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Abstract

In this paper, we review the reactivity of the paramagnetic NO molecule with Ni-doped MgO based on electron paramagnetic
resonance (EPR) spectra and density functional theory (DFT) cluster model calculations. The EPR spectrum of the NiO/MgO
sample recorded at 77 Kunder NO pressure is characterized by two distinct signals, one assigned to monomeric NO physisorbed
on low-coordinated M§' ions and the other to NO adsorbed on terrace Nbins. The latter interaction is found to be at least
three times larger than the former. The nature of NO bonding & Mins is analyzed in detail. The EPR spectrum proves
the presence of one unpaired electron localized on the Ni 3d shell. The DFT calculations indicate that the unpaired electron
sits on the ¢o_ > orbital, while the NF+ d,> electron is coupled with the N@;, unpaired electron, producing a NO-2Ni
bond with dominant covalent character.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction MgO can be obtained over the whole mole-fraction
range (with 0< x < 1, wherex is the NiO mole
The bonding of gas-phase molecules with the fraction) since the two oxides crystallize in the same
surface of oxides has important technological impli- rock-salt structure, present similar ionic parameters,
cations in area like catalysis and sensors. The combi- and produce typical cubic microcrystallitg$]. The
nation of two metals in an oxide matrix may lead to surface ions of both MgO and NiO can be five-, four-
the production of materials with peculiar electronic or three-fold-coordinated depending on their location,
and structural properties, suitable for new catalytic (100) faces, edges and steps, or corners, respectively.
activities [1-3]. Ideal solid solutions of NiO and Ni ions embedded in a MgO matrix present very
similar chemical properties to those of the same ions
"+ Corresponding author. Tel+39-02-6448-5219; in NiQ [2,3,5] Infrared frequencies and adsorption
fax: +39-02-6448-5400. energies of molecules adsorbed on powdéss8] and
E-mail address: gianfranco.pacchioni@unimib.it (G. Pacchioni).  thin films [9] of mixed NiO/MgO, compared with
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those of pure NiO, support this conclusion. Therefore,
diluted NiO/MgO systems are not only useful for the
analysis of NO reactivity on MgO in the presence of
growing percentage of Rt ions, but also to study
the surface chemistry of Rif ions, as compared to
that of pure NiO.

order to achieve complete mixing through the hydrox-
ide mass. The dried, nitrate impregnated Mg(@H)
was then placed into a quartz cell attached to an EPR
tube and slowly decomposed under dynamic vacuum
(10~>mbar) at 523 K for 16 h. The temperature of the
furnace was then increased in stages up to 1173 K. The
In the present work, we analyze the reactivity of sample was kept at this temperature for 2 h in order to
NO with NiO/MgO high surface area samples by allow time for ionic diffusion and to obtain a homo-
means of the electron paramagnetic resonance (EPR)geneous oxide solid solution. In such conditions, the
technique, which cannot be applied on bare NiO, surface is practically free from hydroxyl or carbonate
since the strong antiferromagnetic behavior of this contaminants and displays mainly cations and anions
oxide prevents the observation of surface paramag- in coordination 5 (terraces) but also several families of

netic specieq10]. The EPR spectroscopy provides
information which is complementary to that obtained
with other techniques applied to NiO(100) single
crystals or thin films. A great effort by various groups

ions in coordination 4 and 3 located at edges, kinks,
corners of the high surface area samples.

We have investigated the interaction of NO with
three differently loaded NiO/MgO samples (1, 5, 10

has been devoted to NO adsorption on these two molar fraction, respectively). The BET surface ar-

latter systemg11-14] so that accurate data on ge-

eas of the solids prepared as described above range

ometry and adsorption energy are available, making from 250nfg=! in the case of NjpiMgo.99O to

NO/NIO an excellent system to test theoretical ap-
proaches. In particular, photoelectron diffraction (PD)
on NiO(100) thin films has shown that the molecule
is bound with a Ni-N distance of 1.88A and a tilt
angled = 59 from the surface normdl1,12] Ther-
mal programmed desorption (TPD) on NiO single
crystals result in a desorption energy of 0.57[&4g].
Recently, a lively debate was opened on the ac-
tual capability of theoretical methods to reproduce

about 100 rAg1 for Nig.1Mgo.¢O. High purity1“NO
(Matheson) gas was purified before admission by the
freeze-pump-thaw technique. X-band EPR spectra
were recorded at 298 and 77K on a Bruker EMX
spectrometer equipped with a cylindrical cavity.

2.2. Computational aspects

This work is an extension of our recent theoretical

these results and to correctly describe the bonding of study on the NiO/NO interactioflL6]; the computa-

molecules, such as NO, to the NiO surfft#,15-17]
In this paper, we review old EPR experimefit8] and

we present new spectra recorded at high resolution;

the results are combined with those of theoretical cal-
culations on the same system with the aim of giving

tional approach is the same adoptedlf] and only
the main aspects of the method used are given. The
Ni-doped MgO(100) surface has been modeled by
a NiMggOg cluster Fig. 1) embedded int2 point
charges (PC) to account for the Madelung field at the

a clear and accurate account of (i) the nature of the adsorption sitg18]. In order to prevent the artificial

NO bonding to the Nit ions and (ii) the reactivity of
MgO with NO in the presence of Rif impurities.

2. Experimental and computational details
2.1. Experimental

Ni,Mgi1_,O solid solutions were prepared by de-
composition of Mg(OH) which had been impregnated
with an aqueous solution of Ni(N§» as reported in
[4]. The impregnated Mg(OH)was dried at 393 K.
The mixture was then ground and reslurried in water in

polarization of the & anions at the cluster borders,
effective core potentials (ECPs) with no associated
basis functions are added to the positive PCs around
the clustef19,20] The cluster wave function has been
constructed using the following Gaussian type basis
sets: Mg and O atoms were described with the 6-31G
basis sef21]; the four oxygen ions closest to the Ni
impurity have been treated with a 6-8G* basis set
[21] including diffuse ¢) and d polarization®) func-
tions; Ni has been described by a 6-31fasis set
[22]; the 6-31-G* basis set has been used on the N
and O atoms of the NO molecule. Spin polarized (un-
restricted) and restricted open (RO) shell calculations
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Fig. 1. NiMggOg cluster model of NO adsorbed on the (100)
surface of Ni-doped MgO. Open circles: O; gray circles: Mg; NO
is adsorbed above a i cation replacing a M cation.

were performed at the density functional theory (DFT)
level using the gradient corrected B3LYP hybrid
exchange-correlation functiongd3,24]

Geometry optimizations were performed by means
of analytical gradients with no symmetry constraints.
Beside the N and O atoms of the NO molecule, also
the Ni atom and the first four neighboring O atoms of
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Fig. 2. EPR spectrum at 77K of Ni/MgO (1%) solid solution
under 20 Torr of NO.

high field (signal A) is due to monomeric NO weakly
adsorbed on exposed Kig cation sites. This spec-
trum has been widely discussed elsewh@d and

is due to three species exhibiting a rhombic structure
with g > gy > gz (spin-Hamiltonian parameters
of NO (a), NO (b) and NO (c) infable ). The g
component is split into three lines by the hyperfine
interaction with the N [ = 1) nucleus. A weaker cou-

the cluster were allowed to relax. The binding energies pjing is also present on thiecomponent but the struc-
have been corrected by the basis set superposition errolyre is unresolved. The three species differ uniquely

(BSSE) using the counter-poise correcti@3]. The

for the value of the g component which indicates a

calculations have been performed using the Gaussiangitferent extent of NO interaction with the surface. A

98 program packagi6].

3. Results and discussion

3.1. Experimental results

higher g, value corresponds to both a stronger (elec-
trostatic) interaction with the site and a larger split-
ting of the m* orbitals of the NO molecule. On the
remaining (weaker) sites of the surface NO does not
adsorb in monomeric form but gives rise to diamag-
netic adsorbed dimelf27]. On the Ni-doped system
the EPR features of the NO-MgO interaction are the

The EPR spectra of all bare activated samples are same recorded on the bare MgO. This fact seems to in-

characterized by a wide band atrg 2 due to bulk
Ni%* ions in octahedral coordination whose intensity
is directly related to the nickel loading. The right wing

of this band therefore interferes with the EPR spectra

of adsorbed NO in particular for higher loading sam-

dicate that the morphology of high area MgO is main-
tained also in the presence of non-negligible amounts
of Ni%* in the solid.

The second signal, on the left hand sideFig. 2
(signal B) is an axial signal withyjg= 2.274 andg =

ples: thus, though the results are similar on the three 2.131. As discussed in a previous pafi#d] the spec-
systems, we will discuss only spectra related to the tral features of the signal are those expected fo?f a d

1% NiO/MgO sample in which the overlap between

the bulk NPt signal and that due to NO is negligible.
The EPR spectrum of NiO/MgO recorded at 77 K

under a 20 Torr NO is reported IFig. 2 and consists

system in axial symmetry and are unambiguously as-
signed to surface Rt ions interacting with NO (sig-

nal B is observed only in the presence of Ni). This
finding indicates that one of the two unpaired elec-

of two clearly separated signals. The former one, at trons of N?t (d®) couples with the unpaired electron
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Table 1

Spin-Hamiltonian parameters of the paramagnetic species present in the spectrum repbige if27]

Species O Oy Oz A (eV) Asx Ay A,

A NO (a) 1.9948+ 0.0005 1.9976t+ 0.0020 1.890G+ 0.0002 0.075 32 2.57 8.86
NO (b) 1.9948+ 0.0005 1.997%+ 0.0020 1.9188t 0.0002 0.1 325 Unres Unres
NO (c) 1.9955+ 0.0020 1.995A 0.0020 1.961G+ 0.0002 0.2 32.6 Unres Unres

B Ni+ 2.131 2.131 2.274

of NO. The interaction is reversible and upon NO evac- served. At the resonant field typical of A, a very weak
uation both A and B signals disappear after a brief signal is now present due to a tiny amount of O
pumping off at RT and can be formed again by a new radicals irreversibly formed by NO chemisorbed on
NO adsorption. particularly basic & sites[27]. This species was
The formation and the evolution of A and B signals also present in the low temperature spectréigf 3
as a function of NO equilibrium pressure is reported but was buried in features of the much more intense
in Fig. 3. The experiment covers the range between species A. The fact that the NO adduct orf Nforms
0.1 and 40 Torr of NO pressure. NO is adsorbed at at RT while the NO-M§* species does not, indicates
RT and each spectrum is then recorded at 77 K. Both that the former species, though weakly bound to the
species are visible since the early stages of the inter- surface as indicated by the reversibility to evacuation,
action and the spectral features basically remain the has a binding energy with the surface higher than the
same along the experiment. The NO-Mgspecies second one.
however is very weak in the initial stages of the in- A quantitative evaluation of the relative amounts of
teraction (0.1-4 Torr) for which the spectrum is dom- the two species monitored at various NO pressure in
inated by the NO-Nit B species which should thus  Fig. 3is reported irFig. 4 The data have been derived
have a higher binding energy than species A. This is by double integration of the whole experimental EPR
confirmed by the spectra recorded at RT (not shown) spectra (line A+ B, total amount) and by a successive
for the same NO pressure presenfig. 3. Here, the partial integration of the two halves of the EPR spec-
B signal is still present while the A signal is not ob- trum obtained cutting the line between the two A and

40torr NO

(d
(e
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(9)
(h)
0]
0]
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Fig. 3. EPR spectra of Ni/MgO (1%) recorded at 77 K under different NO pressures: (a) 40 Torr, (b) 30 Torr, (c) 25 Torr, (d) 20 Torr, (e)
15Torr, (f) 10 Torr, (g) 4 Torr, (h) 1 Torr, (i) 0.5 Torr, (I) 0.1 Torr.
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Fig. 4. Integrated intensity of the EPR spectra reportedrin 2 (circles). Squares are the integrated intensities of signal B, whereas
triangles correspond to the integrated intensity of monomeric adsorbed NO (signal A).

B signals. Despite the intrinsic approximation of this face exposed cations. This is clearly impossible in
method, it results that the NO—Ki complex is the a sample that contains 1% of i ions and whose
most abundant at low NO pressure whereas for pres- surface composition is expected to be not so different
sures higher than 20 Torr the whole intensity becomes from the bulk composition. The only way to ratio-
constant and the two A and B species are more or lessnalize the quantitative results is to assume that about
in a 2:1 ratio. 8-10% of the total 3- and 4-coordinated ftgions
This quantitative evaluation of the A/B ratio al- are monitored by NO in terms of species A while
lows us to assign signal B to the NO adducts on all 5-coordinated Ni™ at the flat (1 00) surfaces are
5-coordinated Ni™ ions on the (100) terraces. This monitored in terms of species B.
can briefly be explained as follows. In an ideal sys-
tem of high surface MgO (or NiO/MgO) with about 3.2. Computational results
200nf g~ surface area and formed by small regular
cubelets, the fraction of 4- and 3-coordinated ions It is clear from the experimental observations
is about 6.6%. This fraction tends to increase while that the reactivity of NO with the MgO matrix is
increasing the non-ideality of the microcrystals with not affected by the presence of Niions, so that
formation of steps, kinks and similar morphological we can easily refer to the results reported[27]
defects. It is reasonable to assume that in a real highwhere it was shown that NO prevalently adsorbs on
area MgO the fraction of 3- and 4-coordinated ions the MgO(100) terraces and prefers to form dimers
should amount to about 10% of the total surface ions. ((NO)z, De = 0.1 eV), while only on low-coordinated
Assuming (and this is not certainly the case) that all cations the interaction of NO monomers with the
these ions are probed by NO in terms of NO-g MgO surface Pe = 0.13-0.20eV) is such to pre-
species A, the Ni ions probed by NO in terms of  vent the formation of diamagnetic (N©)species
species B should also be at least 10% of all the sur- [27].
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Table 2 with NO* 1% + [NiMgO] ~ 2B, (Ni* 3d%; 2By). The
Binding energies and geometricgl parameters of the optimized high spin4A” state, which correlates at infinite dis-
structures for NO adsorbed on NiQg (2A” state)[16] tance with NOZH + NngO 3B2 (Ni2+ 308; 382), is
U-B3LYP RO-B3LYP  Experimental purely repulsivg16]. The geometry optimization for
value the2A” state gives(Ni—N) = 1.789 A andb = 60.5°
De (eV) 0.48 -0.03 0.57 (Table 2. Thus, also the spin restricted RO-B3LYP
n(Ni-N) (A) - 1.873 1.789 1.88 calculation leads to a geometry close to the experi-
r2(N-0) (A) 1.173 1.183 112
6 () 58.0 60.5 58 mental one. ,
Spin on Ni 1.63 0.81 ~1¢ So far the results ofL6]. We present now an orig-
(—0.83 on NO) inal discussion of the bonding based on the analysis
(52) 1.36 0.75 - of the molecular orbitals involved and of the dipole
aq13). moment curve for the vertical motion of NO above
b[11,12] the surface. On the (100) terraces of Ni-MgO the
¢This work. Ni%* ions are in a G, symmetry. Coordination of NO

lowers the symmetry to £ leading to Ni cations in

First, we summarize the main aspects of the inter- a pseudo-octahedral coordination. The @nd d._,»
action of NO with the Nt species[16]. We have orbitals are destabilized by the interaction with the
computed the NO/Ni-MgO complex using a spin po- 02" ligands, with the @2 shifted to higher ener-
larized approach (U-B3LYP). The optimal geometry gies than the d. Coordination of NO does not cause
is almost identical to the experimental orméNi—N) any energy inversion among the d orbitals. The d
=1.88A andd = 580° (seeTable J. The bind- orbital interacts strongly with ther}, orbital of the
ing energy after removal of BSSE, 0.48¢V, is slightly NO molecule, forming a doubly occupied MO of A
smaller than the experimental value, 0.57 eV. These symmetry Fig. 53 confirming the high covalent char-
results suggest that DFT describes the NO/Ni-MgO acter of the NO/NiT interaction. One unpaired elec-
interaction in a satisfactory way. The binding of NOto tron is left in the 2> (A”) (Fig. 5b in agreement
Ni%* is stronger than that of NO on low-coordinated with the EPR results. Finally, the LUMCF{g. 50 is
Mg?* ions [27], in agreement with the experimen- the NO myy Orbital which is not involved in the in-
tal findings. However, the analysis of the reference teraction with N¥+, being perpendicular to the,
Kohn—Sham determinant shows an expectation value direction. This orbital is thus almost unperturbed by
of the total spin operator,$2), equal to 1.36, instead  the presence of the oxide surface, and could be in-
of 0.75 as expected for a pure doublet state. This in- volved, at the most, in the back-donation from the
dicates a large spin contamination by higher energy filled Ni 3d orbitals normal to they-plane. The Nit
Spin states due to the multiconfigurational character ion presents therefore a formal donﬁguration (One
of the exact solutiorf11]. The Kohn—Sham determi-  hole in the d shell), although one of the electrons is
nant is characterized by three unpaired electrons, two shared with the NO molecule. The overall electron
with spin up mainly localized on the Ni atom, and one  configuration of the system in theA” state is thus
W|th_ spin (_jovv_n I(_)cal_lzeq on the N_O molecule. _The re- (d + w;Z)Z(dxz_yz)l(ﬂ;y)O(dzz — %) O (d orbital
sulting spin distribution is clearly in contrast with that  jndex axis as in G, symmetry).
deduced from EPR spectrum, which proves the pres-  To show that the interaction of NO with the Ni
ence of only one unpaired electron localized on the Ni jon |eads to the formation of a covalent bond, with
atom 3d shell. The analysis of the spin density distri- virtually no electron transfer from the adsorbate to
bution and EPR properties is thus not possible at the the substrate, we analyze the dipole moment curve
U-B3LYP level[16]. [28,29] The dipole moment of two point charges)

For this reason the calculations have been repeatedand—qis . = —qz; the first derivative is d/dz = —g,
using the RO approach, which allows to produce pure assuming that-q is at positivez with respect to+q.
spin states. The lowest stafd”, originates from the Hence, for an ideal fully ionic molecule whege=
coupling of the unpaired electrons on the NO molecule 1, du/d; = —1 and the curve is a straight line. The
and on Ni-MgO and correlates at infinite distance Taylor expansion of the dipole moment curve about
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Fig. 5. Three-dimensional representation of relevant MO orbitals of NO/Ni-MgO system: (a) HOMGASOMO (A'), (c) LUMO (A”).

the equilibriumz = ze, is

" &

d )(Z—Ze)—i—(du

Q@ 02 ) (z — ze)?

@)

Therefore, while an ionic bond leads to a lingdg)
with a large slope, &(2) curve with a small slope in-
dicates that the bond is covald@8,29]. In this study,
the dipole moment curveg(2), of (i) a positive charge
+1 on a [NiMgOg]~ bare cluster and (ii) the NO
molecule on the [NiMgOg] cluster are plotted versus

z, wherez is the vertical distance from the oxide sur-
face Fig. 6). The positive charge is associated to an
effective core potential in order to describe the finite
dimension of an ion and to reduce the artificial polar-
ization of the electron density; an electron has been
added to Ni-MgO in the hypothesis that the N?3ch

has formed from a real charge transfer from the adsor-
bate. The dipole moment curve for the positive charge
on a Nit ion presents a large slopeyptil; = 1.22,
typical of ionic species. The slope is larger than 1 and
the curve is not perfectly linear because of polariza-
tion effects[29]. On the contrary, in the case of the
NO molecule the curve presents a very small slope,
du/dz = —0.14, as expected for a dominantly cova-
lent bond.

Before we conclude this section, we comment on
the ability of the spin restricted ROB3LYP method to
reproduce the binding energy of NO to the Ni-MgO
substratg16]. The calculatede is 0.42 eV, but it re-
duces to—0.03 eV after BSSE correction (no binding)
(Table 2. Therefore, the price to pay in order to have a

n(z) = po + (

correct spin eigenfunction is the loss of the interaction
energy. This is due to the single determinant approach.
Spin polarization introduced by performing UB3LYP
calculations can approximately account for the config-
uration mixing which is required in order to describe
this system (but completely fails in describing all spin
related properties). Only explicitly correlated methods
which account for the multireference character of the
wavefunction are capable of producing a satisfactory
description of all the properties of this syst¢h®].

6.5 - .
i /,.
6.0 - b
/
- //
5.5 e
-
4 ./
50 /
H 1
(a.u.)
4.5 -
| m  (+1)PC/[NiMg,0,]
® NO/[NiMg,0,]
4.0
51 M
— 1 1 T T
3.0 35 40
z (a.u.)

Fig. 6. Dipole moment curves for the RO-B3LYP solution of (i)
a positive charge on [NiMgDg]~ and (ii) NO on NiMgOg. The
dipole momentu(2) and the distance are in a.u.
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