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Adsorbed NH,, species on Pt(111) and Pt(100) surfaces studied by
the semi-empirical method of interacting bonds
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The properties of the adsorbed NH,, species (x = 0,1, 2, 3) on platinum(111) and (100)-(1x 1) single-crystal planes are studied by
the semi-empirical method of interacting bonds. Both surfaces reveal similar features. The adsorbed species NH and NH, are stable on
the surface, and stable NHz(ag Species cannot form. The NHo(ag Species is favourable in adsorbed hydrogen excess, but lack of the
latter results in NHags becoming dominant. Both NH and NH, species are expected to diffuse easily over the surface due to the small

difference between their bond strengths to various adsorption sites.
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1. Introduction

The origin and properties of surface intermediates
formed in the course of adsorption and sequentia reac-
tions in the adsorbed layer are obviously important for un-
derstanding the detailed mechanism of heterogeneous cat-
alytic reactions. Recent experimental studies report on
the formation and properties of various NH(ads) SPecies
(where x = 0,1,2,3) on platinum single-crystal surfaces
[1-4]. Thus, the NOus + Hogag reaction on the Pt(100)
surface was studied by means of high-resolution electron
energy loss spectroscopy (HREELS) and thermal desorp-
tion spectroscopy (TDS) [3]. As found, the intermediate
NHqs Species form at a low hydrogen exposure of 0.15 L
(Langmuir) at room temperature. Upon further hydrogen
exposure of up to 4 L, al nitrogen-containing species are
removed from the surface. On the other hand, the ini-
tially adsorbed hydrogen excess results in formation of
the stable NHxags) Species, which occurs in the course of
the NOgyas + Hags reaction on the Pt(100)-(1x 1) surface at
300 K [4].

It was established that the stable species NHys and
NH2@ag wWere found to be the intermediates in the ammo-
nia oxidation reaction on the Pt(111) surface [1]. These
particles were also identified on a Pt(111) single-crysta
plane after electron bombardment of the molecularly ad-
sorbed ammonia at 100 K [2]. As found, the NHa(ag
species were dominant below room temperature. An in-
crease in temperature resulted in NHxqs) dissociation such
that the NHays particles became the main surface species
in the temperature range 300400 K. On further heating,
the NHs species dissociated with the following nitrogen
desorption. The papers above are useful for fundamental
studies of surface reaction mechanisms. Besides, they are
of practical interest, because platinum is currently used in
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catalytic ammonia oxidation and as an active component of
the automotive three-way catalyst [5].

In our previous paper we reported on the properties of
NHgads) Species formed on various single-crystal surfaces
of Rh studied by the method of interacting bonds (MI1B) [6].
It was found that a stable NHzgs) particle does not form,
and formation of NHys is more favorable in comparison
with that of NHads), thus being in line with the known
experimental data [7,8]. In the present paper we report
on the similar MIB study of Pt(111) and Pt(100)-(1x1)
surfaces elucidating the possibility of formation, priority
and properties of various NH ) Species. In our calcula-
tions, = hydrogen atoms of the NH . particle are set to
bind to the nitrogen atom only, but not to surface platinum
atoms. The obtained results are consecutively compared to
the available experimental data.

2. Theory

The method of interacting bonds considers a certain
multi-atomic system as a set of two-center bonds [9]. Each
ith bond is characterized by an empirical parameter E; simi-
lar to the well-known bond energy by its nature. Usually E;
depends only on the type of bond-forming atoms. Besides,
for each ith bond we introduce a variable bond coefficient
v; (0 < v; < 1), whose value and, thus, contribution of the
ith bond to the total energy of the system is characterized
by the whole system structure. The interaction (repulsion)
between the ith and kth bonds sharing an atom is also al-
lowed for. Thisinteraction is characterized by an empirical
parameter A;; which depends on the type of the atoms in-
volved in a certain system formation. Atomization energy
is written as

Ha = ZEzyl(Z — I/i) — Z ZAikVin-

i>k
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Bond coefficients v; are found from the maximum of the
Hj, value (energy minimum):

(‘9Ha/8uz- =0.

The simplicity of MIB permits one to investigate any
complex system of the desired structure without any ad-
ditional assumptions such as surfaces, interfaces, extended
defects of solids, etc. It should be noted that MIB does
not deal with electronic properties of a system considered,
therefore determination of atomic coordination numbers,
bond angles and other similar features of this system is be-
yond the model action. For proper use of the MIB results,
one certainly has to take into account the molecular geom-
etry, valence, steric features and some other properties of
the system considered, which were determined theoretically
and/or experimentally.

MIB assumes that the parameters used must be reliable
for al the considered systems of rather different properties,
through one is not always sure of this. Thus one can-
not take for granted a high precision of all the calculated
values. However, MIB is sure to provide results of high
comparative accuracy. This is very useful for examination
of various systems in order to establish conditions of their
formation, and select favourable structures and determine
their relative stability. We tried to use these potentialities
of MIB in the present paper. The method was successfully
applied to systems of various chemica origins as oxides
[9-11], sulfides [12,13], and metals [16], etc.

3. Results and discussion

3.1. Parameter control

Bond parameters used in our calculations (table 1) were
determined from reliable experimental data and tested in
previous works [9,11,12,14-16], excepting parameter Fp,
because platinum does not form nitrides, and atomic nitro-
gen states are formed only indirectly on Pt surfaces [1-4].
We used an empirical correlation Eyo— FEwn = 10 kcal/mol
established for transition metals [9,16]. Epo vaues for
platinum oxides PtO and PtO, (103 and 99 kcal/mol, re-
spectively) were calculated from the known structure and
formation heats [14,15]. The average value of Epo was
101 kcal/mol, and Epn Was set to 92 kcal/mol, as in the
case of Rh [6].

Table 1
Bond parameters used in MIB calculations.
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In order to test parameter actions, we have estimated
nitrogen desorption energy Eqes as the double value of the
Nags diffusion activation barrier Eg¢ over the Pt(111) sur-
face (due to simultaneous diffusion of two N5 Species to
complete N, desorption). Eg; was determined as a mini-
mum difference between formation heats of various neigh-
boring Nys states (upper line with pictures in table 3). In
the present case, Fgi corresponds to the consecutive transi-
tion of a nitrogen atom from triple- to double-bound state.
Table 2 shows that the calculated Eges IS lower than the
experimental value. This is probably caused by the ca-
pability of platinum to form the “surface nitride” shown
by HREELS [1] and TDS [18]. Therefore, nitrogen atoms
should stronger bound to the surface than it was expected
from our calculations. It should be noted that an increase
in nitrogen coverage on the platinum(111) surface resultsin
formation of a true-adsorbed state [1], whose Fges iS very
close to our value.

One cannot consider similarly the Pt(100) surface, be-
cause nitrogen desorption is complicated by simultaneous
(1x1) — hex surface reconstruction ([4,20], and references
therein). So, it is not clear which surface structure should
be considered in calculations. The estimation of Eges from
Tues [22], which was applied for TDS data on nitrogen
desorption from the Pt(100) surface [4,19,21] ranges from
23 to 28 kcal/mal, which is close to the Pt(111) charac-
teristics (table 2). According to our calculations, Eyes iS
33.4 kcal/mol for the (100)-(1x 1) surface. To our mind,
the above parameters are quite reliable. Nevertheless, the
extended Epy interval was considered in order to elucidate
the other possibilities.

3.2. Thermodynamic properties of adsorbed NH particles

Heats of NH,aa formation from gaseous nitrogen and
hydrogen on Pt(111) and Pt(100) surfaces are presented in
table 3. According to table 3, Q¢nH, depends insignifi-
cantly on the coverage. Multiple states are favorable for
all species. All Nggs states and NHqys species form en-
dothermically, and the NHxg particles form exothermi-
caly. Besides, the respective vpyy bond parameters for
NHz(ads) States considered are negative. This indicates that
the stable NH3(qs) Species does not form, because the vp
value is actualy responsible for the Pt=N bond strength.
Of course, this does not preclude the low-temperature ad-

Table 2

Parameter Value Way of determination Thermal desorption peak maximum Tges and activation energy Eges for
(kcal/moal) nitrogen desorption from Pt(111) single-crystal surface.
Eppt 79.9 From the heat of Pt sublimation [17] Taes (K)
Dpt 18.6 From empirical ratio of Epp/Ap = 4.3 [16] 360 420 <450 550 450-500 -
EnH 139.4 From NH3 atomization heat [17]
Ay 75.0 [16] Eyes (kcal/mol) 207 242 259 316 25+3 17.2-19.82
Emo 99.0  From heat of PtO, formation [14,15] Ref. [k [g° [2° [2°  [19]  [this work]
103 From heat of PtO formation [14,15] a )

Een 92.0 From empirical correlation Smaller and larger values correspond to nitrogen coverages of 1.0 and

between Epn and Epo [16]

0.25 ML, respectively.
b Eges is estimated from Tyes according to [22].



A.R. Cholach, N.N. Bulgakov / Adsorbed NH,. species on Pt(111) and Pt(100) surfaces

185

Table 3
Heats Qfnh,, (kcal/mol) of formation of NH; (a9 Species (where z = 0,1,2,3) on Pt(111) and Pt(100) sur-
faces at coverage © (ML) and various orders of nitrogen atom bonding to the surface according to the reaction
(1/2)Na(gas) + (2/2)Hz(gas) — NHa(ady) + QinH, -

Adsorption state Surface structure?
(111) (100)-(1x 1)
PtiNH, PtoNH,, PtsNH,, PtiNH, PtoNH,, PtsNH,,
@O OO QL @0 OO 9@
O O O OO OO OO
QN © =025 —67.1 —48.7 —38.8 —65.3 —45.9 —29.2
© =100 —66.5 —49.8 —41.2 —64.7 —475 —334
QfNH © =025 —17.0 —13.0 —10.6 —16.2 —11.6 —7.2
© =100 —16.9 —13.2 —11.2 —16.0 —12.0 —-83
QiNH, =025 2.9 3.1 31 31 33 35
© =100 29 31 31 31 33 35
Qf NHy ©=025 v(Pt-N) < 0 for every state
0 =100 v(Pt-N) < 0 for every state
2 — surface Pt atom; e — adsorbed nitrogen or NH,, particle.
(a) Pt;NH, (b) Pt,NH, (c) Pt,NH,
60{ O, accepted value o o 160
“e l - ceepted val o"
L NH ®m a ue
] o]

40! o '_-.... o . | Ao. accepted value |49
= . A —
Bl o Tm M so ®, ! :
] w8 o . a °, ", 2% m_NH 20 7
£ A o R NH, A [ ] Aot W, =

a R a .. .

oj’f a : X PN ';HZ a s ieNH, " m g
Ofccvces Aeosoonnnos i ianaa S T R sse @] 0
A, N g 4, o
N WA LA °
A, A . 4
A A A NHs‘ a
-20 NH, NH,— 4 ]-20

60 80 100 60 % 100 60 g0 100 120

Epn parameter, kcal/mol

Figure 1. Heats Qnp,, Of the sequential steps of Nags hydrogenation in the adsorbed layer on the Pt(111) surface versus bond parameter Epyy according

to the reaction NH(; _1)ads + Hads — NHg s + Qnh, . Where z = 1,2,3. A nitrogen atom in the NH .0 particle is single- (a), double- (b) and

triple-bound (c) to the platinum surface, as shown in table 3. Solid and open symbols stand for vpyy > 0O (the given state may be formed) and vpyy < O
(the given state may not be formed), respectively.

sorption of molecular ammonia caused by van der Waals of existence of various NH, species. An increase in the

interaction or hydrogen bond formation.
Figures 1 and 2 show the heats of successive steps of
the Nys hydrogenation according to the reaction

NH (2 —1)ads + Hads — NHadg) + Qnm,

where x = 1,2,3, and a hydrogen adsorption heat of
16 kcal/mol [23] was accepted for all cases.

The above reaction proceeds if Qnn, > 0 and v;; > 0
only, where v;; is the bond coefficient between any ith and
jth atoms within the whole system considered. In figures 1
and 2, the lower and higher limits of the Epy interval cor-
respond to weak Ag—N and strong V-N or Mo—N bonds,
respectively [16]. Regarding the strength of nitrogen atom
bonding, platinum takes a medium position between Ag
and V or Mo, thus one can follow the parametric regions

Epn parameter is accompanied by a decrease in formation
heats of NH,;(ads) SPECies and an increase in vpyy (NOt shown
in figures 1 and 2). This negative vpy prohibits formation
of the respective particles at low Epyy. Thefirst step of the
Nags hydrogenation is the most exothermical. A step of the
NHz(ads) formation is also possible at the accepted parame-
ter Fpn. For the multiple bonding of adsorbed species to
the surface, we have determined heats of the following suc-
cessive transformations in the adsorbed layer at the current
value of Eppyn = 92 kcal/mol:

(1/2)N2(gagy — Naus

—388 keal P(111) —29.2 keal PY(100)
Nads + (1/2)Hzgay = NHags

4282 keal P(111) +22.0 keal PY(100)

@

@
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Figure 2. Heats Qnn,, Of the sequential steps of Nags hydrogenation in the adsorbed layer on the Pt(100) surface versus bond parameter Epyy according

to the reaction NH(; _1jads + Hads — NHyads) + QnH,» Where z = 1,2,3. A nitrogen atom in the NH, .09 particle is single- (a), double- (b) and

triple-bound (c) to the platinum surface, as shown in table 3. Solid and open symbols stand for vy > 0O (the given state may be formed) and vpyy < O
(the given state may not be formed), respectively.

NHags + (1/2)Hzgag = NHa(adg)
+13.7 kealPY(111) +10.7 keal P(100)  (3)
2NHags — No(ads) + Hogas)
+21.2 keal Pt(111) +14.4 keal Pi(100)

NHz(adg + (1/2)Hzgag — NHagag
+79ked P(111) +7.5kea P(100)  (4)
2NHo(ads) — Nogas) + 2Hogay
—6.2 keal Pt(111) —7.0 keal PY(100)

Therefore, formation of both stable species NH4s and
NHoas) is possible, but a NHaagg particle prefers to form
in hydrogen excess because of the exothermicity of steps (2)
and (3) in the forward direction. This agreeswith the exper-
imental data presented in [1-4]. Hydrogen removal from
the surface, which may result from an increase in the tem-
perature, should shift reaction (3) to the left. In this case
the NHgyys particle becomes dominant on the surface. Am-
monia formation (step (4)) and/or recombination of NHo(xds)
particles (step (4a)) may accompany this process. Further
hydrogen removal from the surface may also shift step (2)
to the left. Asaresult, the Nys species should predominate
onthe surface. Besides, step (3a) of NHys recombinationis
also possible. These peculiarities of the adsorbed layer, re-
sulting from the present MIB calculations, are very close to
the experimental observations and conclusions of [2] con-
cerning the properties of the NH, species on the Pt(111)
single-crystal surface. Moreover, the TD spectra presented
in [2,18] show that H, and N, desorption proceed simul-
taneoudly in the temperature range 450-500 K, though the
authors did not emphasize this observation. This is proba-
bly caused by the NHy4s recombination above.

Figures 3 and 4 show the heat of NH, (s Species for-
mation from gaseous N, and H, calculated for the region
around the accepted parameter Epyn. Note that heats of
single-, double-, and multiple-bound particles formation

(38)

(49)

-0
. PLNH ?
. * - o PNH {10 S
L o000 g
5 5 o 0PN :
g
40 o PtNH, 1-20
g . O PN,
=
8 . o PtNA,
£ . % g 1-30
g 3t . o0
o
0 B | accepted value
N RN U B

E, parameter, kcal/mol

Figure 3. Heat Qfnh, Of NH (g Species formation on the Pt(111)

surface versus Epyn parameter at various orders of nitrogen atom bond-

ing to the surface (see designations in table 3) according to the reaction

(1/2)Nogay) + (/2H2(gasy — NHy(ady + QtnH, . Where z = 1,2; cal-
culations were performed for a coverage of 0.25 ML.

differ insignificantly on both surfaces. This probably in-
dicates that the values of the respective diffusion activa-
tion barriers are rather low, and the adsorbed NH and NH»
species can easily move over the surface, thus, providing
the removal of strongly bound Ny states from the surface
in the presence of hydrogen via intermediate formation of
NHags and/or NHogs) Species. These particles may mutu-
aly diffuse to take part in the combination reactions (3a),
(4a) or leave the surface via ammonia formation (step (4)).
This pathway was probably realized in [21], where atomic
nitrogen was removed from a Pt(100) surface in the pres-
ence of H, even at room temperature.
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Figure 4. Heat QfnH, Of NHyds Species formation on the Pt(100)

surface versus Epyn parameter at various orders of nitrogen atom bond-

ing to the surface (see designations in table 3) according to the reaction

(1/2)Nogas) + (x/2H2(gasy — NHy(ady + QtnH, » Where = 1,2; cdl-
culations were performed for a coverage of 0.25 ML.

4. Conclusions

We have analyzed the properties of NH,d Species
on Pt(111) and Pt(100)-(1x 1) single-crystal planes by the
semi-empirical method of interacting bonds. The platinum
surfaces revealed similar features. In particular:

(i) In contrast to Rh, both species NHas and NHaas)
are stable on the platinum surface, whereas the stable
NHz(as) particle cannot be formed.

(i) The NHxas species is favorable in an excess of ad-
sorbed hydrogen. The lack of the latter results in the
NHqs particle becoming dominant.

(iii) NHags and NHx(ads) Species are expected to diffuse eas-

ily over the surface. Their remova from the surface

may proceed via the following pathways:

— successive dissociation followed by nitrogen desorp-
tion (in the lack of hydrogen);

— full hydrogenation and ammonia desorption (in hy-
drogen excess);

— recombination reaction with simultaneous H, and
N, desorption.
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