co neighbors. The alloy nanoclusters catalyze the dissociation of

adsorbed H2 by building up quite small activation barriers. After dissociation, the H atoms

occupy bridge positions between Co atoms (between Co and Ag in CoAg5). H2 adsorption and

dissociation may trigger structural transformations of the cluster. The work shows that the

adsorptionanddissociationproperties ofH2 canbe tunedbyvarying the relative composition

of the two atomic species in the nanoalloy.
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Introduction

The properties ofmetal clusters and nanoparticlesmake them

candidates to build efficient and selective catalysts. First of all,

the fraction of atoms on the cluster surface is substantial, and

some of them are low coordinated at edges or corners, with

the result that those atoms are quite active. On the other

hand, the cluster properties are very sensitive to its size, in

such a way that even the addition or removal of a single atom

may change some cluster properties [1,2]. Haruta and co-

workers noticed the extraordinary catalytic activity of small

gold nanoparticles for some reactions [3,4], which is a

remarkable feature because bulk gold is a noble, unreactive

metal. Following that first observation, clusters and nano-

particles of platinum [5e8], palladium [5,8e10], ruthenium [8],

copper [5,11] silver [5,12,13], cobalt [5] and other transition

metals [8] have been investigated, and it was found that these

nanomaterials show prominent catalytic activity and high

selectivity for different reactions.

Alloying provides a method to tune the properties of

metallic clusters. In addition to cluster size, the relative con-

centration of the components introduces a variable that can

be utilized to optimize the properties for specific applications.

The best metal catalysts are scarce and expensive [14].

Alloying those metals with cheaper ones [15,16] would be

desirable, and many cases are observed in which alloying

improves the catalytic properties [17e23]. Another unex-

pected bonus is that nanoalloys can often be formed from

metals which do not form bulk solid alloys. This effect has

been studied in lead-aluminium [24e26], tin-aluminium

[25,27], and cobalt-silver [28,29] clusters, and the reasons for

the enhanced miscibility at the nanoscale have been eluci-

dated. This effect increases the chances of finding efficient

nanocatalysts.

A hydrogen economy based on the production of green

hydrogen, the storage of hydrogen, and the conversion of

hydrogen to electricity is nowadays viewed as an effective

way to address the problems of an increasing global energy

demand and the environmental pollution. In particular,

hydrogenwill be a critical factor in the transportation industry

[30]. A process of interest in this and other technologies is the

adsorption of molecular hydrogen on a substrate and its

dissociation in atomic hydrogen. An energy of 4.52 eV is

required to dissociate H2 in the gas phase, but metal catalysts

can lower substantially this value. Dissociation of H2 on the

surface of transition metals has been studied [31,32], and the

relevance of low coordinatedmetal atoms at surface steps and

at edges and corners of nanoparticles has been noticed

[32e35]. Also interesting is the dissociation of H2 on single-

atom catalysts supported on oxide surfaces [36]. Dissociation

of H2 on the surface of metal clusters can induce the isomer-

ization of the clusters, that is, a change of the cluster structure

[37].

As said above, an important technological application is

the use of hydrogen as a clean and non-contaminant fuel in

cars, a process which is based on the fuel cell technology

[38e40]. At present, hydrogen is stored on board of the vehicle

in metallic cylinders as a gas compressed at high pressures,

but porous and layered materials are being intensively
investigated as candidates to store hydrogen [41e47]. The

stored gas then feeds a fuel cell where H2 is first dissociated in

the anode, then passes through a proton-exchangemembrane

[40,48,49] and reacts with atmospheric oxygen. This process

produces an electric current and releases only water vapor.

The dissociation of H2 in the anode of the fuel cell is catalyzed

by metallic nanoparticles. Because platinum is too expensive,

other materials have been explored [50]. In the context of

hydrogen storage, the spillover mechanism [51e53] has been

proposed as an explanation for the observed enhancement of

hydrogen storage in porous carbons doped with metal atoms,

clusters and nanoparticles [54e56]. In this process, incoming

H2 first dissociates on the surface of the metal nanoparticle,

then the H atoms diffuse through the nanoparticle and spill

over the carbon substrate. The process of hydrogen adsorp-

tion is also relevant in the operation of hydrogen sensors [57].

Adsorption and dissociation of H2 on metallic nanoalloys

has been explored by several groups, mainly by performing

Density Functional calculations. Several of those works

correspond to clusters of aluminium alloyed with other

metallic elements. Molecular adsorption of H2 on Na3Al5 and

Na5Al5, studied by Tong et al. [58], leads to weak bonding on

the two clusters. Dissociation of the molecule depends

sensitively on the cluster size: is easy on Na3Al5, with activa-

tion barriers of 0.16e0.19 eV, but dissociation barriers on

Na5Al5 are much higher. In Al clusters doped with a single Cr

atom (AlnCr (n ¼ 1e13)), Guo found that H2 preferently phys-

isorbs on the Cr atom [59]. Dissociation is exothermic, with

barriers which vary with cluster size (between 0.3 and 1.3 eV),

and after dissociation the H atoms usually occupy positions

on top of Al atoms or bridge positions between AleAl pairs.

Adsorption of H2 on Al6 and Al5Ti was studied by Boruah and

Kalita [60]. The presence of Ti enhances the binding energy of

H2 to the cluster in both the molecular and dissociated con-

figurations, and also raises a barrier for dissociation which

was not found in pure Al6. In a combined experimental and

theoretical investigation, the interaction of H2 with rhodium

doped aluminum clusters, AlnRh2
þ (n ¼ 1e9), was investigated

by Jia et al. [61], who used mass spectrometry, infrared spec-

troscopy, and density functional calculations. The thermo-

dynamic preference for molecular versus dissociative

adsorption of H2 depends on the cluster size. In addition,

substantial barriers against dissociation were predicted.

These features explain the correlation observed between the

measured abundances of the hydrogenated species and the

calculated molecular adsorption energies. Clusters of mag-

nesium containing transition metal impurities have also been

investigated. Addition of H2 to Mg17M clusters, where M in-

dicates a 3d transition element, was investigated by Charkin

andMaltsev [62]. The 3d impurity catalyzes the dissociation of

H2 and the barriers are quite small. Trivedi et al. studied

adsorption and dissociation of H2 on MgnCo clusters [63], and

MgnRh clusters [64]. Adsorption of hydrogen on IrePd clusters

with 38 atoms and octahedral structure has been studied by

Davis et al. [65] H2 dissociates and chemisorbs more strongly

on the Ir-rich clusters. From the experimental side, it has been

found [66] that the hydrogen absorbing properties of carbon-

supported PdeNi nanoalloys (two metals that are miscible in

bulk) change with the Ni content of the nanoparticles. The

presence of Ni hinders the formation of a hydride phase in the
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nanoalloys, and at an atomic concentration of 30% Ni the

hydride phase does not form at ambient conditions.

In this work we investigate the interaction between

hydrogen and nanoalloys of metal-pairs which do not form

bulk solid alloys. For this purpose, we have selected cobalt-

silver clusters. In a previous work [29], we performed density

functional calculations to study the atomic and electronic

structure, and themagneticmoments of AgmCon clusters with

m þ n ¼ 2e6, 10, and 11, analyzing the reasons for the mixing

between the twometals at the nanoscale. In this work we first

investigate the interaction between molecular hydrogen and

clusters with three selected compositions, Co5Ag, Co3Ag3 and

CoAg5. H2 adsorption induces changes in the structure of

Co3Ag3 and CoAg5. An analysis of the trend displayed by the H2

adsorption energies reveals the importance of both the geo-

metric environment around the host metal atom (character-

ized by the number of neighbors) and the chemical

environment (characterized by the chemical nature of the

neighbors). Dissociation of the adsorbed H2 is studied next,

and the activation barriers are predicted to be quite small in

Co5AgH2 and Co3Ag3H2, but dissociation is energetically un-

favorable in CoAg5H2. Comparison of the results for the

different ComAgn clusters reveals that the relative concen-

tration of the two atomic components provides a powerful

tool to optimally tune the behavior of the clusters with respect

to the adsorption and dissociation of hydrogen, a process

involved in many catalytic processes.
Computational method

The electronic and atomic structures of the CoeAg nano-

alloys, bare and with hydrogen adsorbed, have been investi-

gated using the spin-polarized Density Functional Theory

(DFT) [67,68], implemented in the Quantum Espresso package

of codes [69]. Only the external electrons are treated explicitly,

and their interaction with core electrons has been modelled

using the projected augmented wave (PAW) method [70,71].

An Ar core and 17 valence electrons were taken for Co, a Kr

core and 11 valence electrons for Ag, and one valence electron

for H. The calculations are based on a periodic supercell

methodology, and a cubic cell of length 15 �A was employed.

The large size of the cell guarantees a negligible interaction

between images in neighboring cells. The one-electron wave

functions are expanded on a basis of planewaves, and a cutoff

energy of 50 Ry was used to ensure a strict convergence cri-

terion in the calculations. The cutoff for the electronic density

was 400 Ry. The Monkhorst-Pack scheme [72] was used to

select a 2� 2� 1 grid of k points in the first Brillouin zone. The

generalized gradient approximation of Perdew-Burke-

Ernzerhof (PBE) has been employed for the exchange-

correlation functional [73], and dispersion was taken into ac-

count by Grimme's D3 method [74]. Previous experience in-

dicates that this methodology works well in the study of the

interaction between hydrogen and metallic clusters [75e77].

Bimetallic clusters Co5Ag, Co3Ag3 and CoAg5 have been

investigated. The atomic structure of these clusters has been

studied earlier [29], but we have fully re-optimized the struc-

tures performing a more extensive search. For this purpose,

large sets of initial structures have been considered, taking
into account not only different geometrical structures, but

also permutational isomers [78,79]; that is, clusters with the

same underlying structure but a different distribution of the

Co and Ag atoms over the cluster sites. In the case of hydro-

genated clusters, an extensive search of the structures of the

bimetallic clusters with adsorbed molecular and dissociated

H2 has been performed by placing the molecule or the two H

atoms in a large (although judicious) selection of the possible

adsorption sites on all the identified structural and permuta-

tional isomers. In all cases, the initial structures have been

fully optimized until the components of the forces acting on

any of the cluster atoms are smaller than 0.05 eV/�A. The

ground state structures of the free clusters sometimes change

due to the presence of hydrogen.
Results and discussion

Structure and electronic properties of Co5Ag, Co3Ag3 and
CoAg5

Previous experience indicates that the most common struc-

tures of ComAgn clusters with a total of six atoms are planar,

octahedral and incomplete pentagonal bipyramid (IPB) struc-

tures [29]. An IPB is a pentagonal bipyramid in which one of

the atoms of the equatorial plane is missing. Focusing on

those candidates (but not restricting the search of isomers to

them, and considering all possible permutational isomers for

each geometrical configuration) we have found the lowest

energy structures plotted in Fig. 1. The cohesive energies per

atom are given as insets. The cohesive energy per atom is

defined in terms of the total energies of the cluster and the

free atoms.

Ecoh(ComAgn) ¼ [m E(Co) þ n E(Ag) e E(ComAgn)]/6 (1)

The predicted lowest energy structure of Co5Ag is three

dimensional, an octahedron, like the structure of Co6 found by

Marı́n et al. [29]. But the Co5Ag octahedron is a bit deformed

because of the atomic size difference between Co (the small

atom) and Ag (the large atom), which makes the CoeAg larger

than the CoeCo bond distances. Because of the deformation,

the structure can be seen as a bipyramid in which the two

heights are different. The structure of CoAg5 is a pentagonal

pyramid with the Co atom occupying the apex of the pyramid

at a very small height of 0.17 �A above the basal plane, so the

structure can be considered as quasi-planar. The first low

lying isomer is planar, with a form close to an equilateral

triangle (Ag6 is an equilateral triangle [29]) and the Co atom in

the middle of a triangle side. The small deformation that can

be appreciated in Fig. 1 is again due to the difference between

the interatomic AgeAg and AgeCo distances. The lowest en-

ergy structure found for Co3Ag3 is a slightly deformed planar

triangle. The Ag atoms form the vertices of the triangle, and

the Co atoms are in the middle of the triangle sides. The three

Co atoms forma central core surrounded by the Ag atoms. The

cohesive energy of Co3Ag3 is 1.99 eV/atom, and the spin

magnetic moment is m(Co3Ag3)¼ 6 mB. A low-lying isomer with

(deformed) octahedral structure exists, with the Ag and Co

atoms segregated in different parts of the cluster. Its cohesive

https://doi.org/10.1016/j.ijhydene.2022.04.090
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Fig. 1 e Calculated lowest energy structures of Co5Ag,

Co3Ag3, and CoAg5, on the left panels, and some selected

low-lying isomers on the right panels. The cohesive energy

per atom (in eV) and the total magnetic moment (in Bohr

magnetons) are given for each cluster. Blue and grey

spheres represent Co and Ag atoms, respectively. (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this

article.)
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energy is 1.97 eV/atom, and the magnetic moment is m ¼ 8 mB.

Co3Ag3 is in the middle of the ComAgn family with m þ n ¼ 6.

The structure of the clusters on the Co-rich side of this family

is octahedral, and it is planar or quasi-planar on the Ag-rich

side [29]. The two trends enter in conflict in Co3Ag3, in

which case the octahedral and planar structures are close in

energy. The cohesive energy per atom increases as the pro-

portion of Co atoms in the cluster increases, because the

CoeCo bonds are significantly stronger than AgeAg and

CoeAg bonds. As expected, the magnetic moment of the

cluster increases with the proportion of Co atoms. The ground

state structures of Co3Ag3 and CoAg5 found here are different,

and more stable, than those reported previously [29].

Adsorption of molecular hydrogen

To study molecular adsorption, an H2 molecule was initially

placed on the host cluster on many different adsorption po-

sitions and orientations, and the structures were reoptimized.

The calculations reveal that adsorption of themolecule on top

of host Co atoms is energetically preferred compared to: 1)

adsorption on top of Ag atoms, 2) adsorption on bridge sites

(CoeCo, AgeAg and CoeAg), 3) adsorption on hollow trian-

gular sites. This result agrees with previous work on pure Co

clusters [80]. The most stable adsorption configurations are

shown in Fig. 2, and the corresponding adsorption energies
are given in Table 1. The adsorption energy of H2 is defined in

terms of the energies of the reactants and final product, as

Eads(H2 on ComAgn) ¼ E(H2) þ E(ComAgn) - E(ComAgnH2). (2)

Here, E(ComAgn) is the energy of the bare cluster in its

lowest energy configuration. Fig. 2 shows that Co5Ag main-

tains its structure after adsorption of H2, and the adsorption

energy is 0.426 eV. It can be noticed that the H2 molecule is

attached in Co5Ag to a Co atom of the equatorial plane, and

not to the Co atom in the apex, and this will be discussed later.

On the other hand, the structures of Co3Ag3 and CoAg5 change

after adsorption of H2. The new structure of Co3Ag3 is three-

dimensional: a pyramid, with an Ag atom attached on an

edge of the base of the pyramid. The H2 molecule is on top of

the Co atom at the pyramid apex. The adsorption energy of H2

on Co3Ag3 is 0.653 eV. The new structure of CoAg5 can be seen

as a deformed IPB: one of the Ag atoms of the original

pentagonal pyramid moves out of the basal plane, giving rise

to an incomplete pentagon with a Co atom above and an Ag

atom below the equatorial plane. The adsorption energy of H2

on CoAg5 is 0.647 eV.

An interesting feature is the lower adsorption energy of H2

on Co5Ag as compared to the other two clusters. The atomic

coordination numbers CN of the host atoms in metal surfaces

and nanoparticles are known to be inversely correlated with

the adsorption energies of small molecules on those atoms:

the lower CN of the host atom, the stronger the adsorption

energy [81]. In other words, more exposed host atoms are

more reactive. The number of metal atom neighbors of the

host Co atom in the three clusters of Fig. 2 is 4, 4, and 5 for

Co5AgH2, Co3Ag3H2, and CoAg5H2, respectively, and these

numbers do not show a correlation with the H2 adsorption

energies. But one can appeal to the generalized coordination

numbers CNg introduced by Calle-Vallejo et al. [33]. In order to

assign CNg to an atom i with ni nearest neighbors, those

neighbors are counted and weighted by their own usual co-

ordination numbers CN. That is,

CNgðiÞ¼
Xni

j¼1

CNðjÞ
CNmax

(3)

where j runs over the ni nearest neighbors of atom i, and CNmax

is a normalizing factor that we take as CNmax ¼ 5, the

maximum coordination number observed in these clusters. In

Co5AgH2, the host Co atom has CN ¼ 4, and each one of the

nearest neighbors also has CN ¼ 4; so CNg(host Co) ¼ 3.2. On

the other hand, in Co3Ag3H2 the host Co atom has CN ¼ 4, and

two of those neighbors have CN ¼ 4, while the other two

neighbors have CN ¼ 3, leading to CNg(host Co) ¼ 2.8. In

CoAg5H2, the host Co atom has CN¼ 5, and all those neighbors

have CN ¼ 3, so CNg(host Co) ¼ 3. This means that the highest

CNg occurs in Co5AgH2, and the lowest occurs for the inter-

mediate composition Co3Ag3H2, in agreement with the trend

shown by the H2 adsorption energies. One should notice,

however, that the H2 adsorption energy of CoAg5H2 is only

0.006 eV lower than that of Co3Ag3H2, despite the CNg value of

the former being higher than that of the later. This indicates

that additional factors affect the adsorption of hydrogen, as it

is explained below.

https://doi.org/10.1016/j.ijhydene.2022.04.090
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Fig. 2 e Calculated lowest energy structures for H2 adsorbed on Co5Ag, Co3Ag3, and CoAg5. Blue, grey and yellow spheres

represent Co, Ag and H atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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The redistribution of the electron density Drð r!Þ which

occurs when H2 is adsorbed, defined

Drð r!Þ¼ rComAgnH2
ð r!Þ� rH2

ð r!Þ � rComAgn ð r!Þ (4)

is plotted in Fig. 3 for the three clusters. The densities of the

ComAgn and H2 subsystems required in eq. (4) are obtained by

calculations for those isolated subsystems with the structure

they have in the combined system. Finally, the density of

electronic states, DOS, of the three clusters is plotted in Fig. 4.

The energy zero corresponds to the Fermi energy, and the

upper and lower panels in each Figure stand for electronic

states with up and down spin orientations, respectively.

An important observation in the DOS of the three systems

is that the states associated with the adsorbed H2 (one spin up

state and one spin down state) are well separated from the

cluster states and their binding energies are about 8 eV. This

indicates that there is no hybridization between H2 states and

cluster states, and that the source of the bonding of H2 to these

clusters is mainly the polarization of the electronic charge of

the molecule and the metal atoms and the electrostatic

interaction between those polarized charge distributions. The
Table 1 e Adsorption energies of molecular and dissociated H
contribution. Also, magnetic moments of bare clusters and clu

m(ComAgn) (m B) Eads(H2) (eV) m(Co

Co6 [80] 14 0.12

Co5Ag 12 0.426 (0.064)

Co3Ag3 6 0.653 (0.149)

CoAg5 2 0.647 (0.029)

Fig. 3 e Density redistribution Drð r!Þ for adsorption of H2 on Co

surfaces of Drð r!Þ ¼ þ 0.003 e�A¡3, and e 0.003 e�A¡3, respectivel

yellow (blue) regions. (For interpretation of the references to co

version of this article.)
dispersion interactions, given in Table 1, make a relatively

minor contribution. The charge polarization can be appreci-

ated in the electron density redistributions of Fig. 3. The

charge polarization affects the H2 molecule and Co atoms,

especially the Co atomhosting the H2molecule, and to a lesser

extent the other Co atoms, but does not affect the Ag atoms.

We interpret this as revealing that the charge of the Ag atoms

of the nanoalloy is less polarizable than the charge of the Co

atoms, and we propose this to be the reason for the prefer-

ential H2 adsorption on Co atoms seen in Fig. 2. This is

confirmed by the DOS plots of Fig. 4. The states close to the

Fermi energy are the main contributors to the charge polari-

zation, and these states have Co character in Co5Ag and

Co3Ag3, and Co character with some contribution of Ag char-

acter in CoAg5. In fact, the shapes of the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) of bare Co5Ag, shown in Fig. 5, clearly display

Co character, and those of bare CoAg5 display mixed char-

acter. The atomic charges in the ComAgnH2 complexes,

calculated by the Bader method [82e84], are given in Table 2.

The absolute values of those charges are very small, in general

below 0.10 eV, confirming the interpretation of the bonding
2. Values of Eads(H2) in brackets give the dispersion
sters with hydrogen.

mAgnH2) (m B) Eads(2H) (eV) m(ComAgn2H) (m B)

14 0.60 12

10 1.204 10

6 1.491 6

2 0.479 2

5Ag, Co3Ag3, and CoAg5. Yellow and blue colors mark

y. That is, the electron density increases (decreases) in the

lor in this figure legend, the reader is referred to the Web

https://doi.org/10.1016/j.ijhydene.2022.04.090
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Fig. 4 e Electronic density of states (DOS) of Co5AgH2,

Co3Ag3H2, and CoAg5H2. The zero energy represents the

Fermi energy. The DOS is separated in spin up (upper

panel) and spin down (lower panel) components. DOS

projected on the Ag atoms are marked in green color. The

two states associated to the H2 molecule, colored in red, are

well separated from the rest. (For interpretation of the

references to color in this figure legend, the reader is

referred to the Web version of this article.)
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between H2 and the cluster given above. The only case in

which a sizable charge is noticed corresponds to the Co atom

in CoAg5, and the charge lost by the Co atom is redistributed

between all the other atoms in the complex.

The transition from the planar to a three dimensional

structure of Co3Ag3 upon adsorption of H2 is an interesting

feature. Bare Co3Ag3 is planar, with the Co atoms located in
the middle of the edges of the triangular structure (see Fig. 1).

Those are less exposed than the vertex sites. Then, if we focus

on one of the AgeCoeAg sides of the original triangle, the

strategy adopted by the cluster is lifting the Co atom up from

the plane and approaching the positions of those two Ag

atoms until an AgeAg bond is formed. These rearrangements

lead to the emergence of the pyramid seen in Fig. 2, and the

lifted up Co atom now occupies an exposed vertex site. There

is an energetic cost in transforming the structure of the

cluster, small here because Co3Ag3 is in the borderline be-

tween two and three-dimensional structures, but this cost is

more than compensated by the enhanced strength of the

H2eCo interaction. In fact, the structural transformation oc-

curs spontaneously; that is, without activation barrier, as soon

as the H2 molecule is attached to one of the Co atoms of

Co3Ag3. In spite of the energy toll paid by the structural

change, the adsorption binding energy of H2 on Co3Ag3 is

higher than the adsorption energies on Co5Ag and CoAg5. We

have discussed above that this is due to a combination of

geometrical and polarization charge effects, and we now go

one step further in this argument. The adsorption energy of H2

on Co5Ag (0.426 eV) is smaller than on Co3Ag3 (0.653 eV) and

CoAg5 (0.647 eV), because in Co5Ag the host Co atom is more

tightly bound in the cluster. It is linked to three Co atoms,

forming strong bondswith them, and to one Ag atom, forming

a weaker bond. On the other hand, the host Co atom in Co3Ag3
is linked to two Co atoms and two Ag atoms. That is, the

chemical environment keeps the host Co atom more tightly

bound in Co5Ag as compared to Co3Ag3, and consequently the

host Co atom in Co5Ag is less polarizable. Confirmation is

obtained by comparing these results with the adsorption en-

ergy of H2 on pure Co6, which is even lower, 0.129 eV [80]. The

structure of Co6 in Co6H2 is an octahedron so the coordination

numbers of the host Co atom are CN¼ 4, and CNg ¼ 3.2, just as

in Co5AgH2, and one could expect a similar adsorption energy.

However, the host Co atom is bonded to four Co atoms in Co6,

and is thus more tightly bound than in Co5AgH2, and then the

environment of the adsorbed H2 molecule is less polarizable.

As shown above, the adsorption energy of H2 on CoAg5H2 is

smaller than on Co3Ag3H2, a result which is consistent with

the argument based on the generalized coordination

numbers. However, based on the CNg values of the host Co

atoms, 3 and 2.8 respectively, one perhaps could expect a

smaller value of the adsorption energy of H2 on CoAg5H2. The

explanation is again the nature of the chemical environment.

The Co atom in CoAg5H2 has an environment formed by Ag

atoms exclusively, and the weak CoeAg bonds make the

environment of the adsorbed H2 molecule more polarizable.

In summary, by considering the sequence Co6, Co5Ag,

Co3Ag3, CoAg5, the trend in the reactivity towards H2,

measured by the adsorption energy, can be explained by a

combination of two ingredients. One is the generalized coor-

dination number of the host Co atom, which accounts for the

geometrical nature of the environment. This would be suffi-

cient in pure metal clusters and nanoparticles. However, in

alloy clusters it is useful to consider an additional factor, the

chemical nature of the environment, motivated by the pres-

ence of two different atomic species in the cluster. Appeal to

the chemical environment also explains why H2 prefers

binding to an equatorial Co atom of Co5AgH2 and not to the
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Fig. 5 e Spatial distribution of the electron density corresponding to the HOMO (left) and LUMO (right) orbitals of bare Co5Ag

and CoAg5. The value of the electron density in the isodensity surfaces shown in yellow is 0.0008 e�A¡3. (For interpretation of

the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 e Bader atomic charges. Negative (positive) values indicate a net excess (defect) of electrons in the atom. The
ordering of the atoms in each individual column is arbitrary. Charges in bold face correspond to metal atoms in direct
contact with the H2 molecule or the H atoms.

Co5AgeH2 Co5Age2H Co3Ag3eH2 Co3Ag3e2H CoAg5eH2 CoAg5e2H

Co 0.08 �0.01 Co 0 0.39 Co 0.40 0.38

Co 0 0.20 Co �0.01 0.09 Ag �0.07 0.07

Co 0 0.21 Co 0.06 0.09 Ag �0.05 �0.02

Co �0.04 0.20 Ag 0 0.01 Ag �0.07 �0.04

Co 0.07 �0.01 Ag 0.02 0.05 Ag �0.07 �0.09

Ag �0.01 0.01 Ag 0.01 0.02 Ag �0.07 0.05

H �0.01 �0.30 H 0 �0.33 H �0.03 �0.16

H �0.03 �0.30 H �0.09 �0.32 H �0.05 �0.19
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apex Co atom. The generalized coordination numbers of both

host Co atoms are the same, but the chemical environment of

the equatorial Co atom is more favorable because one of the

neighbors is a Ag atom. The conclusion is that the alloy con-

centrations Co3Ag3 and CoAg5 are more favorable for

adsorption of molecular hydrogen than the Co reach con-

centrations Co5Ag and Co6 because of the cooperation of those

two factors.

Dissociative adsorption of hydrogen

The behavior of the ComAgnH2 clusters upon dissociation of

the H2 molecule is complex. The dissociation of H2 on Pd6

supported on a graphene vacancy is accompanied by a

structural transformation of the metal cluster [37], and one

can also expect structural transformations in the ComAgn
clusters. The calculated lowest-energy dissociated configura-

tions are given in Fig. 6. If one starts with the molecular

adsorption structures of Fig. 2, the dissociation of H2 induces

structural transformations in Co3Ag3 and CoAg5. The adsorp-

tion energies are given in Table 1. In this case the adsorption

energy is defined

Edissoc-ads(ComAgn2H) ¼ E(H2) þ E(ComAgn) - E(ComAgn2H) (5)

where E(ComAgn2H) is the global minimum energy of the

system formed by the dissociatively adsorbed molecule, that

is, two H atoms on ComAgn, and E(ComAgn) is the global
minimumenergy of the bare cluster, that is, with the structure

shown in Fig. 1.

At difference with molecular adsorption, the H atoms now

form bridges between Co atoms, or between the Co atom and

Ag atoms in CoAg5. The bridge positions optimize the chem-

ical bonding. This can be seen by analyzing the redistribution

of the electron density Drð r!Þ,

Drð r!Þ¼ rComAgn2Hð r!Þ� r2Hð r!Þ � rComAgn ð r!Þ (6)

plotted in Fig. 7 for the three clusters. In this equation, the

density of ComAgn corresponds to a calculation for the bare

alloy cluster with precisely the same structure it has in Com-

Agn2H, and r2Hð r! Þ represents the density of two free H atoms

placed at the locations they have in ComAgn2H. The three

panels of Fig. 7 show accumulation of electronic charge in the

regions occupied by the H atoms. Since the bonding involves

electronic charge transfer, bridge positions between two

atoms are more favorable than positions on top of one host

atom. The most plausible explanation for the H atoms

preferring bridge positions between Co atoms is that the

electronegativity of Co in the Pauling scale is 1.8, while the

electronegativity of Ag is 1.9. Then, electron transfer from Co

atoms to the H atoms, with electronegativity 2.1, is easier. The

atomic charges, calculated by the Bader method [82e84], are

given in Table 2. Indeed, the H atoms carry an excess of about

0.2e0.3 electrons, and that charge is transferredmainly by the

atoms forming bridges with H.
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Fig. 6 e Calculated lowest energy structures for a dissociated hydrogen molecule on Co5Ag, Co3Ag3, and CoAg5. Blue, grey

and yellow spheres represent Co, Ag and H atoms, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 7 e Electron energy redistribution Drð r!Þ defined in eq. (6), associated to the dissociative adsorption of the hydrogen

molecule on Co5Ag, Co3Ag3, and CoAg5. Yellow and light blue colors mark surfaces of constant Drð r!Þ ¼ þ 0.008 e�A¡3, and

Drð r!Þ ¼ ¡ 0.008 e�A¡3, respectively. That is, the electron density increases (decreases) in the yellow (blue) regions. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 9 0 3 8e1 9 0 5 0 19045
The DOS plots in Fig. 8 show that the electronic states

associated with the H atoms are again located in the region of

high binding energies, but at difference with molecular

adsorption those states have no pure H character. Instead, a

strong hybridization between H and cluster states occurs.

The octahedral structure of Co5Ag is preserved when the

adsorbed H2 molecule dissociates and the two H atoms form

bridges between Co atoms of the equatorial plane of the oc-

tahedron and the Co atom in the apex. The dissociative

adsorption energy, defined in eq. (5), is 1.204 eV. That defini-

tion of the dissociative adsorption energies allows to compare

these with the molecular adsorption energies because the

reference (H2 and ComAgn) is the same. The dissociative

adsorption energy on Co5Ag is larger than the molecular

adsorption energy by a factor of three, in spite of the fact that

dissociation of the free molecule is highly endothermic. This

is due to the catalytic effect of the alloy cluster in lowering the

dissociation barrier, and to the charge transfer and bonding

discussed above. The dissociation barrier was calculated

using the climbing image nudge elastic band (CI-NEB) method

[85]. The dissociation path connecting the initial configuration

of Co5AgH2 given in Fig. 2 and the final configuration of

Co5Ag2H given in Fig. 6 exhibits an activation barrier of only

0.031 eV. A few snapshots along the dissociation path are

shown in Fig. 9. Dissociation occurs on top of the Co atom, and

then the two H atoms move to bridge positions.
After dissociation of H2 on Co3Ag3, a transformation of the

structure of the cluster takes place. Its final structure is an IPB in

which the two apex atoms are Co atoms. The H atoms are in

bridgepositionsbetween the apex atomsand theCoatomof the

equatorial plane. The dissociative adsorption energy on Co3Ag3
is 1.491 eV, larger compared to Co5Ag in spite of the structural

change. To explain this feature we can again appeal to the

chemical environment. In Co5Ag, the Co apex atom has four Co

neighbors, and the Co atoms in the equatorial plane have three

Coneighbors andoneAgneighbor. Asnoticedabove, theCoeCo

bondsare stronger than theCoeAgbonds.On theother hand, in

Co3Ag3 eachof theCoatomsonly has twoConeighbors (the rest

of theneighbors areAgatoms), so thebondingcapacity of theCo

atoms is lessexhausted, andcan formstrongerbondswith theH

atoms. This argument is supported by results for Co6. In this

cluster, all the Co atoms have four neighbors, and the dissoci-

ated adsorption energy, 0.60 eV, is lower [80]. The NEB dissoci-

ationpathconnecting theinitial configurationofCo3Ag3H2given

in Fig. 2 and the final configuration of Co3Ag32H given in Fig. 6

predicts a quite small activation barrier of 0.042 eV. A few

snapshots along the dissociation path are shown in Fig. 10.

The structure of CoAg5H2 is intermediate between a

pentagonal pyramid and an IPB (see Fig. 2), and dissociation of

the hydrogen molecule drives the cluster structure to a nearly

perfect IPB (see Fig. 6). The two H atoms form bridges between

the Co atom and Ag atoms of the equatorial plane of the
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Fig. 8 e Electronic density of states (DOS) of Co5Ag2H,

Co3Ag32H, and CoAg52H. The zero energy represents the

Fermi energy. DOS is separated in spin up (upper panel)

and spin down (lower panel) components. DOS projected

on the Ag atoms is marked in green color. DOS projected on

the H atoms is colored in red. (For interpretation of the

references to color in this figure legend, the reader is

referred to the Web version of this article.)

Fig. 9 e Energy curve and structural snapshots along the

dissociation path of H2 on Co5Ag.

Fig. 10 e Energy curve and structural snapshots along the
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bipyramid. The dissociative adsorption energy is 0.479 eV, a

lower value in comparison with Co5Ag and Co3Ag3. Also, inter-

estingly, the dissociative adsorption energy of H2 on CoAg5 is

lower thanthemolecularadsorptionenergy (seeTable1); that is,

dissociating the adsorbedmolecule onCoAg5 is an endothermic

process. This is surprising, because usually the opposite occurs

in metal and alloy nanoclusters [80,86e88]. The explanation of

those features is that the energy cost of transforming the quasi-

planar structure of CoAg5 into a three-dimensional structure is
not compensated by the chemisorption energy of the two H

atoms, because the bonding of H atoms to Ag atoms is weaker

than the bonding to Co. A complementary view of this effect is

that the electronic HOMO-LUMO gap of CoAg5H2 is substantial,

0.94 eV, anddissociationofH2 lowers the gap to 0.47 eV, onehalf

of the previous value. It is known that the magnitude of the

electronic gap of a material correlates with its stability.

In summary, replacing Co atoms in Co6 clusters with Ag re-

sults in most cases in an increase of the molecular and disso-

ciative adsorption energy of H2. The reason is that molecular

adsorption occurs on top of Co atoms and dissociative adsorp-

tion occurs on bridge positions between Co atoms, and the

bonding strength towards H and H2 is higher when those Co

atoms have some Ag neighbors, in comparisonwith the case of

having only Co neighbors. Dissociation of the adsorbedH2 takes

placewith small activation barriers. The composition rich inAg,

that is CoAg5, represents an especial case, since H2 dissociation

is energetically unfavorable.

Evolution of the magnetic moments

The spin magnetic moments m (taken as the difference between

the number of electronswith spin up and spin down character in

the spin density functional formalism) of the clusters, bare and
dissociation path of H2 on Co3Ag3.
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Fig. 11 e Spatial distribution of spin density in Co5AgH2, Co3Ag3H2 and CoAg5H2 (upper panels), and Co5Ag2H, Co3Ag32H and

CoAg52H (lower panels). The spin isodensity surfaces plotted in yellow color correspond to Drspin ( r!) ¼ þ 0.008 e �A¡3.

Minute regions in bright green color correspond to Drspin ( r!) ¼ ¡ 0.008 e �A¡3. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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aftermolecular anddissociativeadsorptionofH2are compared in

Table1.Themagneticmomentsof thebareclustersshowastrong

dependence with the relative concentration of Co and Ag. This

observation and the result m(Cu6)¼ 14 mB obtained by Garcı́a-Dı́ez

et al. [80] indicate that the Co atoms are themain contributors to

theclustermagnetism.This is confirmedby theDOSofFigs. 4and

8. There is good matching between spin up and spin down DOS

with Ag character, but an energy shift between spin up and spin

downstateswithCocharacter isevident.Thegeometric structure

can also influence the values of m: the magnetic moments of the

planarand threedimensional structuresofCo3Ag3 shown inFig. 1

amount to 6 mB and 8 mB, respectively. The presence of adsorbed

hydrogen causes only a minor effect. It affects the magnetic

moment of Co6 and Co5Ag, but not the magnetic moments of

Co3Ag3 and CoAg5.

Additional insight is obtained from the spatial distribution of the

net spin density

Drspinð r!Þ ¼ r[ð r!Þ � rYð r!Þ; (7)

that is, the difference between the spin up r[( r
!) and spin down

rY( r
!) components of the electron density at each point r! in

space.The integral ofDrspin ( r
!) over the clustervolumegives the

magneticmoment in units of mB. The spatial distributions of the

spinmagnetism in theCo5AgH2, Co5Ag2H, Co3Ag3H2, Co3Ag32H,

CoAg5H2,andCoAg52HclustersareshowninFig.11.Thenetspin

density isconcentratedontheclusterregionsoccupiedby theCo

atoms, and the coupling is ferromagnetic.
Summary and conclusions

Metal nanoclusters find applications in catalysis, and the

cluster size is a variable that can be tuned to optimize the

catalytic performance. Alloying opens new prospects, because

the relative concentration of the components introduces

another variable that can be utilized to tailor the cluster
properties. The best metal catalysts are scarce, and alloying

with cheaper metals would be desirable if the properties are

not degraded. Even more, nanoalloys can often be formed

frommetals which do not form bulk solid alloys. One of those

cases is CoeAg.

Adsorption and dissociation of H2 is of interest in many

catalytic processes. We have studied the adsorption of mo-

lecular hydrogen on the Co5Ag, Co3Ag3 and CoAg5 clusters

using the density functional formalism, with the purpose of

investigating the role played by the relative concentration of

the Co and Ag. H2 prefers to attach to Co atoms of those

clusters, and the bonding is mainly electrostatic, due to the

electric polarization of the charges of adsorbate and host. The

adsorption sites and the strength of the bonding are explained

by a combination of two factors reflecting the atomic envi-

ronment of the host atom. One of those factors is geometric.

The bonding between the molecule and the cluster is stronger

when the atomic coordination of the host atom is lower; that

is, when the host atom is well exposed [33,81]. The second

effect reveals the importance of the chemical environment of

the host atom. The bonding between Co atoms is stronger

than the bonding between Co and Ag atoms. Thus, an envi-

ronment formed by Co and Ag atoms preserves the bonding

capacity of the host Co atom toward H2 molecules more intact

than an environment formed exclusively by Co atoms. A

structural change occurs on Co3Ag3 and on CoAg5 upon H2

adsorption that can be interpreted as a cluster strategy to

enhance the strength of the bonding with the adsorbate.

Dissociation of the adsorbed H2 molecule in two H atoms is

easy because the activation barriers are quite low. The H

atoms occupy bridge positions between Co atoms (Co and Ag

in CoAg5). H2 dissociation triggers structural transformations

in Co3Ag3 and CoAg5. However, dissociation of H2 on the silver

rich cluster CoAg5 is an endothermic process.

Overall, the binding energies of H2 (in the molecular

adsorption case) and of the two H atoms (in the dissociative
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adsorption case) to the alloy nanoclusters are higher for the

intermediate composition Co3Ag3, as compared to the com-

positions rich in one component, and the activation barrier for

dissociation is only 0.042 eV. This is a result which supports

the idea that alloying can give a boost in the search for novel

nanocatalysts by using the relative atomic composition as a

new variable, in addition to cluster size, to optimize the

catalyst activity and selectivity for specific reactions.
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