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The bond-order-conservation (BOC) method has been used to identify the energetics associated
with the hydrogenation of CO over (111) surfaces of Ni, Pd, and Pt. In the formation of CH,, the
C-0 bond of CO is cleaved. BOC calculations for Ni indicate that cleavage of the C—O bond occurs
primarily by direct dissociation of molecularly adsorbed CO. The activation energy for direct
dissociation of CO on Pd and Pt is significantly greater than that for hydrogen assisted dissociation,
and hence the latter process is more significant. The BOC calculations indicate that for these metals
the species from which C-O bond cleavage occurs is CH;0,. Because the activation barriers for
CH;0, dissociation and hydrogenation to form CH;OH are close for Pd and Pt, these metals are
effective catalysts for both CH, and CH;OH synthesis. By contrast, the BOC method predicts that

CH, should be the principal product formed over Ni.

INTRODUCTION

Considerable attention has been dedi-
cated in recent years to understanding the
mechanism by which methane and metha-
nol are formed from carbon monoxide and
hydrogen over Group VIII metals (/-5).
The results of experimental studies indicatc
that C—O bond cleavage is a critical step in
the synthesis of methane. While some au-
thors have suggested that this process oc-
curs via dissociation of adsorbed CO,
others have provided evidence that C-0O
bond cleavage occurs from a partially hy-
drogenated form of CO (e.g., HCO, H,CO,
CH;0). There are also indications from
studies of the H,/D, isotope effect on CO
hydrogenation that the extent of hydroge-
nation prior to C-O bond breakage is a
function of metal composition (6). In con-
trast to methane synthcsis, isotopic tracer
studies of methanol synthesis indicate that
CO hydrogenation proceeds without rup-
ture of the C-O bond (7). A number of in-
vestigations have also shown that the selec-
tivity of methanol formation is highest over
metals such as Pd, Pt, and Rh which do not
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favor CO dissociation and lowest over met-
als such as Ni, Fe, and Ru which more
readily dissociate CO (8).

The aim of this study was to address,
theoretically, some fundamental aspects of
CO hydrogenation. We were interested pri-
marily in the following three questions:

1. Does C-O bond cleavage during the
synthesis of methane involve the participa-
tion of adsorbed hydrogen and if so, how
does metal composition influence the ex-
tent to which hydrogen participates?

2. What are the primary energy barriers
to methane and methanol formation and
how does their magnitude depend on metal
composition?

3. What are the energy profiles of possi-
ble pathways for methane and methanol
synthesis?

For the sake of comparison we have cxam-
ined these questions for the representative
platinum group metals Ni, Pd, and Pt.

As a theoretical framework, we have
used the bond-order-conservation (BOC)
method (9, 10) to calculate the activation
energies of elementary steps involved in the
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hydrogenation of CO to methane and meth-
anol, as well as the heats of adsorption of
all relevant reaction intermediates. Previ-
ous experience with the BOC method has
shown (9, 10) that it can provide heats of
adsorption for molecular species, which are
in good agreement with the values observed
experimentally. This approach has also
proven effective for predicting the activa-
tion energies for relatively simple processes
such as NO decomposition and CO oxida-
tion (9f). The results of the present study
show that the BOC method can provide in-
sights into the energetics of CO hydrogena-
tion and the dependence of reaction path-
ways on metal composition. An extension
of the present approach to the transfor-
mations of C;H, (x = 0-6) species on metal
surfaces will be given elsewhere (11).

THE BOC METHOD

The basic assumptions and the mathe-
matical formalism of the BOC method are
described in detail in Refs. (9a-h) and re-
viewed in Ref. (10). The reader is referred
to these publications for any questions of
methodology as well as the qualitative va-
lidity and quantitative accuracy of the BOC
projections.

An important product of the BOC
method is a set of analytical expressions for
estimating the activation barriers for disso-
ciation and recombination of reactants and
possible intermediates of surface reactions.
All the relations are expressed in terms of
atomic (for the atoms directly coordinated
to a surface) or molecular heats of che-
misorption, Q. In the latter case, O may be
for the whole molecule or the polyatomic
fragments, into which the molecule disso-
ciates. The important point is that within
the BOC framework the atomic and molec-
ular heats of chemisorption are not inde-
pendent entities but are interrelated via the
molecular gas-phase bond energies, total or
partial, depending on the case (9, 10).

Given below is a brief summary of the
basic BOC equations for the zero-coverage
limit. On flat, symmetric metal surfaces
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with an M, unit mesh, adatoms (4) always
occupy the highest coordination (hollow)
sites. The corresponding heat of che-
misorption is given by

04 = Qoa2 = 1/n), ()

where Q.4 is the maximum two-center
M-A bond energy for the on-top site. For a
linearly monocoordinated admolecule
(M-A-B), the heat of molecular chemisorp-
tion is

Qoa
Qoa + Dyp’

where D,p is the gas-phase dissociation
energy and Q,, is from Eq. (1). The in-
equality sign reflects neglect of a small neg-
ative contribution from the M-B interac-
tion. In the same approximation, the n-fold
M,—AB coordination will have the bond
energy (9, 10)

@

Oup =

2
__ O
(Qoa/n) + Dyg

n—1
for DAB > — n QoA- (3)

QAB,n

In this case, however, the neglected nega-
tive M,—B contribution is larger in absolute
value than that for M—B, so that all the AB
chemisorption sites tend to be close in
energy, the approximation Qup = Qup , be-
coming more accurate the larger the value
of Dyp.
For dicoordination of AB, the bridge di-o
_A-B__
(M— M) mode appears to be the gen-
eral bonding prototype and the bonding
energy is given by (9g)

abla + b) + D(a — b)?

Q=" iba+n = @
where
a = Qia(Qon + 2Q0p)(Qos + Qop)’,
b = Qs(Qos + 200a)(Qos + Qor)’,
and D = Dyp.

In the homonuclear case, a = b and Eq. (4)



ANALYSIS OF CO HYDROGENATION PATHWAYS

1s reduced to

0, = D%
A 30,4 + 8D,

Equations (2)—(4) can be applied to poly-
atomic adspecies such as AB, or ZZ’
(Z,Z' = B, or AB,). For the case of mono-
coordination (M,—-AB,) the bond disso-
ciation energy D,z in Egs. (2) and (3) is
replaced by D,z , the total bond energy of
AB, in the gas phase. For dicoordination

/Z_Z,\

(M———M), the values of a, b, and D
must be scaled according to the nature of Z
and Z'. This point is best illustrated by ex-
ample. If CH,CH, is coordinated via both
carbon atoms, then Z = Z' = CH,. In this
case Q.4 in Eq. (4) represents the bonding
energy of atomic carbon for an on-top site
(i.e., Qoc = Qc/(2 ~ 1/n)) and Dy, is the
total energy of all bonds formed by each C
atom, namely D,, = 355 kcal/mol (9g).
Chemisorption of unsymmetric molecules,
such as O=CH;, can still be described by
Eq. (4). In this case Qoa = Qoo, Qos = QcH,
for an on-top site, and D represents the
energy of the C=0 bond, Dc—q. To calcu-
late Dc—o requires a partitioning of the total
bond energy, Dy,co, into the relevant two-
center contributions (i.e., Dy,co = Du,c +
Dc—o). As discussed in Refs. (9/=h, 11),
this procedure involves some arbitrariness.
One can, nevertheless, define a reasonable
procedure for doing the partitioning, which
is illustrated in the Appendix.

From Egs. (1)-(5), it clearly follows that
the molecular heat of chemisorption Qz,,
rapidly decreases as the gas-phase disso-
ciation (total bond) energy of ZZ' in-
creases, Oz, being typically smaller than
the relevant atomic heats of chemisorption
by a factor of 5-10 or even 15 (9, 10). For
example, on Ni(111), Qc,n, = 12 kcal/mol
compared to Qc = 170 kcal/mol (9g). For
this reason, the periodic changes in Oz, for
molecules ZZ' such as CO, CH;, NH3, NO,
H,0, C,H,, C,H; are small compared to the
large variations in Q4 observed for the rele-
vant multiply bonded adatoms A (10).

5)
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If a diatomic molecule AB approaches a
surface from the gas phase, the activation
barrier AEg, for dissociation AB, — A, +
B; explicitly depends on the atomic che-
misorption energies, Q4 and Qp, namely
9b, 10)

AE%g, = Dap — (Qa + Qp) + %’é}‘
(6)

For homonuclear dissociation 4,, — A, +
A, Eq. (6) reduces to

AEZg = DA2 - %QA (7)

in good agreement with experiment (/0).
Obviously, the dissociation barrier AE}g
from a chemisorbed state will be larger ex-
actly by the amount of the molecular heat
of chemisorption Q,p,

AE%ps = AEjpy + Qs 3)

For the reverse reaction of recombination
of chemisorbed A, and B,, the activation
barrier is (cf. Eq. (6))

0408
AE} p = == 9
A-B O + O 9
so that
AEY 4, = 30,. (10)

It should be noted that while Eqgs. (8) and
(9) were derived originally to account for
the recombination of atomic species, these
equations can be applied to polyatomic
fragments as well, as will be discussed
below.

Another point of note is that the activa-
tion barrier for recombination cannot be
smaller than AH = AH,z — AH,. 5, the dif-
ference between the enthalpies of the reac-
tant AB, (~AH.p = Dsp + Qup) and the
products A, and B, (—AH.3 = Q4 + QOp).
Thus, the BOC barrier [eq. (9)] is only the
necessary (minimal energy) condition for
recombination, which may be sufficient if

0408

QA_}_QB?AH:QAJFQB—DAB*QAH

(1D
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but may rnot be sufficient if

0405

QA+QB<AH=QA+QB—DAB—QAB.

(12)

In the last case, we will assume the recom-
bination barrier to be the enthalpy differ-
ence AH (9h).

The BOC relations given above all cor-
respond to the case of zero adsorbate cov-
erage. In reality, however, most heteroge-
neously catalyzed reactions are carried out
under conditions where a substantial frac-
tion of the catalyst surface is covered by
adsorbed species. In our previous work (9¢,
9e, 10) we have shown that heats of che-
misorption and activation barriers are af-
fected by surface coverage in a complex,
nonlinear fashion. Depending on the nature
of the adsorbate, the heat of chemisorption
can either increase or decrease. The result-
ing changes in the activation barriers, for
both dissociation and recombination from a
chemisorbed state [cf. Eqgs. (8) and (9)], will
tend to compensate to some extent, al-
though reliable quantitative estimates are
not possible at present. As a consequence,
we will proceed with zero-coverage es-
timates in the hope that they qualitatively
reflect the relative energetics of elementary
steps composing the reaction mechanism
under the steady-state conditions.

One further point must be made before
we proceed to examine the results of our
calculations. The velocity at which a given
elementary process takes place is described
by the parameter &, which can, in turn, be
described by a preexponential factor A and
an activation energy AE*, such that

k = A exp(—AE*/RT). (13)
Clearly, in order to make a meaningful
comparison between two reactions based
solely on the values of AE*, it is necessary
that the values of A be approximately the
same. This condition is most likely to be
met for the specified reaction taking place

SHUSTOROVICH AND BELL

on a given surface of two different metals
(i.e., Pt(111) and Ni(111)). The second-best
case to consider is two reactions of the
same order differing by one reactant only,
for example, C; + H; & CH; vs CH, + H,
2 CHa,. Finally, if a vacant surface site S
is treated as a reactant, one can compare
dissociation reactions with recombination
reactions, e.g., S + CO, 2 C, + O, vs H, +
CO, 22 HCO; + S. Here, however, the con-
clusions based solely on AE* will be the
least definitive, since the differences in the
nature of surface sites (on-top, bridge, hol-
low) and in the effective number of the sites
involved in the reaction may strongly affect
the value of A.

RESULTS

Table 1 summarizes the zero-coverage
heats of chemisorption on Ni(111), Pd(111),
and Pt(111). For adatoms H, O, and C, the
experimental values of Q4 were used, ex-
cept for Qc for Pd and Pt, which are un-
known and therefore were interpolated (9g,
9h). The values of Q for molecules and mo-
lecular fragments comprising C, O, and H
were calculated, except for CO, where reli-
able experimental data are available. As we
have found earlier (9f), all the AB, species
should be monocoordinated via one atom
A, M,—AB,, where the optimal value of n
decreases as D,z decreases (9f, 10). For
formyl the monocoordination via C is also
much more favorable (by ~15 kcal/mol)
than the dicoordination via both C and O.
For formaldehyde and monocoordination
via O and dicoordination via both C and O
are very close in energy, the preference de-
pending on metal composition (91, 9g). Be-
cause of this, we have used only the set of
@’s for monocoordination.

Where comparison with experimental
data is possible, the accuracy of the heats
of adsorption predicted by the BOC theory
is found to be reasonably good. For exam-
ple, the value of Qcy, listed in Table 1is 10
kcal/mol for Ni(111) and Pd(111), and 9
kcal/mol for Pt(111). These values compare
favorably with the experimentally observed
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TABLE 1

Initial Heats of Chemisorption (Q) and Total Bond
Energies in the Gas Phase (D) and in Chemisorbed
States (D + Q) on Ni(111), Pd(111), and Pt(111)*

Species Db Ni(111) Pd(111) Pt(111)
o D+g@Q Q¢ D+Q g D+
C — 171 17t 160 160 150 150
CH 81 90 171 82 163 73 154
CH, 183 4 227 40 23 36 219
CH; 293 26 319 24 317 21 314
CH, 398 10 408 10 408 9 407
H — 63 63 62 62 61 61
e} — s 11s 87 87 85 85
OH 102 38 140 23125 2 124
OH, 220 17 237 1o 231 10 230
OCH; 383 43 426 25 408 24 407
CH;0H 487 15 502 12 499 11 498
Cco 257 27 284 34 291 32 289
HCO4 274 28 302 25 299 2 29
13 287 8 282 7281
COH 233¢ 55 288 S0 283 4 277
H:CO 361 19 380 12 373 1n

¢ All energies in kilocalories per mole.

# Reference (/2).

“ See text for the relevant formulas and explanations.

4 The first line corresponds to monocoordination via C, the second line
to dicoordination via both C and O.

¢ Reference (/3).

value of 6 kcal/mol for polycrystalline Rh
(14). In the case of H,O, we report in Table
1 a value of Qy,0 = 10 kcal/mol for Pt(111).
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The experimentally observed value on this
surface is 15 kcal/mol (15). The agreement
here is better than one might first imagine
when it is recalled that even at low cover-
ages of H,O, hydrogen bonds are formed
which raise the heat of adsorption by ~3
kcal/mol per bond (/6) over that for an iso-
lated H,O molecule. The agreement be-
tween theory and experiment is particularly
good for CH;OH. Table 1 lists values of
Qcu,on of 15 and 11 kcal/mol for Ni(111)
and Pt(111), respectively, whereas the cor-
responding values observed experimentally
are 14 and 12 kcal/mol (/7, 18). Finally, for
H,CO, values of 9, 12, and 11 kcal/mol are
listed for Qu,co for Ni(111), Pd(111), and
Pt(111), respectively. Experimental values
for Qu,co on these metals have not been
reported but a value of 15 kcal/mol has
been determined for Ru(0001) (/9).

Tables 2 and 3 list the activation energies
predicted for various elementary reactions
believed to be involved in the synthesis of
CH, and CH;OH. With the exception of CO
and CH, dissociation, a comparison of the
predicted barrier heights with those deter-
mined experimentally is not possible, since

TABLE 2

Initial Activation Barriers for Forward (AE}) and Reverse (AE}) Elementary Reactions for Methanation
on Ni(111), Pd(111), and Pt(111)*

Reaction AEf AE?

Ni Pd Pt Ni Pd Pt

1 CO,2C, + O, 67 100 108 69 56 54

2. H, + C; 2 CH, 63 59 57 0 0 0

3. H; + CH; 2 CH, 33 31 27 26 29 31

4 H, + CH,; & CH;;, 12 11 9 4] 43 43

5 H, + CH;; =2 CH,, 6 5 4 22 24 27

H, + CH,, = CH,. 6 5 4 32 34 36

6 H, + CO, 2 HCO,® 48 57 56 3 3 2

7. HCO, « CH, + O, 73 98 106 57 49 49

8. HCO, 2 COH, 14 16 19 0 0 0

9. COH; < C, + OH;, 28 40 44 51 42 41
6+8+9- H, + CO, 2 C, + OH, 87-90 110-113 117-119 51-54 42-45 41-43

¢ All energies in kilocalories per mole. See text for the relevant formulas and explanations.

 For monocoordination via C.

“ The range of AE* is due to the nonzero values of AE for reaction (6).
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TABLE 3

Zero-Coverage Activation Barriers for Forward
(AED) and Reverse (AE}) Elementary Reactions for
Methanol Formation on Ni(111), Pd(111), and
Pt(111)°

Reaction AEf AE}

Ni Pd Pt Ni Pd Pt

CO; + Hy 2 HCO 48 57 56 303 2

1.
2. HCO; + H, 2 HyCO, 19 18 16 34 30 31
3. H,CO=2 CHy s + O 70 90 93 32 27 25
4. H,CO, + H; & CH;0, 43 39 38 26 12 12
s. CH;0, 2 CH3; + O 13 23 2§ 21 19 17
6. CH30; + H; = CH30H, 26 18 17 24 35 36
CH30, + Hs 2 CH30H, 26 18 17 3% 47 47
7. CH30H, =2 CH3 5 + OH, 42 56 59 15 12 11
CH30H, 2 CHj 5 + OH, 57 68 70 15 12 11

“ All energies in kilocalories per mole. See text for the relevant formu-
las and explanations.
% For monocoordination via C.

the experimental data are not available. In
the case of CO dissociation on a Ni(111)
surface, our calculations yield a value of
AE&o, = 40 kcal/mol. This value is in rea-
sonably good agreement with the experi-
mental estimate of 30-40 kcal/mol obtained
from recent molecular beam studies (20a).
For CH, dissociative adsorption from the
gas phase, the BOC method predicts
AEy, s = 22 keal/mol, whereas recent mo-
lecular beam studies (20b) suggest that the
activation energy is =18 kcal/mol.

While the agreement between theory and
experiment reported above does not guar-
antee the accuracy of the remaining barrier
heights listed in Tables 2 and 3, there are
reasons to believe that the BOC method
(Eqgs. (6)—(10)) does provide acceptable va-
lues. For example, in our previous studies
(91), of the reaction COs + O; — CO,, the
BOC method yields values of AE¢s , = 23,
24, and 24 kcal/mol for Pt(111), Pd(111),
and Rh(111), in good agreement with the
experimentally observed values of 25, 23,
and 27 kcal/mol, respectively. We have
also found (9f) that for the reaction CO, , —
CO; + O, on Rh(111), the BOC method
gives AE$co) = 17 keal/mol, which is indis-
tinguishable from the experimentally ob-
served value (21).
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DISCUSSION

Energy profiles for the synthesis of CH,
can be constructed from the activation
energies for elementary reaction steps
listed in Tables 2 and 3. Illustrations of such
profiles are given in Figs. 1 and 2 for Ni and
Pd, respectively. For the sake of conve-
nience, the energy scale in these figures has
been set to zero for the case of CO coad-
sorbed with four H atoms. Since the heats
of chemisorption of reactants and products
and the activation energies of elementary
steps are nearly identical for Pd and Pt, the
energy profiles for Pt are nearly the same as
those for Pd, and for this reason are not
shown.

Figures 1 and 2 each show three reaction
networks. The common feature of each net-
work is rupture of the C-O bond at some
step prior to the final one in which CHy is
formed. For pathway A, the C~O bond rup-
ture occurs by dissociation of CO,, whereas
for pathways B and C, the C-O bond is
broken by dissociation of HCO, and CH;0,
groups, respectively. A fourth possibility
involving dissociation of adsorbed H,COj is
excluded, since the activation energy for
this step (see Table 3) is significantly larger
than that for the hydrogenation of H,COj, to
CH;0,.

Inspection of Figs. 1 and 2 reveals a num-
ber of interesting points. For both Ni and
Pd, the activation barrier for producing C,
via direct dissociation of CO, is lower than
that for producing C; via the dissociation of
HCO:. It should be noted, though, that the
difference in barrier heights is smaller for
Pd than for Ni. For both metals the activa-
tion barrier for HCO, hydrogenation is sig-
nificantly lower than that for HCO;, disso-
ciation into CH;, and O, and as a
consequence the formation H,CO; should
be the preferred process. Since the activa-
tion barrier for H,CO, dissociation into
CH;  and Oy is higher than that for the hy-
drogenation of HyCO, to CH;0, (sec Tables
2 and 3), the latter process ought to occur
more readily. Once formed, CH;O, can dis-



ANALYSIS OF CO HYDROGENATION PATHWAYS

T

120
100
80|
60 -

T

40
20|
oL

CO+aH, CrO_r4H,
140

1

T

120
100
80

Energy (kcal/mol)

60 -
a0}
20

HCOS* 4,

~ C0+5H,
100
80
60
40 HCO,* 3,
20

oL
€O +4H,

347

Ni
(A)

+Hg CH, +O0H
9
(€)
| CHyOHg
CHy0 + cui
0
H, 3.t Y%s
*Hs oH, 0,

Reoction Coordinate

FiG. 1. Potential energy diagrams for the hydrogenation of CO on Ni(111).

sociate to produce CH; and O, or add hy-
drogen to produce CH;OH. For Ni, the ac-
tivation energy for CH;O; dissociation into
CH; and O is lower than that for CH;0;
hydrogenation to CH;OH, but the reverse
is true for Pd.

The preceding analysis allows us to pre-
dict on the basis of energetic considerations
at which point C-O bond rupture is most
likely to occur during the synthesis of CHy.
In the case of Ni, it is evident that ¢cleavage
of the C-O bond should occur preferen-
tially via dissociation of COq, and to a lesser
extent via dissociation of CH;O,. In the
case of Pd (or Pt by virtue of the similarity

in the energetics for Pd and Pt), it is un-
likely that C-O bond rupture takes place
via CO dissociation because of the very
high activation energy for this step. In-
stead, Fig. 2 indicates that the energetically
preferred reaction would be the disso-
ciation of CH;0; into CHs and O..

The present calculations also provide in-
sights into the energetics of hydrogenation
of adsorbed carbon. Table 2 and Figs. 1 and
2 show that the addition of a hydrogen atom
to carbon to form a methylene group is
strongly endothermic, whereas the subse-
quent hydrogenation of methyne to methy-
lene is weakly endothermic. By contrast,
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F1G. 2. Potential energy diagrams for the hydrogenation of CO on Pd(111).

the hydrogenation of methylene to methyl
and the reductive elimination of methyl as
methane are both exothermic processes. It
is significant to note, though, that because
of the high endothermicity of the first step
(i.e., C, + H; — CH,), the heat of reaction
for the overall process C; + 4H; 2 CH4g is
mildly endothermic for Ni and Pd (AHy; =
35 kcal/mol and AHpg = 23 kcal/mol), and
only weakly exothermic for Pt (AHp, = —4
kcal/mol).

From Table 2 it is evident that the highest
activation energy associated with the pro-
gressive hydrogenation of carbon is that for

the first step, C; + H; — CH,. The activa-
tion energies for subsequent steps decrease
monotonically with the amount of hydrogen
present in the CH, group. This trend indi-
cates that the most difficult step in the hy-
drogenation of surface carbon to methane is
the formation of methyne groups, in agree-
ment with recent experimental observa-
tions (22-24).

We should note, however, that there is a
problem with the model since it projects (at
least, for the zero-coverage limit) that the
decomposition of methyne groups to car-
bon is an unactivated process. This pro-
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jection seems to be inconsistent with the
known formation of relatively stable CH
species on a variety of metal surfaces (25).
The result is particularly baffling because
our calculated value of Qcy = 90 kcal/mol
for Ni(111) is indistinguishable from that
obtained by the ab initio SCF-CI many-
electron embedding theory (26). Of course,
the lack of the barrier, AE&y = 0, should
not be taken literally; there can be some
barrier, say AE{y = 5-10 kcal/mol (cf. the
above discussion). At present, we have no
clear means for explaining this problem.

The reaction pathway for forming
CH-OH is similar to pathway C in Figs. 1
and 2, with the exception that the CH;O,
group undergoes hydrogenation rather than
dissociation. As was noted earlier, for Pd
the activation energy for CH;0O, hydrogena-
tion to CH3;OH 1s lower than the activation
energy for CH;0; dissociation to CH; ¢ and
O,. This fact, together with the unfavorable
energetics for C—0O bond cleavage in earlier
reaction steps, explains why CH3;OH can
be synthesized over Pd. The formation of
CH;0OH over Ni is far less favorable be-
cause the activation energy for CH;0, dis-
sociation is lower than that for CH;O;
hdyrogenation, and as a consequence the
formation of CHy, is preferred.

Our conclusion that the partial hydroge-
nation of CO can facilitate C~O bond disso-
ciation is in agreement with experimental
studies (27-30). Of particular interest here
is the work of Mori et al. (6, 28) who stud-
ied the effects of metal composition on the
H,/D, isotope effect for hydrogenation of
adsorbed CO to CH,. They suggested the
following mechanism of C-O bond disso-
ciation,

(CO), & (COH,), — (CH,); + (OH),,

x=n-—1.

Using transition-state theory they predicted
that the magnitude of the isotope effect
should increase with an increase in the
number of hydrogen atoms (n) in (COH,)s.
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From a comparison of the predicted and ob-
served magnitudes of the isotope effect
they concluded that » is 1 for Fe, 2 for Nj,
and 3 for Pd. Our results are consistent with
those of Mori et al. (6, 28), indicating that
hydrogen-assisted C-O bond cleavage will
be more significant for Pd than for Ni.

Mechanistic studies of CO hydrogenation
over Ni have shown that the specific reac-
tion rates and the activation energies are
practically the same for both Ni(111) and
(100) single-crystal surfaces and for small
supported Ni particles (22-24). The obser-
vation of a constant carbide coverage under
reaction conditions over the temperature
range 450-750 K suggests that the relevant
specific rates of carbidic carbon formation
and removal are very close and that the ac-
tivation energy for carbide formation is
nearly the same as that for carbide hydroge-
nation (23b). Our calculations support this
conclusion. As may be seen from Table 2
and Figs. 1 and 2, the activation energies
for COy dissociation and Cs hydrogenation
are 67 and 63 kcal/mol, respectively. The
calculations presented here indicate that
both CH4 and CH;OH formation on Pd (and
Pt) can proceed via the same elementary
steps up to the formation of CH;0,, which
may then undergo hydrogenation to form
CH;0H or decomposition to produce CHj
and Q,, the activation energies for these
processes being 18 and 23 kcal/mol, respec-
tively. The similarity of the two activation
energies is consistent with the fact that on
Pd powder the selectivities to CH, and
CH;0H are approximately the same (~50%
of each product (37)). For supported Pd cat-
alysts the spread in CH, and CH;OH select-
ivities is greater, reflecting the effects of Pd
dispersion and support composition
(32-34).

Finally, we comment on the decom-
position of methanol CH;OH; on metal sur-
faces. From Table 3 (cf. also Figs. 1 and 2)
it is evident that the formation of CH;O,
and H, is much more favorable than the for-
mation of CHj;; and OHy,, in full agreement
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with experiment (35). (By contrast, recent
ab initio GV B calculations on Niy, clusters,
undertaken to simulate the chemisorption
of CH;0H on a Ni(100) surface, predict
that the decomposition of CH3;0H to CHj ¢
and OH; should be preferred (36). We also
note that once formed, CH;O, should not
decompose immediately to H,CO, since
there is an activation barrier for this pro-
cess. Here, too, the predictions of our
model are consistent with experimental ob-
servation (17).

CONCLUSIONS

A number of important insights into the
mechanism of CO hydrogenation over Pt
group metals can be obtained by using the
bond-order-conservation method to calcu-
late the total energies of adsorbed species
and the activation barriers to their forma-
tion. Examination of the calculated energy
profiles for CH, and CH;OH synthesis over
(111) surfaces of Ni, Pd, and Pt leads to the
following conclusions. For Ni, cleavage of
the C-O bond in chemisorbed CO occurs
by direct dissociation (S + CO;— Cs + Oy).
The subsequent reaction of C, with H; to
form CH, (C, + 4H,) is an endothermic pro-
cess. During the stepwise hydrogenation of
C,, the process with the highest activation
energy is that leading to the formation of
CH; (Cs + Hy — CH,). The assistance of
hydrogen in C-O bond cleavage appears to
be critical for Pd and Pt. For these metals,
the activation energy for direct CO disso-
ciation is very high (=100 kcal/mol). BOC
calculations suggest that the C~O bond is
broken only after CO, has been hydroge-
nated to CH;0, (CH;0; — CH; ¢ + O;). Be-
cause the activation barriers for CH;0, dis-
sociation to CHi; and O, and CH,0O,
hydrogenation to form CH;OH are close,
Pd and Pt are effective for both CH, and
CH;OH formation. Thus, the calculations
based on the BOC approach explain the se-
lectivities observed experimentally for CO
hydrogenation over Ni, Pd, and Pt. These
calculations also predict that CH;OH de-
composition on metal surfaces will take
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place via O-H bond cleavage (i.e., CH;OH
— CH;0; + H;) to produce CH;O; groups,
in agreement with experimental obser-
vation.

APPENDIX

Partitioning of the total bond energy in a
polyatomic molecule into two-center con-
tributions has no physical significance and,
therefore, makes sense only if it serves
some practical purpose. One is therefore
free to develop any working scheme to de-
fine the effective value of Dyp to best re-
produce the experimental values of Q45 and
AE}3, provided the same partitioning prin-
ciple is used for all related polyatomic mol-
ecules. This principle involves averaging of
chemical structures representing reason-
able limits (upper and lower) of two-center
bond energies. The scheme used in the
present work is illustrated by the following
two examples.

Let us consider the triatomic radical,
HCO. In the gas phase, its total bond
energy is Dyco = 274 kcal/mol (see Table
1). We want to partition Dycq into the sum
of the C-H and C-0O bond energies, namely

DHCO = DHC + DCO = 274 kcal/mol.

Taken separately, Dcy and Do are not
observable and, therefore, cannot be
uniquely defined. Intuitively, their mean-
ingful values will be bound between two ex-
tremes corresponding to dissociations

——H + CO
HCO—

(AD)

L——>HC + O (A2)

For the gas-phase molecules CO and CH,
the bond energies are Dcg = 257 kcal/mol
and D¢y = 81 kcal/mol. Thus, the C—-H and
C-~0O bond energies in HCO may be as-
sumed to be intermediate (III) between the
two limiting structures (I and II), namely

257 193

Il HZcEZooHECc2Eo0o 11

D 274-D

H—C

O Hm
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where the C-H bond energy Dcy = D lies
within the range 17 = D = 81 kcal/mol.

In principle, D could be determined by
using Eqgs. (2)—(9) together with experimen-
tally measured value of Quco, AEfico), Or
AE{ico- But, even if accurate values of Q
and AE* were available, this method of de-
termining D would be inaccurate due to the
approximate character of Eqs. (2)-(9) for
polyatomic molecules. To avoid ad hoc fit-
ting procedures, we have chosen to deter-
mine D by taking an arithmetic average of
the values of D for structures I and Il
Thus, D = Dcy = 3(17 + 81) = 49 kcal/mol
and D¢cc = 3257 + 193) = 225 kcal/mol.

As the number of atoms in a polyatomic
molecule increases, the choice of the limit-
ing structures becomes an increasingly dif-
ficult task due to the larger number of con-
ceivable reorganizations. For meaningful
BOC calculations of the dissociation activa-
tion barriers, this chioce is critical because
the limiting structures are averaged arith-
metically. The approach we have used for
polyatomic species can be illustrated for
the case of CH;0,.

The gas-phase bond energy for CH;0; is
Du.co = 383 kcal/mol (see Table 1). We
want to compare the dissociation routes

!——>H3C + 0 (A3)
H3CO‘—‘

L 5H,CO + H

(Ad)

and therefore, we should define the effec-
tive C-0O and C—H bond energies in CH;0.
Since D¢y, = 293 kcal/mol, the limiting
structure for dissociation via reaction (A3)
will be

H
AN
H—C—0O
/
H

e —

293 90

Iv

and so D¢cg = 90 kcal/mol. Another limiting
value for Dco can be taken from the bond
energy portioning in CH30H. Since Dcy,om,
Dcy,, and Doy are 487, 293, and 102 kcal/
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mol, respectively (see Table 1), we find D¢o
=92 kcal/mol, so the effective value of D¢g
for reaction (A3) is 3(90 + 902) = 91 kcal/
mol.

Determination of the effective C~H bond
energy is more complex. Since the total
bond energy for formaldehyde is Dy,co =
361 kcal/mol, the limiting structure corres-
ponding to dissociation via reaction (A4)
will be

?}n
H,C—0O \Y
361

and hence D¢y = 22 kcal mol. On the other
hand, the bond energy for CH in the gas
phase is 81 kcal/mol. We can, therefore,
envision a second limiting structure as

T}&
H,C—0 VI

302

By averaging, we obtain

fli} 52
H,C—O
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Thus, Dcy = %22 + 81) = 52 kcal/mol for
dissociation via reaction (A4).

vl
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