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Using a density-functional approach, we investigate the reactivity of supported metal nanoclusters. We focus
on the sequential adsorption of, Mnolecules on a Fe nanocluster supported by an MgO substrate. For an
increasing number of N atoms preadsorbed on the nanocluster, we found that the binding energy 0f the N
molecule increases, and can become higher than that of its dissociation products, in marked contrast with the
behavior at the respective metallic surface. We identify the electrostatic interaction as a primary factor deter-
mining this behavior, and discuss the observed trends in terms of interactions with highest occupied and lowest
unoccupied molecular orbitals.
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Following the observation of the surprisingly enhancedand the augmented electron density were expanded in plane
reactivity of gold nanoclusters with respect to the inert goldwaves with cutoff energies of 25 and 140 Ry, respectively.
surfaces, the catalytic properties of nanosize particles hawd/e obtained converged energies using a Brillouin-zone sam-
recently attracted a great deal of attentlohConsiderable pling of 4 k points?! The positions of the atoms were always
efforts are being sustained towards the design of nanoclusterslaxed, except those of the bottom MgO layer which were
with specific catalytic functionalities.” Understanding the held in ideal bulk positions. Dissociation barriers were cal-
mechanisms affecting the catalytic properties of nanoclustersulated through geometry optimizations with fixed N-N bond
would contribute to guiding those efforts. However, most oflength varying between 1.6 and 2.2 A with increments of 0.2
the progress has so far been obtained empirically. A. The nitrogen adsorption energies are referred to half the

In this work, we set out to identifying the relevant factors energy of a gas-phase,olecule.
determining the reactivity of nanosize catalysts, using a Atomic nitrogenWe studied the adsorption of atomic ni-
density-functional approach. We focused on the reaction ofrogen on the F¢MgO cluster by performing a set of calcu-
N, molecules with a supported Fe nanocluster, because ddtions in which the number of adsorbates is varied from one
the importance of nitrogen fixation in industfidl and to six. For a given number of adsorbed N atoms, we exam-
biological®'?processes. We describe catalytic properties byined different adsorption sites and cluster geometries and re-
calculating binding energies of atomic and molecular nitro-ported results for the configuration with the lowest total en-
gen and by evaluating the dissociation barriers of adsorbedrgy. We investigated N locations outside and inside the bare
N, molecules. We highlight the role of preadsorbates in af+e,/MgO cluster, as well as completely different morpholo-
fecting the cluster reactivity, showing that they can stabilizegies inspired from crystalline iron nitrid&. The first ad-
adsorbed M molecules and quench their dissociation. Such asorbed N atom occupies a threefold hollow site, as shown in
stabilization opens the way to reaction pathways involvingFig. 1(i). We found a binding energy of 0.88 eV for this
the N, molecule as an intermediate stat¢dence, nanoclus- geometry. The second N atom adsorbs in a nearby threefold
ters with preadsorbates may carry catalytic functionalitiessite[see Fig. 1ii)]. In this configuration, one of the Fe atoms
differing significantly from both the pristine clusters and the of the cluster forms bonds with both adsorbed N atoms. The
relative metallic surfaces, where the, Molecule immedi- potential energy of the FEMgO cluster with two chemi-
ately dissociates upon adsorption. sorbed N atoms decreases to —2.09 eV. The most favorable

As model catalysts, we focused on;Fdusters deposited adsorption geometry for three N atoms interacting with the
on a MgQ100 substrate. Metal clusters of similar size havecluster corresponds to a stable triangular structure, shown in
been shown to carry peculiar electronic properties, quite disFig. 1(iii). The potential energy of this configuration is
tinct with respect to those of competetive metallic surfdces.—2.99 eV. The adsorption geometries for four and five ad-
We chose MgO as an inert substrate, often used in expersorbed N atoms are shown in Figgiv) and 1v), respec-
mental setups. We used a supercell slab geometry in whictively. In both these configurations, the cluster undergoes a
the MgO surface was modeled by two layémsith 18 atoms  deformation which gives rise to a fourfold hollow site, where
per layer, separated by 13 A of vacuum. The structure of thene of the N atoms can bind in a particularly strong W#y.
Fe,/MgO cluster prior to N absorption was taken from The other N atoms then occupy available threefold hollow
Ref. 15. sites. We calculated potential energies of -3.91 and

We described the electronic structure within a spin-—5.10 eV for four and five adsorbed N atoms, respectively.
dependent generalized gradient approximafidn density- When a sixth N atom is brought to interact with the cluster,
functional theory. Only valence wave functions were treatedve found that the most favorable configuration shows this
explicitly and valence core interactions were described byatom on top of an Fe atoffrig. 1(vi)]. For this geometry, we
ultrasoft pseudopotentiald-?° The electron wave functions obtained a potential energy of —4.42 eV, higher than for the
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FIG. 2. Side and top views of the,Ninolecule on the FéMgO
cluster with(a) no, (b) two, and(c) four preadsorbed N atom&d)
Potential-energy diagram for the sequential dissociation ofidl-
ecules on the Fecluster: with (solid) and without(dashed the
MgO support.

potential energy of the Nmolecule at the transition state is
only 0.1 eV higher than in the gas phase. The released N
atoms bind strongly to the clustéFig. 1(ii)], lowering the
potential energy of the system to —2.09 eV. The second N
molecule adsorbs on the F®&MgO cluster in the configura-
tion shown in Fig. 2b), with a binding energy of 0.95 eV.
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The dissociation requires an energy of 0.97 eV. At the tran-
sition state, the potential energy is higher than in the gas
phase by only 0.02 eV. The final-state configuration is shown
in Fig. 1(iv). The third N, molecule binds on top of the
cluster with four preadsorbed N atorfsee Fig. 2c)]. The
binding energy has increased to 1.25 eV, suggesting a strong
attractive interaction between the Rolecule and the pread-
sorbates. For the dissociation of this third Molecule, we
Fe,/MgO cluster with five adsorbed N atorfisig. 1(v)]. The  calculated an energy barrier of 1.74 eV, corresponding to a
increase of the potential energy results from the strong repulpotential energy at the transition state higher by 0.49 eV than
sive effect due to nearby preadsorbed N atoms. The depeim the gas phase. The resulting configuration with six ad-
dence of the potential energies on the number of N adsorsorbed N atom$Fig. 1(vi)] is higher in energy by 0.74 eV
bates is shown in Fig.(%ii). with respect to the molecular adsorbed sfétig. 2(c)]. The

Molecular nitrogen We studied the sequential adsorption stability of the molecular state against dissociation opens the
of three N, molecules on the FéMgO cluster. At every step, possibility for a distinctive catalytic activity at the nanoclus-
we searched for the most favorable geometries. The corrder. The preadsorbates contribute to achieving this effect in
sponding adsorption geometries and potential energies ateo ways:(i) by enhancing the binding of the third,Nnol-
given in Fig. 2. The first B molecule adsorbs in an end-on ecule, andii) by weakening the binding of six adsorbed N
geometry[labeled | in Fig. 2a)] with a binding energy of atoms. A similar formation of the molecular species has pre-
0.81 eV. From this adsorption geometry, the molecule cawiously been reported for hydrogen at stepped metal
move to another configuration showing two contact points tesurfaceg*2% However, the molecular species was not found
the clusteflabeled Il in Fig. Za)], higher in energy by 0.29 in a thermodynamically stable state as in the present study.
eV. However, the geometry with two contact points is essen- The support has been recognized for affecting the cata-
tial for a dissociation with a small activation energy. The lytic properties of deposited cluster$26-28To estimate this

FIG. 1. Side and top views of the adsorption geometries fiar
atoms on the FéMgO cluster, withn varying from (i) one to(vi)
six. Balls represent Fé¢large whitg, O (dark gray, Mg (small
white), and N atoms(dark gray. (vii) Corresponding potential-
energy diagram: with(solid) and without (dashegl the MgO
support.
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FIG. 3. (@) Comparison between the binding energies of two N @ - withoutN
atoms and of the Nmolecule at FEL00) surfacegtriangles and on @ [
the Fe/MgO clusters(circles. The arrows indicate the evolution 8 2
for an increasing number of preadsorbatés.Variations of the N g
electrostatic binding energlAE;d upon removal of preadsorbed N N ¥ = [
atoms vs corresponding variations of the full binding endsfy,,), ) P ‘ %“’_O ® ol

for different coverage® at the surface and different numbeof N
preadsorbates on the cluster.

energy (eV)

FIG. 4. Electron density of stated®0OS) projected on N B
effect on the binding of N atoms and,Nnolecules to the states for(a) the c(2x 2)N/Fe(100 surface andb) the Fg/MgO
Fe,/MgO cluster, we calculated total energies for the struc<cluster, beforgblack and after(gray) N, adsorption.(c) Induced
tures in Figs. 1 and 2 in the absence of the substrate, withoglectron density upon Nadsorption at the FéMgO, showing elec-
allowing for further atomic relaxation. The results are showntron accumulatiorilight gray) and depletior{dark gray. (d) Elec-
in Figs. 1vii) and Zd)(dashed lines Overall, the substrate tron DOS projected on®Bstates of Fe atoms in direct cont_act with
increases the binding by about 0.4 eV per N atom. Monitorihe No molecule for the FgMgO cluster, with(black) and without
ing the variation of the density of states projected on the F&9ray) preadsorbed N atoms.

3d orbitals, we infer the following picture for this enhanced jng energy from differences of electrostatic energies, in the
stability. The interaction between the cluster and the subsame way as the binding energy is obtained from differences
strate destabilizes the electrons close to the Fermi level, asg totg] energies. For both the @®0 surfaces and the
result of the formation of antibonding states of primarily Fe g /MgO clusters, we focus on variations of the electrostatic
3d character derived from Fed3and O 2 orbitals. Upon  pinding energies upon removal of the preadsorbed N atoms.
interaction with a N atom, the eleqtrons in these states argigyre 3b) shows that these variations account for a large
transferred to more favorable bonding states involvingiN 2 fraction of the corresponding variations of binding energies
and Fe 8 orbitals. Because of the destabilization due to thepptained from total energies. At the clusters, the electrostatic
support, the energy gain is larger than in the absence Qinergy is seen to enhance the binding energy for an increas-
support. . . . ing number of preadsorbates, while the opposite trend is ob-
It is interesting to draw a comparison with the(F@0)  served at the surfaces. This behavior is consistent with the
surface. For this surface, we calculated a binding energy ofct that the distance between preadsorbed and molecular N
about 1.6 eV per N atom, noticeably higher than the averaggtoms on the cluster is larger by 0.6 A than at the surface.
binding energy of 1.1 eV per N atom at the;A&gO cluster.  Hence, the binding of molecular nitrogen is favored by elec-
This difference is caused by the energetically convenienfrostatically convenient arrangements of preadsorbates,
fourfold hollow sites?® which occur at the surface but are \yhich can be achieved on the three-dimensional nanoclusters
absent on the cluster prior to N adsorption. For thendl- |yt not on flat surfaces.
ecule, we found similar adsorption energies on the16@ The binding behavior of the Nmolecule can also be ana-
surface and on the FEVgO cluster in the absence of pread- |yzed in terms of the interaction of thesghighest occupied
sorbed N atomgFig. 3a]. When the coverage of pread- mojecular orbita(HOMO)] and the - [lowest unoccupied
sorbed N atoms at the 00 surface is increased up to half mqjecular orbitafLUMO)] molecular orbitals. Upon adsorp-
a monolayer, the hbinding energy is found tdecreaseOn  tjon, the 5 molecular orbital, lower than the Fermi energy
the contrary, at the FéMgO cluster, the N binding energy  py 6 eV, gives rise to aepulsiveinteraction between filled

increaseswith the number of preadsorbed N atoms. states® In Figs. 4a) and 4b), we show how the electronic
To understand t_h|s complex bmdmg behavior of the N density of stategDOS) projected on the @ states of the
molecule, we consider the electrostatic energy: preadsorbed N atoms changes upopadsorption for two
) cases. At thec(2X2)N/Feg(100) surface [Fig. 4(@)], the
Ees= 1 J J _p(r)P(r )drdr’ (1) interaction gives rise to states split off from the main p 2
2 Ir=r’| ' band and to an overall shift of 0.1 eV to higher energies. The

_ _ ~occurrence of this repulsive interaction is consistent with the
where p(r) comprises both the electronic and the ionic decrease of the Nbinding energy found at the FE00) sur-
charges in our calculation. We derived the electrostatic bindface for increasing N coverage. At the,FelgO cluster{ Fig.
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4(b)], the N 2 band shows only small changes, indicatinglower energies. The latter effect is clearly observed in Fig.
that this repulsive interaction plays a minor role in this case4(d), where the electron DOS projected on the interacting Fe
By contrast, the interaction between the FbsBates and  3d states are compared for the,FelgO cluster with and

the molecular 2 orbital (LUMO) is attractive®® Prior to  without preadsorbed N atoms. For the,AdgO cluster with
interaction, the energy level of the moleculasr rbital is  preadsorbed N atoms, the shift of the empty Besgates to
higher than the Fermi level by about 1.5 eV. Hence, thesnergies closer to the Fermi level favors their occupation
interaction primarily involves the empty Fel3tates in the  non interaction with the molecularm2orbitals, resulting in
vic_:inity of the Fermi level, _which are prgdominantly of spin- a5 increase of the Nbinding energy.

minority character. Upon interaction with the molecular 2 conclusion, focusing on the interaction with molecular

orbital, the bonding combinations with the latter states Cafhitrogen, we showed that metal nanoclusters can exhibit
be pushed below the Fermi level and contribute in this way:atalvtic properties qualitatively different from their respec-

to enhancing the binding energy. To illustrate this mechayjye surfaces. Our work shows that the electrostatic interac-
nism, we plot in Fig. 4c) the induced electron density for the jon plays a primary role in affecting the cluster reactivity

Fe,/MgO cluster, obtained as a difference between the caseg,q implies that its functionality can be tuned by controlling

of an interacting and a noninteracting Molecule. From the e |ocation of preadsorbates on the nanocluster. Insofar as
shape of the distribution, one recognizes that electron chargg;oclusters offer a larger variety of adsorption sites than

accumulates in the molecularr2orbital. In the presence of g rfaces; this tunability should be considered as a truly nano-
preadsorbed N atoms, the overall shape of this d|str|but|0|gpeciﬁC property of supported metal clusters.

does not chang@ot shown, but the amount of charge trans-

ferred to the molecular2 orbital increases with the number  We thank H. Brune for fruitful interactions. The calcula-
of preadsorbed N atoms. The preadsorbed N atoms causetians were performed at the central computational facilities
reduction of the exchange splitting of the Fé &ates, and of the Ecole Polytechnique Fédérale de Lausanne and of the
consequently a shift of the spin-minority Feal 3evels to  Swiss Center for Scientific Computing.
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