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DFT Study of the Adsorption and Dissociation of Methanol on NiAl (100)
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The adsorption of methanol on the (1: 1) nickel/aluminum (100)
surface is modeled by quantum mechanical calculations on a small
cluster, using hybrid Hartree—Fock/density functional theory. The
enthalpy of adsorption at the limit of zero coverage is calculated for
the high-symmetry sites. The importance of tipping of the prevalent
methoxy radical species to C-O bond scission is examined. A new
mechanism for dissociation is proposed, which is in excellent agree-
ment with experimental determinations of the energy of activa-
tion for dissociation. Comparisons are made to similar reactions on
Al (100) (© 2000 Academic Press
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INTRODUCTION

Since Sinfelt (1-3) introduced the concept of bimetallic
catalysts, much research has been devoted to understanding
the structure, stability, and reactivity of alloyed metals and
secondary metal effects in a variety of catalytic model sys-
tems. Systems based on Cu/Ru (3-5), Cu/Zn (6), and Ni/Cu
(2,7,8) have been investigated extensively. Transition metal
carbides (9) have been investigated for their unique surface
properties. In many cases a secondary species not present at
the surface can define the surface chemistry of the particular
system. For bimetallic systems, most studies have focused
on transition metal alloys or epitaxial deposition of a sec-
ondary metal on a single crystal metal surface. To assure
surface stability, alloying metals or size-matched metals are
used to limittensile strain and promote surface stability. The
electronic nature demonstrated by the surface is usually a
hybrid of the alloying metals.

Transition metal aluminides offer an interesting contrast.
They are stable alloys with well-defined surfaces (10). They
can be prepared from a variety of transition metals, includ-
ing titanium, iron, and nickel (11-16). These three metals
differ significantly in electronegativity, d-orbital occupa-
tion, and the electronic character of the d states. As tran-
sition metals, they form six-coordinate octahedral species.
In contrast, aluminum, a main group metal, is very elec-
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tropositive. Aluminum frequently forms tetrahedral com-
plexes with electronegative species (17-22). The most eas-
ily manufactured (100) surface of the binary aluminides is
the one that is aluminum terminated, with the transition
metal somewhat “exposed” in the fourfold site in the second
layer. Both species may have an active role in the surface
chemistry.

Studies on the catalytic activities of the aluminum-
terminated surfaces have shown that the surface reactivity
for each is unique with respect to a series of complex reac-
tions, including the decomposition of methanol and methyl
halides. The reaction of methanol is a well-studied reac-
tion for many transition metal, metal oxide, and metal car-
bide surfaces (9, 23-36). These reactions are of considerable
economic importance to both industrial manufacturing and
synthetic fuels production, as they relate to the produc-
tion of synthesis gas (37, 38) and Fischer-Tropsch chem-
istry. For highly active transition metal surfaces, formalde-
hyde is a common product (33). For less active transition
metal surfaces and carbides, methanol is “deprotonated” to
a methoxy radical without further reaction. In some cases,
methyl radicals produced at the surface couple to form
ethane. Clearly, the utility of any catalyst requires a clear
understanding of the surface activity and the operative cat-
alytic mechanism occurring at the surface.

METHODS

Since experiments strongly confirm that, at elevated tem-
peratures, the prevalent methanol species on the surface
is the methoxy radical, all calculations were done using
this radical (39). Theoretical discussions of the deproto-
nation of methanol at the hydroxyl are numerous (9, 32-34,
39). The use of the radical MeO’, as opposed to the an-
ion, is done largely for computational convenience (40).
The (100) surface (Fig. 1) was simulated by a cluster of
14 atoms, 6 aluminum atoms both on the surface and at
the third layer, and 2 nickel atoms below the hollows (as
the second layer). The Ni-Ni and Al-Al nearest neighbor
distance (CsCl structure) is 2.904 A. For the purposes of
the calculations, the spin state of the cluster was consid-
ered a singlet, with the nickel atoms antiferromagnetically
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FIG. 1. NiAl (100) cluster model used for calculations, top view (a)

and side view (b), showing methoxy at fourfold hollow.

coupled. The geometry of the methoxy radical was opti-
mized using the B3LYP functional and the 6-311++G(2d,p)
basis set within the Gaussian 94 (41) suite of programs. A
series of trial calculations was performed using clusters ei-
ther enlarged by additional aluminum atoms, or else termi-
nated along all nonsurface planes by hydrogen atoms. This
was done to address the concern that unsaturation of the
aluminum valences would decrease the accuracy of the cal-
culation. In each case, the results were entirely consistent
with those from the 14-atom (NiyAly,) cluster. The cluster
model used in the calculations has the same symmetry and
density of states as would an infinite lattice model with a
more truncated unit cell.

Single-point energies were computed using the B3LYP/
6-311G(2d,p) basis set. The B3LYP density functional key
word corrects the Hartree—Fock energy to account for the
effects of electron—electron repulsion, correlation, and ex-
change. Density functional theory provides high accuracy
at minimal cost (42). In contrast to the effective core po-
tential (ECP) methods (43), which lump the contributions
of the inner electrons into a single electrostatic term, the
calculations herein described in this part of the work ex-
plicitly account for all electrons. While ECP methods are
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SCHEME 1

essential to modeling elements in which relativistic ef-
fects are critical, these effects are of minor importance in
nickel.

Single-point energy calculations were performed for the
methoxy radical at intervals of 0.1 A during its trajectory
toward the surface during adsorption. Both the trajectory
and the radical itself were kept normal to the surface. Tra-
jectories toward both the fourfold hollow (Scheme 1a) and
twofold bridge sites (Scheme 1b) were computed. Calcula-
tions of “tipping” were done by tilting the C-O bond axis
relative to the plane of the surface, from 0° (normal) to 90°
(Scheme 2a, b). Two unique tipping trajectories were em-
ployed, one with the oxygen atom in the hollow site and
the other with the oxygen atom in the bridge site. During
the tipping of the methoxy radical, the oxygen atom itself
was hot moved, and all bond angles (except that of the C-O
bond to the surface) and bond lengths were left unchanged
(vide infra).
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TABLE 1

Calculated Carbon—-Oxygen Bond Lengths for Methoxy
Adsorbed on NiAl (100)?

Oxygen-nickel

distance Hollow Bridge
2.3 1.5179
24 1.5052
2.6 1.4685
2.7 1.4809 1.4629
2.8 1.4741 1.4567
3.0 1.4523
3.2 1.4558 1.4493

2 As calculated at B3LYP/6-31G on all atoms except nickel, for
which B3LYP/CRENBL ECP was used. All distances in A,

To simulate the dissociated products, energy calculations
were performed with the oxygen atom in either the hol-
low or the bridge site and the methyl group free to move
(normal to the surface) directly off the surface (Scheme 2c)
from either the bridge site (when the O was in the hollow)
or from the hollow (when the O was in the bridge). In these
calculations, the methyl group was oriented with the plane
of the hydrogen atoms normal to the surface. Other calcu-
lations (not shown) with the plane of the hydrogen atoms
of the methyl group parallel to the surface (Scheme 2d) are
much higher in energy. The preference for the methyl group
orientation is the same whether or not there is an adjacent
oxygen, suggesting that a residual amount of C-O bonding
is not responsible for this preference. Atomic charges on
atoms and overlap populations were computed using the
Mulliken method at the B3LYP/6-311G(2d,p) level.

Trial calculations were performed in which the methoxy
radical was allowed to “relax” (change bond lengths, an-
gles). Hereg, the 6-31G basis set was used for all atoms ex-
cept nickel, for which the CRENBL ECP (44, 45) was used.
Zero-point and enthalpic corrections were performed us-
ing the same sets for several (but not all) of the geometries
since such corrections, being “numeric,” were both com-
putationally demanding and simultaneously less accurate
than “analytical” ones, and varied no more than by 3 kcal
mol~2. In each case, the minima found were extremely close
to the fixed geometries employed in this study (Table 1).
Furthermore, in the region of the minima, the potential en-
ergy surface of the radical was so shallow that the available
thermal energy at 298 K (and above) would ensure that
few molecules would actually be in the potential energy
well.

RESULTS

Potential energy curves for the trajectory of the methoxy
radical normal to the surface are shown in Fig. 2. Contrary
to expectation, the lowest energy site is the bridge site. Since
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FIG. 2. Enthalpy of adsorption of methoxy at hollow and bridge sites
of NiAl (100), calculated at B3LYP/6-311G(2d,p).

the difference in energy between the two sites is ~15 kcal
mol~!, we can assume that, at low coverage, the barrier to
diffusion is also 15 kcal mol~! (39), which is much larger
than the barrier found on AI(100) (46). Other calculations,
not shown, have demonstrated that the on-top adsorption
site is even higher in energy than either the hollow or the
bridge.

In Table 2 are the partial atomic charges on the carbon,
oxygen, and nickel atoms at the bridge adsorption site. The
overlap populations for the C-O and C-N (hollow) bonds
are listed in Table 3. For the methoxy radical at both the
hollow and the bridge sites, initial chemisorption decreases
the C-O overlap from the gas phase value. This is as would
be expected for bonding to a Group 13 (electron-deficient)
atom (47). As the radical tips, the C-O overlap population
decreases, consistent with C-O bond scission.

DISCUSSION

It has been suggested that the C-O bond becomes so
weakened upon adsorption that the methyl group ejects
upward upon heating. Three reasons have been given to
justify this hypothesis: first, there is donation from the
Fermi level of the NiAl metal to an antibonding (o*) M.O.

TABLE 2
Atomic Charges of Methoxy on NiAl (100), Tipped at Bridge Site

Tip angle (°) Ni o C
10 0.1188 —0.8814 —0.2232
20 0.1226 —0.8709 —0.2150
30 0.1515 —0.8575 —0.2216
40 0.1350 —0.8348 —0.2225
50 0.1201 —0.8179 —0.2184
60 0.0857 —0.7838 —0.2194
70 0.0751 —0.7410 —0.2840
80 0.0661 —0.7050 —0.4461
85 0.0675 —0.6864 —0.5351
90 0.0507 —0.6727 —0.6372
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TABLE 3

Overlap Populations of Methoxy on NiAl (100) Tipped
at Bridge Site

Tip angle (°) C-O overlap Ni—C overlap
10 0.1423 0.0138
20 0.1384 0.0157
30 0.1444 0.0216
40 0.1366 0.0283
50 0.1344 0.0278
60 0.1344 —0.0400
70 0.0785 —0.3144
80 —0.0052 —0.5177
85 —0.0505 —0.5122
90 —0.0838 —0.4747

of the methoxy, thus promoting dissociation (48); second,
the enthalpy of bond formation between the oxygen and
the metal is large enough to overcome the bond strength
of the C-O (49); and third, the weakness of alkyl oxygen
bonds has been demonstrated by the abstraction of hydro-
gen from methane by metal oxides in the gas phase (50).
None of these arguments seem convincing.

The o* orbital of methanol (or methoxy) is much too high
in energy to interact with the Fermi level of aluminum itself
(9); the Fermi level of NiAl (100) is even lower. Work func-
tion of NiAl (100) =4.6 eV (48) and of Al (100) =4.51 eV
(21). Note that Fermi level and work function are inversely
related. Also, no matter how strong the bond might be be-
tween the methoxy oxygen atom and a metal atom, the
orbitals (and electrons) on the oxygen atom are nonbond-
ing, so their use elsewhere in bonding has little effect on
the methyl-oxygen bonding. While it is true that metal ox-
ides can abstract hydrogen from methane, it is not exactly
clear how this reflects upon the strength of C-O bonds, as
there are no evident C-O bonds in the gas phase reaction
of metal oxides and methane.

TPD experiments on NiAl (100) determined the energy
of activation for the ejection of methyl from methanol to
be approximately 35 kcal/mol~! (48) [obtained by substitu-
tion into equation (39)]. Given the marked preference of
the adsorbed methoxy radical for the bridge site over the
hollow, it was not surprising that the calculated energy of
activation for tipping at that site was >100 kcal mol 2.

We therefore calculated the energetics of tipping at the
bridge site toward a hollow, and these results are much
closer to the experimental results (Fig. 3). The steady de-
crease in the C-O overlap population is consistent with
bond weakening. The repolarization of the C-O bond, with
the increase of negative charge on carbon and decrease of
negative charge on oxygen and positive charge on nickel,
confirms that tipping is sufficient to dissociate the C—O bond
and to form a C-Ni bond. The energy of activation for dis-
sociation is computed (ab initio) at ~40 kcal mol™.
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FIG. 3. Enthalpy of adsorption of methoxy, tipped at bridge, and dis-

sociation products, calculated at B3LYP/6-311G(2d,p).

This value is slightly higher than the result obtained
from the TPD data. However, it must be kept in mind
that the computation of energies of activation from TPD
data are limited by three factors: the assumption of the pre-
exponential factor to be exactly 10%3 s71, the disregard of
the broadness of the TPD peak, and nonlinearities in the
heating rate. A difference in the presumed pre-exponential
factor of 3 orders of magnitude leads to a difference of 3kcal
mol~tin the energy of activation. The TPD data upon which
this determination were based involve a peak that is 150 K
wide (48). Lastly, the published heating rate of 7 K s™* is
extremely difficult to maintain.

Animportant point, somewhat overlooked in the analysis
so far, is that of geometry. Adsorption at the bridge allows
tipping of the (electron-rich) methoxy toward the (electron-
poor) fourfold hollow. Thereby electrostatic repulsion is
minimized (51). This is not the complete answer, however,
since TiAl and FeAl binary surfaces have essentially the
same geometry as NiAl, but have energies of activation for
dissociation that are quite smaller.

CONCLUSION

It is possible to determine the site preference of che-
misorption of the methoxy radical upon the NiAl (100)
surface, along with a quantitatively accurate enthalpy of
adsorption. Methanol prefers the twofold bridge site to the
fourfold hollow site, even more strongly than in the case
of AI(100) (46). While tipping from either adsorption site
seems to weaken the C-O bond, the energy of activation for
tipping is much smaller for the bridge-adsorbed methoxy,
where a C-Ni bond is formed. There is close agreement
of the calculated energy of activation of tipping with the
(experimental) energy of activation for the dissociation re-
action of methanol on NiAl. This suggests that the tipping
of methoxy, just as in the case of Al (100), is the rate-
determining step in the dissociation of methanol on NiAl
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(100). The interaction between the adsorbate and the sec-
ondary metal (though not even at the surface) is necessary
to promote dissociation.

Units.

1 hartree (a.u.) equals 627.5095 kcal mol~2.
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