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The semi-empiricalmethod of interacting bonds was used to clarify themechanismof oscillatory behavior of the catalytic system
(NO � H2)/Rh. Various rhodium planes and surface defect regions were characterized by the strength of the nitrogen bond to the
surface, the stability of the adsorbed NHn species (n � 0, 1, 2, 3), and the reactivity of NHn species towards hydrogen. Calculations
admit the earlier suggested reaction mechanism, which attributes the surface wave propagation to the intermediate formation of
NHa species. The activity of the rhodium surface in oscillations is expected to increase in a row of planes: (100) < (111) < (335). The
activity of Rh(335) single crystal in the reaction rate oscillations is probably governed by the presence (in contrast to ideal terraces)
of gradient and broad range of the reaction intermediate properties.
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1. Introduction

Spatio-temporal oscillations were found to proceed
in the course of the catalytic NO � H2 reaction over a
Rh tip studied by field emission microscopy (FEM) [1].
The vacancy mechanism was suggested to explain the
observed phenomena. However, the feedback mechan-
ism was not very clear, because there were no reasons to
start a certain wave instead of the steady state reaction
proceeding on the nearly clean surface which is formed
after the wave propagation. The oscillation mechanism
proposed in ref. [2] includes the reversible hydrogenation
of the atomically adsorbed nitrogen Na, as shown in
scheme 1. It was concluded from the following points:
(a) Thermal desorption spectra obtained after the special
sample treatment in NO^H2 mixture reveal the simulta-
neous H2 and N2 desorption with H2 : N2 ratio close to
unity. The hydrogen desorption temperature was much
higher than that of H2 desorption from the clean Rh sur-
face. (b) The feedback mechanism looks clear: the wave
propagation is just an adding of the alternative reaction
pathway (through the NHa recombination) whenever

the necessary Na coverage is reached. It is followed by
restoring of Na coverage in the course of the NO � H2
reaction. (c) The suggested mechanism is in line with
other experimental data on NHx�ads� formation on rho-
dium [19^21]. Besides, in ref. [2] it has been shown that
the grain boundaries are responsible for the surface wave
initiation. It was found also, that the (100) and probably
(111) planes of the Rh tip are inactive in the surface wave
propagation, whereas all the rest surface of the Rh tip is
active [1,2]. Moreover, Rh(335) single crystal turned out
to be active in the sustained reaction rate oscillations
[3,4].

The present study aims at analyzing the adsorption
system NHn/Rh (where n � 0, 1, 2, 3) using the semi-
empirical calculations by the method of interacting
bonds (MIB) in order: (a) to test if the mechanism of
stable spatio-temporal oscillations, followed by FEM
[2,3], guides the catalytic reaction NO � H2 on Rh; (b)
to elucidate the role of surface defects in oscillations; (c)
to find out why rhodium (100) and (111) surfaces are not
(or nearly not) involved in the surfacewave propagation;
(d) to compare the properties of Rh surfaces: (111), (100)
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(1) H2�gas�+2� � 2Hads + 18.6 kcal [16,17]

(2) NOgas +� � NOads

(3a) NOads +� ! Nads +Oads

�
� 26.3 kcal [18,MIB]

(3b) Oads +2Hads ! H2Ogas +3� + 11.3 kcal [11,16±18]

�4� Nads +Hads ! �NHads�+�
�NHads� ! 1

2 N2�gas� +1
2 H2�gas� + �

or

2�NHads� ! N2�gas� +H2�gas� +2�
(5) NHads +2Hads ! NH3�gas� +3�
(6) 2Nads ! N2�gas� +2� + 26±30 kcal for Rh(111)

39.4 kcal for Rh(100) [14,25]

Scheme 1. Sequential steps of the catalytic reaction NO � H2 on Rh according to ref. [2]. � vacant adsorption site. To the right are indicated the
references of the experimental or presentMIB data regarding the step heats.
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(inactive in FEM-oscillations) and �335� � �4�111�
��100�� (active in FEM-oscillations and in the reaction
rate oscillations) regarding the stability and activity of
the intermediate surface species. For this purpose we
have calculated the formation enthalpies of NHn species
for the various coordinations of the nitrogen atom and
surface Rh atoms, and respective coverage on the (111),
(100) and (335) planes. We took in our calculations for
the NHn�ads� particle, that the n hydrogen atoms are
bound to the nitrogen atom only, not to the surface Rh
atoms.

2. Theory

2.1. The principle of themethod of interacting bonds

The method of interacting bonds [5] considers multi-
atomic systems described as a set of two-center bonds.
Each ith bond is characterized by an empirical param-
eter Ei similar to the well known bond energy by its phy-
sical sense. Usually Ei depends only on the type of atoms
forming the bond. Beside, for each ith bondwe introduce
a variable bond coefficient �i (0 < �i < 1), whose value
and thus contribution of the ith bond to the total energy
of the system is characterized by the whole system struc-
ture. We also account for the interaction (repulsion)
between the ith and kth bond sharing an atom. This
interaction is characterized by an empirical parameter
�ik depending on the type of the atom involved.
Atomization energy is written as

Ha �
X
i

Ei�i�2ÿ �i� ÿ
XX

i>k

�ik�i�k :

Bond coefficients �i are found then from the maximum
of theHa value (energyminimum):

@Ha=@�i � 0 :

Practice shows that one can apply the method to systems
of various chemical origin (oxides [5^7], sulfides [8,9],
metals [10], etc.) The simplicity of the method allows us
to consider rather complex structures (surfaces, inter-
faces, extended defects of solids, etc.) without any sim-
plifying assumptions.

2.2.Choice of parameters

Table 1 enlists parameters Ei and�i used in our calcu-
lations. Parameters 1^5 seem correct, because they were
determined from reliable experimental data and tested
numerously in the previous MIB calculations
[5,10,12,13]. As Rh does not form nitrides and is inactive
in the nitrogen dissociative adsorption, there are no
reference experimental data providing the direct calcula-
tion of parameter ERhN. It was estimated from
ERhO � 106 kcal, which was calculated from the known
structure and energy of oxide Rh2O3 formation, since
E�MÿO� of transition metals usually exceeds E�MÿN� by
� 10 kcal [5,10]. According to our calculations, the ERhN
variation in a range of 90^105 kcal does not qualitatively
affect the deduction. However, we paid special attention
to the verification of the usedERhN value.

3. Results and discussion

3.1.Atomically adsorbed nitrogen

The properties of Na on rhodium (100), (111), and
(110) surfaces were studied by MIB first to try and test
the parameters action. On the other hand, atomic nitro-
gen is one of the intermediates in the NO � H2 reaction
that is the matter of our interest. Tables 2 and 3 give the
heats ofNa andNHa formation at various nitrogen atom
coordination numbers with respect to the surface Rh
atoms, and various coverages. All the Q values at zero
coverage actually coincide with the respective Q values
at � � 0:25 ML (monolayer). As expected, the heat of
nitrogen adsorption rises as the coordination number
increases, and coverage decreases. However, it remains
negative (endothermic) even for NM5, whose formation
seems very unprobable due to steric reasons. Thus,
multi-coordinated adsorption states are favored:
(H)NM3 and (H)NM4 for (111) and (100) surfaces,
respectively. Note, the nitrogen bond on (100) plane is
by ca. 10^12 kcal/(mol Na) stronger than that on (111)
plane. One can estimate the diffusion activation barrier
Edif as a difference between the formation heats of var-
ious neighbor Na states presented in tables 2 and 3. The

Table 1
Bond parameters used inMIB calculations

No. Parameter Value Way of determination
(kcal/mol)

1 ERhRh 79.6 fromRh sublimation heat [11]
2 �Rh 18.5 from empirical ratioEMM=�M � 4:3 [10]
3 ENH 139.4 fromNH3 atomization heat [12]
4 �N 75 according to ref. [10]
5 ERhO 106 from heat of Rh2O3 formation [13]
6 ERhN 97 from empirical ratio betweenEMO andEMN [10]
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way of Edif determination is demonstrated in figures 1
and 2, where the possible paths of Na diffusion over
(111) and (100) planes are presented. Figures 1 and 2
show that the lowest Edif values correspond to Na transi-
tion from three- to two-bound state on the (111) plane,
and from four- to two-bound state on the (100) plane.

Nitrogen adsorption states on (1� 1) and recon-
structed (2� 1) rhodium (110) surfaces have been con-
sidered as well in order to make a comparison with
available experimental data [22^24]. Surface energies
were found to be 1520 and 1930 mJ/m2 for (1� 1) and
(2� 1) structures, respectively. Therefore, a clean rho-
dium (110) surface with (1� 1) structure is favored, that
is, actually takes place [22,24]. The lower symmetry of

both surfaces in comparison with the (111) and (100)
ones results in multiple ways of nitrogen atom bonding
to the surface, as presented in tables 4 and 5. The adsorp-
tion heat at the most favorable state (1) on the (1� 1)
surface is lower than that on the reconstructed (2� 1)
one. This is in agreement with the properties and sug-
gested structures of experimentally observed �1 and �2
Na states shown in figures 3a and 3b [22,23]. Moreover,
Rh^Rh bond coefficients of the �1 state were found as
follows:

��AÿB� ��A0ÿB� ��AÿC� ��A0ÿC�
0:3047 0:3680 0:3211 0:3806

Table 2
Heat of formation of Na and NHa (kcal/mol) at shown coverage and
various orders of nitrogen atom bonding to the Rh(111) surface
according to reactions: 1

2N2�gas� � 1
2H2�gas� ! NHa�QNH and

1
2N2�gas� ! Na �QN

Adsorption state QNH QN Schematic
top view a

(H)NM1

� � 0:25 ÿ14:5 ÿ63:6
� � 1:00 ÿ13:8 ÿ61:6

(H)NM2

� � 0:25 ÿ8:2 ÿ40:7
� � 1:00 ÿ8:5 ÿ41:9

(H)NM3

� � 0:25 ÿ4:7 ÿ28:8
� � 1:00 ÿ5:5 ÿ31:5

a - surface rhodiumatomM,. adsorbed nitrogen atomorNHparti-
cle.

Table 3
Heat of formation of Na and NHa (kcal/mol) at shown coverage and
various coordinationnumbers of nitrogen atombonding to theRh(100)
surface according to reactions: 1

2N2�gas� � 1
2H2�gas� ! NHa�QNH and

1
2N2�gas� ! Na �QN

Adsorption state QNH QN Schematic a

top view

(H)NM1

� � 0:25 ÿ12:9 ÿ60:1
� � 1:00 ÿ12:7 ÿ59:6

(H)NM2

� � 0:25 ÿ6:4 ÿ37:5
� � 1:00 ÿ7:0 ÿ39:4

(H)NM4

� � 0:25 ÿ0:1 ÿ17:4
� � 1:00 ÿ1:6 ÿ22:1

(H)NM5

� � 0:25 0.4 ÿ14:5

a - surface rhodium atom M, . adsorbed nitrogen atom or NH
particle.

Figure 1. Atomic nitrogen diffusion activation barriers Edif over the
Rh(111) surface. Energy intervals are due to the respective bond
strength difference at high and low coverage. Polygonal lines with
arrows: schematic diffusion paths with different intermediate nitrogen
atom bonding to the surface; large open circles: surfaceRh atoms; small
black circles: initial Na positions; small open circles: intermediate Na

positions in the course of diffusion. See designations in table 2.

Figure 2. Atomic nitrogen diffusion activation barriers Edif over the
Rh(100) surface. Energy intervals are due to the respective bond
strength difference at high and low coverage. Polygonal lines with
arrows: schematic diffusion paths with different intermediate nitrogen
atombonding to the surface; large open circles: surfaceRh atoms; small
black circles: initial Na positions; small open circles: intermediate Na

positions in the course of diffusion. See designations in table 3.
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where ��iÿj� corresponds to the bond between the ith
and jth rhodium atoms shown in figures 3a and 3b.

These data mean that rhodium atoms A are signifi-
cantly weaker bound to second and third layers in com-
parison with A0 atoms, because the ��iÿj� value actually
stands for the bond strength between ith and jth atoms.
This is in line with the ``buckled'' position of Rh atoms
bound to nitrogen atoms of �1 state according to ref.
[22].

The similar to above estimations of the nitrogen atom
diffusion barrier give 14.5 kcal/(mol Na) for �1 state as a
difference of (Q4 ÿQ3) from table 4, and 14.1 kcal/(mol
Na) for �2 state as a difference of (Q3 ÿQ2) from table 5.
It worth noting that the calculated Edif values listed in
table 6 are approximately half as large as nitrogen de-
sorption energies found for the respective rhodium sur-
faces. This may relate to the necessity to excite andmove
two Na atoms in order to ensure N2 desorption. Note,
that both considered � states on the (110) plane show the
tendency to reconstruct the surface at elevated tempera-
tures [22^24]. So, the calculated properties of clean and
nitrogen covered Rh(110) surfaces look qualitatively
correct, but we have to be careful in comparison of Edif
and Edes in this case. Summing it up, one can conclude
that ourRh^Nbond parameter is quite reliable.

3.2.Reaction intermediates onRh(100) andRh(111)
surfaces

NO � H2 reaction on polycrystalline Rh was sug-

gested to proceed as shown in scheme 1 [2]. Numerous
experimental data on the adsorption and dissociation of
NO andH2, high activity of Oa towards hydrogen as well
as high exothermicity of steps 1^3 testify to their easi-
ness. The next step of the Na hydrogenation followed by
the recombination of NHa species was the ground for
interpreting the nature of surface waves observed by
FEM [2]. However, there is no direct experimental evi-
dence for the intermediate NHa formation in the course
of oscillations, so we paid particular attention to the
analysis of this possibility byMIB.

Figure 4 presents the heats of NHa formation from
nitrogen and hydrogen at various bond parametersERhN
versus the coverage on (111) and (100) surfaces. In both
cases the heat of NHa formation decreases as the cover-
age increases. Since the heat value is actually a measure
of NHa stability, the stability of NHa species on the
(100) surface is by 4^5 kcal higher in comparison with
the (111) one.On the other hand, figure 5 shows that cov-
erage increase provides a growing exothermicity of the
adsorbed nitrogen hydrogenation yielding NHa. The
heat of this step is by 6^7 kcal lower on face (100) than on
face (111). Considering this value as a measure of Na
activity towards Ha, one can conclude that the (111)
plane should be appreciably more active than the (100)
one.

According to our calculations, the steps of further
NHa hydrogenation resulting in NH2�a� and NH3�a� spe-
cies formation are endothermic, as shown in table 7.
Moreover, the values of the bond coefficients ��RhÿN� for

Table 4
Heats ofN2�gas� adsorption to various atomicNa states onRh(110)-(1� 1) surface a

ithNa state

1 2�lb� 3 4�sb� 5�lb� 6�sb� 7 8

number of bonds
A^N and/orA0^N 2 2 1 2 2 2 1 0
B^N 2 1 1 1 0 0 0 1

Qi (kcal/(molNa)) ÿ21:7 ÿ27:6 ÿ40:1 ÿ25:6 ÿ37:4 ÿ34:3 ÿ57:9 ÿ72:0
a A, A0 ^ rhodium atoms of the top layer, and B ^ rhodium atom of the second layer as shown in figure 3a; Qi ^ heat of adsorption:

1
2N2�gas� ! Na �Qi; lb ^ long bridge state; sb ^ short bridge state. Note, the most favorable state l corresponds to the �1 state shown in
figure 3a.

Table 5
Heats ofN2�gas� adsorption to the various atomicNa states onRh(110)-(2� 1) surface a

ithNa state

1 2 3 4 5 6 7 8 9 10 11 12 13

number of bonds
A^N 2 2 1 1 1 0 2 1 0 0 1 0 0
B^N 2 1 1 1 2 2 0 0 2 1 0 1 0
C^N 0 0 0 1 1 1 0 1 0 1 0 0 1

Qi (kcal/(molNa)) ÿ13:1 ÿ19:2 ÿ33:3 ÿ24:3 ÿ18:5 ÿ31:2 ÿ29:1 ÿ34:8 ÿ42:1 ÿ43:2 ÿ51:7 ÿ63:2 ÿ64:7
a A, B, C ^ rhodium atoms of the top, second, and third layer, respectively, as shown in figure 3b; Qi ^ heat of adsorption: 12N2�gas� ! Na �Qi .
Note, themost favorable nitrogen state 1 corresponds to the �2 state shown in figure 3b.
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NH3�a� are negative, in contrast to other cases. It means
that this particle is not stable from the viewpoint of
MIB. The formation of NHn�a� species from N2�gas� and
H2�gas� is exothermic. However, NHa species formation
is characterized by the maximum Q1 value. Hence, this
particle is the favorable surface state among the prod-
ucts of the sequential hydrogenation of Na in adsorbed
layer.

Thus, the calculations show: (a) the hydrogenation
of Na yielding NHa species on the rhodium surface is
quite possible; (b) the buildup of Na coverage promotes
this process, and at the same time decreases the stability
of NHa species being formed. It is consistent with the
suggested reaction scheme, assuming the ``turn-on'' of a
new route of nitrogen removal from the surface at some
critical nitrogen coverage, i.e. the formation and recom-
bination (and/or decomposition) of NHa species, that is
responsible for the observed surface wave [2]; (c) the
Rh(100) surface shows the more stable state of adsorbed
nitrogen and the lower Na activity to hydrogen in com-
parison with the (111) surface. Hence, we can expect the

lower activity of the (100) plane in the surface wave pro-
pagation as compared to the (111) one.

3.3. The peculiarity of surface defects

A surface defect like grain boundary can be character-
ized by the presence of the surface metal atoms, whose
number of nearest neighbor surface atoms differs from
the terrace one. We have accepted this consideration to
elucidate why the defects are active in the surface wave
initiation in the course of the self-sustained oscillations

Figure 3. The optimum structure of the nitrogen adsorbed layer on theRh(110) surface suggested in refs. [22,23] for �1 state (a) and �2 state (b).

Table 6
Calculated activation barriersEdif forNa diffusion overRh surfaces

compared to the experimental values of the respective nitrogen desorp-
tion energiesEdes

Surface structure

(100) (111) (110)

(1� 1) (2� 1)

Edif (kcal/(molNa)) 17^20 10^12 14.5 14.1
Edes (kcal/(molN2)) 39.4 26^30 27.5 28.2
references [25] [14] [22]

Figure 4. Heats of reaction 1
2H2�gas� � 1

2N2�gas� ! NHa �Q versus cov-
erage of Rh(111) and Rh(100) surfaces at shown values of the ERhN

parameter.
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observed by FEM [2]. Figure 6 shows the heat of NHa
formation as a function: of coverage for (111) terrace Rh
atoms (fixed surface coordination number is 6); of sur-
face coordination number at constant NHa coverage of
0.5 ML. According to figure 6, reaction heat near the
defect region varies over amuch wider range in compari-
son with the ideal terrace (111). Therefore, it provides a
wider spectrum of nitrogen bond strength to the surface
andNa activity towards hydrogen. Thus, the wave initia-
tion at the surface defect region is preferable in compari-
son with the terraces because the adsorbed hydrogen can
``choose'' here the Na state with the optimum bond
strength and activity.

3.4.NO � H2 reaction onRh(335) surface

To our knowledge, the reaction of NO � H2 on
Rh(335) single crystal is the only catalytic system where
true experimental reference data proving the sustained
reaction rate oscillations on rhodium surface are
obtained [3,4]. So, it seems intriguing to analyze this sur-
face using MIB, as we did for (111) and (100) planes.
Surface �335� � �4�111� � �100�� comprises terraces
(111) and steps (100), as shown in figure 7. The surface
exhibits seven different adsorption sites, where the
strongly bound nitrogen states can be formed. All the
states were characterized by the heat of N2�gas� adsorp-
tion (Na bond strength), the heat ofNHa formation from
the gaseous nitrogen and hydrogen (i.e., stability of NHa
species) and heat of nitrogen hydrogenation in the
adsorption layer (i.e., activity of Na towards Ha) pre-
sented in table 8. For simplicity, we regard in our calcu-
lations surface coverage as a ``linear'' monolayer with
respect to the adsorption species considered. The nitro-
gen atom in all the adsorbed species was assumed to be in
three- and four-bound states on terrace and step, respec-
tively. As one could expect from the surface structure,
the properties of the (335) plane are a combination of
properties of (111) and (100) planes (see tables 2^4).
Note, however, some important peculiarities:

Figure 5. Heats of reaction Na �Ha ! NHa �Q versus coverage of
Rh(111) andRh(100) surfaces at shown values of theERhN parameter.

Table 7
Heats of sequential hydrogenation of atomically adsorbed nitrogen
(Q1, kcal/mol), and heats of NHn�a� formation from gaseous nitrogen
and hydrogen (Q2, kcal/mol) on rhodium (111) and (100) planes
according to reactions: Ha �NH�nÿ1�a ! NHn�a� �Q1 and

1
2 nH2�gas� � 1

2N2�gas� ! NHn�a� �Q2

Product particle Coverage Plane

NHa NH2�a� NH3�a�
n � 1 n � 2 n � 3

Q1 11.4 ÿ2:7 ÿ13:0 � � 0:25 Rh(111)
��RhÿN� < 0

12.0 ÿ2:5 ÿ12:9 � � 0:50
��RhÿN� < 0

Q2 0.1 6.7 3.0 � � 0:25
ÿ0:2 6.6 3.0 � � 0:50

Q1 4.6 ÿ6:2 ÿ14:6 � � 0:25 Rh(100)
��RhÿN� < 0

5.6 ÿ5:8 ÿ1:45 � � 0:50
��RhÿN� < 0

Q2 5.1 8.2 2.9 � � 0:25
4.6 8.1 2.9 � � 0:50

Figure 6. Heats of reaction 1
2H2�gas� � 1

2N2�gas� ! NHa �Q on the
Rh(111) surface: bottom and left axes ^ as a function of coverage; top
and left axes ^ as a function of coordination number of the surface Rh

atoms.
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(1) As table 8 evidences, there is a gradient of surface
state properties inmoving along the terrace from the step
bottom to the top of the next step. In experiment it may
result in facilitating the propagation of surface wave,
which can start at some optimum surface site.

(2) The (335) surface exhibits a broad spectrum of sta-
bility and activity of Na and NHa. The characteristic
energy interval for NHa formation (Q2 values from table
8) is 4.5 kcal. One can compare it with the similar inter-
vals of 1^2 kcal for (111) and (100) surfaces (figure 4),
and of ca. 15 kcal for the surface defect (figure 6). So, in
this aspect Rh(335) surface takes up an intermediate
position between the above considered planes and sur-
face defect. Therefore, the surface wave initiation on this
plane should be easier being compared to the ideal (111)
and (100) planes. We suppose that these peculiarities of
the Rh(335) surface are responsible for its activity in the
self-sustained oscillations of the NO � H2 reaction
rate.

The present calculations are consistent with the recent
experimental data on the self-sustained rate oscillations
of NO � H2 reaction over Rh(533) single crystal [4]. The
authors [4] attribute the key role in oscillations to the
accumulation of atomic nitrogen on the surface, as we
do. They also observed a delay of N2 production with
respect to NH3 production during the oscillations. To

see this, if the Rh surface is saturated with Na, then the
step of full Na hydrogenation in scheme 1 will be favored
in comparison with the case of low Na coverage.
Summing up the present results we can expect the
increasing of the rhodium activity in oscillatory behav-
ior in the NO � H2 reaction in the following row of
planes: (100) < (111) < (335). This activity row is in
agreement with the experimentally observed data: the
(100) plane is inactive both in the surface wave propaga-
tion and in the macroscopic reaction rate oscillation
[1,2,25], in contrast to the (335) plane [2^4]. The (111)
plane takes an intermediate position: it reveals a low
activity in the surface wave propagation [1,2], and irre-
gular unstable reaction rate oscillations only ([26,27] ^
these references became available when the present
paper had been submitted for publication).

4. Conclusion

The present calculations performedwithin themethod
of interacting bonds lead us to the following conclu-
sions:

(1) MIB admits the suggested earlier mechanism of
NO � H2 reaction over rhodium (scheme 1), which attri-
butes the observed surface waves to intermediate forma-
tion and recombination and/or decomposition of the
NHa species.

(2) The expected activity in oscillations of the studied
rhodium planes increases in a row of planes:
(100) < (111) < (335), which is in agreement with the
known experimental data; it is governed by the respec-
tive increasing ofNa activity towards hydrogen, decreas-
ing of the NHa species stability, and the easiness of the
surface wave initiation.

(3) The activity of defects in the surface wave initia-
tion can result from the broader range of Na activity
towards hydrogen, as compared to ideal terraces.

(4) The activity of the Rh(335) single crystal in
NO � H2 reaction rate oscillations is probably governed
by the presence of a broad range and gradient of the
properties of intermediate surface states, which can
appear in the course of reaction.
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