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Dynamical and geometrical aspects of NO chemisorption on transition metals: Rh, Pd, and Pt
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The technical relevance of Rh, Pd, and Pt as catalysts used to reducpdi@ants has stimulated great
interest in a detailed understanding of the chemisorption process of these systems. While experiment indicates
Rh to be a better catalyst than the other transition metals, theory still does not give a satisfying explanation for
this behavior. We have examined b X 2) atop chemisorption of NO on Rh, Pd, and Pt substrates with our
full-potential linearized augmented-plane-wave method for thin films. Simultaneous relaxation of the NO bond
length and the distance between the metal and N, as well as surface relaxation of the metal, was performed.
Various vibration frequencies were determined from the dynamical matrix of the system. The analysis of the
dynamical matrix shows stronger bonding of NO to Pd and Pt compared to the Rh surface. We find the metal
surface to be strongly affected by NO chemisorption, including a buckling that is about 50% larger on Pd and
Pt than on the Rh surface. While the calculated electronic properties, such as density of states, give very similar
results for the three systems the geometric and dynamical properties may explain the observed higher effi-
ciency of Rh as a cataly§iS0163-1827)02920-2

[. INTRODUCTION The dissociative adsorption of NO is generally considered
to occur in two steps. In a first step, the NO molecule is
Understanding the catalytic reduction of nitrogen oxidesadsorbed on different possible sites of the surface, with the N
(NO,) is of great technological importance. In the automo-atom towards the metal surface. It is a widely accepted pic-
tive industry, three-way catalysts, notably Rh, Pd, and Pt, artire that in a second step the actual dissociation takes place
used to reduce the emission of noxious nitrogen OXIdES\Nlth the molecule bent down into the Surfafb'éherefore, not
While Rh is more efficient in the reduction of N@ompared ©only are the electronic properties of the NO chemisorption
to Pd and Pt, and many experimental investigations of thes@nportant, but so are the dynamical and geometrical aspects
systems have provided new and interesting information, th€f the chemisorption process. Clearly, a tightly bonded mol-
key reason for the efficiency of Rh is still not known. With ecule is less likely to be bent down into the surface. Also,
ever more stringent air quality regulations being imposed orhile possible surface reconstruction and relaxation can have
automobile manufactures, a detailed understanding of tha@ strong influence on the dissociative chemisorption of the
Cata]ytic reduction of NO becomes even more urgent_ NO mOleCUle, they have been neglected in preViOUS investi-
The adsorption and chemical reaction of NO molecules Orgations. Further, vibrational frequenCies are Usua"y calcu-
Rh, Pd, and Pt show a complicated and complex nature. Ddated by freezing the degree of freedom of the surface
pending on the crystal surface of the substrate, dissociativatoms:’.
adsorption may be promoted or hindeﬂéﬂﬁdso, a strong In our calculations, all atoms are allowed to relax, which
dependence of the adsorption site on temperature and covéfcludes possible surface relaxation. The stretching fre-
age has been reportécand experimenta| results are some-qguency of the bonded NO molecule and the vibration mode
times considered controverse. of the molecule against the substrate are calculated from the
So far, on the theoretical side these systems have bedlynamical matrix. Thus, geometrical and dynamical aspects,
investigated only very little. Most of the calculations invoke including the dynamics of the substrate, can be determined.
semiempirical methods, which lack the ability to describe theBecause of the above-mentioned complexity of NO chemi-
Comp|exity of these Systerﬁ%nother approach uses cluster Sorption, we focused in these first investigations on the
method<® While appealing, one of the major drawbacks of (100) surface and e(2x 2) atop coverage for all three sub-
the cluster approach is its difficulty in accounting for the strates. This allows a systematic analysis of the chemisorp-
metallic nature of the substrate. Recently, Tsai and Haston properties of NO on these transition metals and a clearer
have provided a first-principles study of these systems usintgVelation of any differences the three substrates may exhibit
a pseudofunction methdd-*2 While the bare metal results Upon chemisorption.
obtained are in good agreement with experiment, the treat- The computational details are described in Sec. 11, results
ment of the free NO molecule showed some difficulties.  for the free NO molecule as well as the bare metal substrates
In this paper, we present detailed calculations for Noare presented in Sec. Ill, the chemisorbed system is dis-
chemisorption on Rh, Pd, and Pt with our full-potential lin- cussed in Sec. IV, and a summary is given in Sec. V.
earized augmented-plane-wave meth&dAPW) for thin
films.2® This method can treat t_>oth molecules and metgl SYS- || METHOD AND COMPUTATIONAL DETAILS
tems on the same footing and is therefore very well suited to
deal with chemisorbed NO on transition metals. The preci- The FLAPW method for a thin film geometry is an all-
sion of this approach has been demonstrated previdtisly. electronab initio method with no shape approximations for
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the potential and charge denstfyThe exchange correlation

effects are treated within the local density approximation us- 7
ing a Hedin-Lundquistt parametrization of the exchange- 6
correlation potential. The method is very well suited for
surface-related problems, since no artificial periodicity along S 5.
the z direction is imposed. This is particularly important for )
systems like a free NO molecule, which have an electrostatic @ 4] 4o ix || 50 2
dipole, since then the potential at plus infinity differs from K

that at minus infinity. The substrate system was simulated by 'J) 3]
a three-layer slab, which appears to be thick enough to pro- e

vide sufficient screening. A sensitive quantity with respect to Q o
the slab thickness is the work function. A five-layer slab a
calculation for Rh gave a work function that differed by less 1
than 0.1 eV from that for the three-layer slab. We used the

following muffin-tin (MT) radii (in a.u): 1.0 for both O and

N, 2.4 for the center layer, and 2.3 for the surface layer, in O-20-18-16-14-12-10 -8 6 4 -2 0
order to allow the system to relax. A cutoff of 4.7 and 12.6 E

: ; ; (eV)
a.u. for the plane-wave basis and potential representation
were necessary to achieve convergence. To obtain self-
consistency, six specié points in the irreducible Brillouin
zone were used, and after that R1lpoints were used for
guantities like the density of states.

The implementation of the FLAPW method for thin films
includes total enerdy and atomic-force calculatiort$,
which allow structure optimization. For each self-consistent
structure, the forces on all atoms were determined. A stable lll. BARE METAL AND FREE NO

configuration is found, when then3dimensional force vec- For understanding the chemisorbed system it is important
tor of the system(with n atoms is zero. A Broydef 1o first investigate the properties of its constituents. This also
scheme was used to find the multidimensional zero. We COI'brovideS a good test of the method, since a molecule and a
sidered a relaxed structure, when the force on each atom wagetal have completely different physical properties, which
smaller than 2 mRy/a.u., and the position did not changéave to be described at the same level of precision. Hence,
more than 310~ % a.u. The present investigations are within we present here results for the free NO molecule and the bare
the framework of the local density approximation; no metal substrate.

parameter-dependent gradient corrections such as the gener-The free NO molecule was simulated by a monolayer of
alized gradient approximatiofGGA) were employed, al- molecules arranged vertically in a two-dimensional square
though it is known that GGA can improve quantities such agattice. The lattice constantor separation between mol-
bond distances, etc. In addition, the dynamical matrix of areculeg was 7.18 a.u., which is more than three times the NO
optimized structure is calculated, from which the eigen-intra-atomic distance; this is sufficient to reveal the proper-
modes of the system are determined. The dynamical matrifes of a single molecule, even though the discrete eigen-

FIG. 1. Total density of states of the free NO molecuie
states/eV. The zero energy refers to the vacuum.

Ax;=0.02(a.u) for the N and O atoms. Small variations of
these values did not change the results significantly.

is defined as states are slightly dispersed. The initial bond length of the
5 NO molecule was set to 2.1 a.u., which is smaller than the
D .= 1 J°E (1) experimental equilibrium distance in the gas phase. Then the

bl ‘/mimj Ix;jox;’ NO molecule was allowed to relax according to the atomic-

force and total-energy calculations. Also, the stretching fre-
wherem; and x; are the mass and the position of tté  quency was determined from the dynamical matrix. The re-
particle andE is the total energy of the system. Since thesults for the equilibrium distance (2.16 a.uand the
forces are calculated from an analytical expression derivedtretching frequency (1874 cm) are found to be in excel-
for the FLAPW method,” one can rewrite Eq(1) in terms of  |ent agreement with experiment, namely, an equilibrium dis-

forces. The resulting expression, tance of 2.17 a.u. and a stretching frequency of 1876%m
for NO in the gas phase. These results clearly demonstrate
D - 1 oFi 1 AF, @ the accuracy of the FLAPW method in dealing with mol-
i T T I/ A

ecules; they also represent a successful test for the optimiza-
tion procedure and the dynamical matrix approach developed
is solved in a finite-differences approach. The eigenvaluehere.

and eigenvectors of the matrix;; give the phonon spectrum In Fig. 1, the density of state@©O9 of the free NO

of the system. The stefpx; , which is appropriate to obtain a molecule is shown. Also here the calculated spectrum is in

reliable result forD; j, depends in general on the systemremarkably good agreement with photoemission Yata.

under investigation. If the total energy curve deviates from a The bare metal system was simulated by a three-layer slab
parabola in a certain directiox; has to be chosen smaller and a (100) surface for Rh, Pd, and Pt. As an initial setup,

to accurately determinB; ;. In the present calculation, we we used the bulk value for the lattice constant. From atomic-

used a value ofAx;=0.03 (a.u) for the metal atoms and force and total-energy calculations, we relaxed the surface
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TABLE I. Distance between surface and subsurface layer.

Er

Rh Pd Pt 6 - Pt
Bulk (a.u) 3.591 3.676 3.705 4 4
Relaxed (a.u) 3.419 3.570 3.611 5

< 0

layer. The optimization procedure, which was mentioned and 2 Er
applied to the free NO molecule in Sec. Il, was used to find 2 64
the equilibrium structure. In all these metals, as shown in % 4 Pd
Table I, we find an inward relaxation of the top layer. The e
Rh surface layer relaxes by about 4.7%, while for Pd and Pt Q 24
the relaxation is only 2.9% and 2.5%, respectively. The Rh 3 0
result is in good agreement with another FLAPW fj
calculation?® where a relaxation of 5% was found. For Pd O 6 Er
and Pt a relaxation between 1 and 3% was repdrtddhus, = Rh
the theoretical predictions of our calculations are consistent 41
with previously found results. There are, however, experi- 2 1
mental studie¥ that find an anomalous outward relaxation 0
for Rh and also Pd. It was speculated that magnetism in the 14 12 10 8 6 -4 2 0
surface layer might be responsible for this behavior — al-
though FLAPW calculations on these metals show them to E(eV)

be paramagnetic. We note, however, that contamination with _

H atoms at the surface can reduce an inward relaxation or FIG. 2. Total density of states of the clean metal systems Rh,
even cause an outward relaxaf@nOur calculated results Pd, and P{in states/eV¥. The vertical lines indicate the Fermi en-
are, of course, for a theoretically perfect surface, with no™r9y. and the zero energy refers to the vacuum.

contamination or surface defects. _ substrate was set up with its relaxed equilibrium distances.

From the location of the Fermi energy, one can determingrhen the total system was allowed to relax according to
the work function® to be 5.48, 5.68, and 6.19 eV for Rh, sta|-energy and atomic-force calculations. An automatic op-
Pd, and Pt, respectively. A direct comparison of the theoretmization procedure moved all the atoms simultaneously,
ical predictions for the (100) surface and experiment is NOjnqg was terminated according to the criteria mentioned in
straightforward; the experimental values fbrdiffer for dif- Sec. II. From the optimized geometry the dynamical matrix

ferent crystal surfaces and measurements are often done Qs calculated, from which the vibrational eigenmodes of
polycrystalline samples. Nevertheless, the calculateds  the system follow.

found to increase from Rh to Pt, which is consistent with
experiment. Even though the absolute values differ, this

trend was also found in other calculations by different 3 Er
methods-%-2 5 Pt
The calculated total density of states of the clean metal €
substrates is shown in Fig. 2. In all three cases, a dominant % 14
d character is present, with a relatively high DOSEH. >
Even though the bandwidth is different for Rh, Pd, and Pt, 2
there is no significant difference in the electronic properties % 31 Er
of the bare metal that might indicate that Rh is a better cata- N
lyst. Since the chemisorption process takes place at the sur- ¢ 21
face, we also calculated the surface projected DOS shown in 8 1 Pd
Fig. 3. Also here, while differences are present, the results do w
not distinguish Rh as a more efficient catalyst. 2
L 3
o
IV. CHEMISORBED SYSTEM 8 5 Er
As mentioned above, we focused on #i®0 phase of Rh
the metal substrate in all three cases. The calculations were 11
performed for a vertically chemisorbed NO molecule on atop

sites in ac(2Xx 2) structure on both sides of the slab, which ' ' ' ' ' '
gives a coverage dd =0.5. This coverage is comparable to 1412 10 -8 6 4 2 0
experimental studiez®?*2?®> and only doubles the two- E(eV)

dimensional unit cell, which makes the calculations still

managable. In all three cases, we performed the following FIG. 3. Surface layer projected density of states of the clean
steps in the calculation: the NO molecule was placed near th@etal systems Rh, Pd, and (ft states/eV/atomn The vertical lines
surface with the calculated equilibrium distance. The metaindicates the Fermi energy, and the zero refers to the vacuum.
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TABLE II. Equilibrium distances for the chemisorbed molecule that the NO bonding on Rh is weaker compared to Pd and Pt,

and buckling parametecf. Fig. 5. even though the difference is not very large.

These theoretical predictions for the stretching frequency

Rh Pd Pt are also in good agreement with experim&m?°although a
dyo (U 2203 2187 2.186 direct comparison is not straightforward for reasons similar
dyy (au) 3.427 3.497 3.459 to the work function comparison of the bare metal; it is site
d (a.u) 0.183 0.281 0.264 and coverage dependent, and also varies with the crystal

phase. Luckily, we found an experimental result for one of
the systems calculated: For @60 with a NO coverage of

First, we discuss the results obtained from the geometr{ =0.5 in the atop position a stretching frequency of
optimization. We find that the surface layer is quite stronglyl714 cmi * was reported; which is in excellent agreement
affected by the NO chemisorption. Since the structure is avith our calculated value of 1699 cm. Usually, a value of
c(2X 2) coverage, every second surface atom has a NO molt630— 1750 cni ® is assigned to the NO frequency on the
ecule on top. The metal atom with an NO molecule on top isatop position for these metals, which agrees nicely with the
pushed out of thdrelaxed surface, while the neighboring predictions of a perfect (100) surface with a purely atop
metal atom without NO is pulled further down with respect overlayer of® =0.5.
to the relaxed bare metal system, resulting in a surface buck- Another interesting result is the M- mode of the three
ling. As a measure of the degree of buckling, we denotedystems, which increases from 337 thfor Rh to 523 and
with d the relative distance in the coordinate of the two  g32 cpi? for Pd and Pt, respectively — again indicating a
neighboring atomgsee Fig. 3 The three systems show the gyqnger bonding of the NO molecule on Pd and Pt compared
same qualitative behavior, but differ quantitatively. For the;; he Rh surface. As stated above, the bonding of the NO

“buckling parameter”d we find 0.183 a.u. on the Rh sur- 1001 to the surface is certainly a further important factor

face, while Pd and Pt have approximately the same valuq - - -
; in the dissociation of NO. A more tightly bonded NO de-
0.281 and 0.264 a.u., respectively. Clearly, the R surface | reases the chemical reactivity. It also results in a stiffer

less affected by the NO chemisorption than are Pd and P sond. and bending the molecule down into the surface
This effect, which is about 50% larger in the case of Pdand ..’ . ding : L : '
ich is essential for the dissociative reduction of NO, be-

Pt compared to the Rh surface, is expected to have a stro .
P b mes more difficult. Thus, compared to the Rh surface, the

influence on the chemical reactivity of the NO molecules. o X o .
For example, for a dissociative reaction, bending the ngnobility and chemical reactivity of NO is reduced on a Pd or

molecule down onto the surface is certainly more difficult onPt sgrface. . . . .
Pd and Pt than on the Rh surface. The angle about which the Finally, we investigated the electronic properties of the

NO molecule has to be bent in order to react with a surfacé\Io chemisorption.f In_Fig. 4 we rﬁ)resent the proje;:t(ra]d
atom is increased for the Pd and Pt surface. In Table I, w\-atom DOS and, for comparison, the N-atom DOS of the

summarize the equilibrium distanck, of the chemisorbed "€€ NO molecule. The energy is on an absolute scale and the
NO molecule and the distandk,,, between the N atom and vertical line indicates the Fermi energy of the system. From
the surface metal\) atom. Wé find a bond lengttiye on Fig. 4, one can see that the NO states are strongly affected by
Rh of 2.203 a.u. and 2.187 and 2.186 a.u. on Pd and PEe chemisorption. The &4 state is shifted compared to the

respectively. Thus, the chemisorption of NO on Rh increase ee molgcule; also_theﬁL and 5 are shifted and even a
the NO bond length by about 2% of the value of the freechange in the relative order of these two states occurs. In
ddition, strong hybridization takes place; in particular, the

molecule, while the increase is only 1% in the case of Pc%o 2 )
and Pt. This result suggests that the weakening of the bon state hybridizes with thd states of the metal and forms

between N and O is greater on the Rh surface new states. In contrast, the antibonding*2 state mainly

To further investigate this effect, we looked at the dy- keeps its position, and is broadened due to the interaction

namical aspects of the NO chemisorption. From the dynamiith the metal states. Also thenZ state hybridizes with

cal matrix of the system, we calculated the stretching frehe metald states, Wh.iCh propluces new states lying just .b €
quency of the bonded NO molecule as well as theVN- low Ep. This result is consistent with the frequently dis-

H i H 1 a4
vibration frequency, including the full dynamics of the sys- €uSSed picture of the & donation andr back donation.
tem. Table Il summarizes the calculated vibrational modes, 1 N€ relative occupancy of the hybridizedr2 state has
In all three cases, the NO stretching frequency is lowered™O effects. On the one hand, the filling of the antibonding
For Rh we find it to be 1634 cht and on Pd and Pt we find State should elongate and weaken the NO bond. On the other

1709 and 1699 cfit, respectively. This result is again con- 'and, more charge is transferred into the bond region be-
sistent with the others in that a lower stretching frequenq}ween the NO molecule and the metal, which strengthens the

usually leads to a weaker bond. The results confirm the idegonding between_ the molecule and the metal substrate.
Therefore from Fig. 4, one would conclude that the bond

length of the NO molecule should be larger on a Pd or Pt
surface compared to Rh. Due to the smaller lattice constant
of Rh (cf. Table ), however, there is a stronger interaction

TABLE lll. Vibrational modes for the chemisorbed molecule.

Rh Pd Pt between the NO molecules on a Rh surface, which in addi-
vno (cm™ 1) 1634 1709 1699 tion to the NO-metal interaction reduces the bond length.
v (cm™1) 337 523 632 Since electronic and geometric properties determine the NO

bond length and strength of the bonding, Fig. 4 does not
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changeA @ for the Pt and Pd surface is1.15 and—1.1 eV,

1.5 respectively; on the Rh surfaded is much smaller—0.1
1.0 4 n 5o - eV. A negativeAd was also found in several experiméhts
on these metals, which show a strong dependencedobn
—~ 0.5 the adsorption site and the crystal phase under investigation.
£ /\ /v\ Both negative and positive values are reportéth Ref. 5, a
£ 0.8 Ep correlation between site and sign was foundAd. The
> 0‘6— 5 S50 || In 2 bridge site has a positivd®, while the atop has a negative
r 0‘47 Pt A®; thus our calculated negatived values are in agree-
% 0'2_ ment with experiment. The calculatedd values are quite
‘@ : ) large, which is due to the high coverage of a purely atop
9 s Er chemisorbed NO molecule. However, a coverage-dependent
8 0.6— 46 50 |\1In 2m* A® is reported in Ref. 4 for the system NO on (R80).
5 0'4]\ Pd During exposure with NOA® initially drops sharply to
o negative values. A maximum value fard of —0.75 eV
o 0.2
o was found'
Z os Er
0.6— 4o so I\ ix Rh - V. SUMMARY AND CONCLUSIONS
0.4- We have presented results afbo initio local-density
0.21 FLAPW calculations for(i) the free NO molecule(ii) the
0.0 , , , , clean metal surface, anidi) chemisorbed NO molecules on
20 16 -12 -8 -4 0 the transition metals Rh, Pd, and Pt. The calculated proper-
EeV) ties of the free NO molecule are found to be in excellent

agreement with experiment. For the clean metal surface, we
find an inward relaxation of the surface layer. For the com-
‘bined system, results fa(2x 2) atop chemisorption on the
J100 surface were presented, including a full geometry op-
dimization. In addition, we calculated the dynamical matrix
of the systems and presented the vibrational eigenmodes of
the chemisorbed system. While the electronic properties of
contradict the above-mentioned results. chemisorbed NO did not reveal the reason for the observed
In accordance with the higher filling of the hybridized €fficiency of Rh as a catalyst, our results suggest the impor-
27* state, there is a stronger polarization of the electrond@nC€ of geometric and dynamical aspects of the chemisorp-
towards the metal surface. This modifies the electrostatic pdi®n Process: among the interesting results obtained, we

tential in the surface region, and leads to a dipole layer thaound a surface buckling in all three systems upon chemi-
raises the electronic levels includifig and results in a re- SOrPtion, which is more pronounced for the systems NO/Pd

duction of the work function. The calculated work-function @1d NO/Pt. The dynamical properties of the NO chemisorp-
tion showed stronger bonding of the NO molecule on the Pd

and Pt surface, compared to the Rh surface. The mobility and

o e chemical reactivity of NO on a Pd and Pt surface is hindered

‘ dno due to the stronger bonding to the surface and a larger buck-

ling of the surface layer. These two results may possibly
dnm .9 o~

distinguish Rh as a more efficient catalyst.
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