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Theoretical studies of CO hydrogenation to methanol over Cu, Pd, and Pt metals have been carried out using a quasi-relativistic
density-functional method. The metal surface is simulated by a Mg cluster model. Reaction energies for the elementary steps involved
are determined. The activation energies are estimated by the analytic BOC-MP formula. The results support that these metals are active
in CO hydrogenation to methanol. The rate-determining steps are shown to be different for the metals. The highest activation energies
of reaction on the metals fall in the order Cu < Pd < Pt, which corresponds to the order of the catalytic activities of the metals in CO

hydrogenation.
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1. Introduction

The hydrogenation of CO to methanol is an important
catalytic process:

CO + 2H, — CH3OH 1)

Two magjor catalyst systems, viz. supported Cu and Pd cat-
alysts, exhibit high activity and selectivity [1,2]. Methanol
can aso be produced when supported Pt, Ir, and Rh
are used [3,4]. Ternary compositions Cu/ZnO/Al,03 and
Cu/ZnOICr,03 are important catalysts used in the industry
of methanol synthesis. Because the processis of great com-
mercial importance, considerable efforts have been devoted
to the elucidation of the mechanistic details. However, con-
troversies exist in the literature about the reaction mecha-
nism and the chemical state of the Cu component (whether
ionic or metallic copper is the catalytically active species).
Concerning the mechanism, two general reaction schemes
have been proposed [5]. One is the dissociative mecha-
nism in which all CO molecules are assumed to dissociate
to surface C and O atoms which then recombine with H
to produce methanol. This mechanism was originally pro-
posed by Fischer and Tropsch [6] and has received strong
support from several directions based on experimental evi-
dence [7-10]. The other is the non-dissociative mechanism
in which adsorbed CO does not undergo dissociation but
instead undergoes stepwise hydrogenation. Evidence for
this was provided by Koduzono et al. [11]. Especially,
the isotopic study of Takeuchi and Katzer [12], who used
Rh/TiO, in a laboratory study, provided convincing proof
that CO remains undissociated during the course of catal-
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ysed conversion. The non-dissociative mechanism is also
supported by theoretical investigations based on the semi-
empirical BOC-MP approach [13]. The BOC-MP calcu-
lations indicate that the mechanism of CO hydrogenation
depends on the metal used. On metals such as Pd, P,
and Rh, the activation energies for CO dissociation are
very high and C-O bond cleavage on these metals is un-
likely to occur. In contrast, other metals such as Ni, Fe,
and Ru favor CO dissociation. The hydrogenation of CO
on the latter metals produces only hydrocarbons and not
methanol.

There is also controversy concerning the active catalytic
species [14]. Herman et al. [15] suggested a Cut solu-
tion in ZnO as active phase where Cu™ non-dissociatively
chemisorbs and activates CO and ZnO activates H,. How-
ever, Andrew [14,16] presented a case for Cu® being the
only active component and the role of ZnO was to adsorb
poisons present in the syngas. Chinchen et al. [17] found
linear dependence of synthesis activity on the surface area
of the metallic copper, strongly suggesting that metallic
copper is the active phase of the catalyst. Thisis supported
by in situ X-ray photoel ectron spectroscopy [1] and surface
X-ray diffraction studies [18]. Studies of Raney Cu—Zn
catalysts [19] have also shown that the active component
is the metalic Cu.

In this paper, we attempt to carry out theoretical studies
of CO hydrogenation to methanol on three metals (M): Cu,
Pd, and Pt. On the basis of the assumption that M° is the
main active site, all effects of supporting materials on the
reaction are neglected in the caculations. We believe that
on these metals, methanol is formed via a non-dissociative
mechanism.



148

The paper is organized as follows. Computational meth-
od and models are given in section 2. The adsorption
properties of intermediate fragments (CO, H, COH;, where
j = 0=3) and the energetics for the reaction steps involved
are discussed in section 3. Our conclusions are summarized
in section 4.

2. Computation method and surface modeling

The quantum-chemical calculations were carried out
using the Amsterdam density-functional (ADF) program
package developed by Baerends and co-workers [20]. The
frozen-core approximation was used here to reduce the
computational cost. For C and O, the 1s shell was frozen.
For the metal atoms, the electrons up to and including
(n — 1)p shells were kept frozen. The valence shells, i.e,,
(n — 1)d—ns for the metal atoms, 2s—2p for C and O, 1s
for H are expanded in triple-zeta STO basis sets extended
by single-zeta STO sets for the inner core wiggles and
by single-zeta polarization function (np for the metals, 3d
for C and O, 2p for H). The exchange—correlation poten-
tial used was based on the density-parametrized form of
Vosko, Wilk and Nusair (VWN) [21]. The non-local cor-
rections used were based on Becke's gradient functional for
exchange [22] and Perdew’s gradient functional for correla-
tion [23]. These corrections are included in a self-consi stent
manner. Relativistic corrections of the valence electrons
were calculated using the quasi-relativistic method due to
Ziegler et al. [24].

We chose metal M(111) as the surface for adsorption.
M(111) is smulated by a two-layer-thick Myg(n1, 10 — 1)
cluster which contains n, metal atoms in the first layer and
10 — ny in the second. Here n is 7 or 3, depending on the
model (on-top size model or three-fold hollow site model)
used. It has been shown [25] that a Mg cluster is suitably
large to give reliable results.

The geometries for the intermediate fragments adsorbed
on the metal surface are shown in figure 1. The molecular
parts above the surface were fully optimized under certain
symmetries (Cz, for adsorbed H,, H and CO; C; for ad-
sorbed COH ;). The Mg cluster geometries were held fixed
in the calculations, and the M—M distances were based on
bulk crystal data.
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Figure 1. Geometries for the intermediate species adsorbed on the metal
surface.

3. Reaults and discussion

According to the non-dissociative mechanism, the syn-
thesis reaction proceeds by successive hydrogenation of
CO to form the corresponding intermediates (see figure 1;
s = surface):

Hag — 2Hs 2
COH;s+Hs — COH;115s (j =0-3) (4)

The aim of the present study is to examine the energetics
of the CO hydrogenation steps. First we begin with the ad-
sorption energies of the various speciesin reactions (2)—(4).
The data are shown in table 1. Table 2 gives the calculated
heights of the species above the metal surfaces. Table 3
gives the Mulliken charge distributions on the whole ad-
sorbed species.

3.1. Adsorption energies of intermediate fragments

3.1.1. Adsorbed H

H favors the hollow site on the metals, in agreement
with the BOC-MP prediction that a high-coordination site
is always preferred for atoms [26]. However, the cal-
culations show that for M = Pd and Pt, there is only
small difference (0.1-0.2 eV) in the adsorption energies
(Ea) between the on-top and hollow sites. Experimental
Ey vaues of H on M(111) at low coverage are available
for the three metals; they are 56 kcal/mol (2.43 eV) [27],
62 kcal/mol (2.69 eV) [27], and 61 kcal/mol (2.65 eV) [28],
for M = Cu, Pd, and Pt, respectively. The calculated val-
ues are all close to the experimental ones, the errors being
less than 0.3 eV.

Table 1
Calculated adsorption energies* E (eV) for various species adsorbed on the Mg(n, 10 — n) cluster model of
M(111).
Cu(7,3) Cu(3,7) Exptl Pd(7,3) Pd(3,7) Exptl Pt(7,3) Pt(3,7) Exptl
(top) (hol) (hol) (top) (top) (hol)
H 132 212 243 2.27 244 2.69 2.58 2.67 2.65
CO 0.55 0.01 0.63 0.90 143 147 117 174 148
HCO 1.10 111 2.45 213 (1.91)P 2.63 2.18 1.73)
HCOH 0.84 1.28 213 231 2.69 3.08
H,COH 1.07 1.02 2.16 135 (1.86) 252 1.65 1.73)
H,COH 0.38 0.00 0.46 0.00 (0.48) 0.51 0.00 (0.48)

2 Experimenta data on M(111) are those cited in [27-31].

b The value in parentheses is the BOC-MP result [26]; the same is true for the other values in parentheses.
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Table 2
Calculated heights (A) above the metal surface.

Cu(7,3) Cu(3,7) Pd(7,3) Pd(3,7) Pt(7,3) Pt(3,7)
(top) (hal) (hal) (top) (top) (hol)
H 154 0.94 153 0.78 157 0.95
CO 1.99 2.63 1.88 1.40 1.90 141
HCO 2.03 152 1.95 148 2.01 152
HCOH 1.96 141 1.88 1.36 1.92 134
H,COH 211 174 2.08 185 214 1.79

H3COH 2.20 - 2.20 - 225 -

Table 3
Mulliken charge distributions (in €) on the whole adsorbed species.

Cu(7,3) Cu(3,7) Pd(7,3) Pd(3,7) Pt(7,3) Pt(3,7)
(top) (hal) (hal) (top) (top) (hol)
H -0.14 -0.07 —0.40 -0.14 —0.55 —0.66
CO 0.20 —0.02 —0.16 —0.53 —0.48 —0.80
HCO 0.06 —0.50 —0.19 —0.67 —0.42 —1.00
HCOH 0.22 —0.42 -0.21 —0.90 —0.49 —154
H,COH —0.07 0.01 —-0.17 —-0.44 —0.45 —-0.74

H3COH 0.14 - 0.08 - —-0.22 -

3.1.2. Adsorbed CO

For the adsorption of CO, the bonding sites are not
the same for the metals. On Cu, the on-top site is pre-
ferred, while the hollow site is preferred on Pd and Pt.
The differences in Fy between on-top and hollow sites
are ca. 0.55 eV. Experimental adsorption energies are also
known for these metals. Again, the calculated and exper-
imental data are in good agreement with the experimental
data at low coverage [29-31]. It is shown that the adsorp-
tion energy of CO on Cu is significantly smaller than those
on Pd and Pt. Thisisin contrast to the H case. In fact the
binding of CO to Cu is rather weak.

3.1.3. Adsorbed COH;

For the adsorptions of COH};, there are in fact two coor-
dination modes, viz. the coordination of COH; viaC or O.
We find that for HCO, HCOH, and H,COH, the coordi-
nation via C is more favorable; for H3COH, the preferred
coordination is that via O (see figure 1). The calculated
adsorption energies of HCO and H,COH on Cu on-top and
hollow sites are nearly equal. The differencein energy may
be too small for one to make a definite assignment of the
bonding site on Cu. On Pd and P, the two species favor the
on-top site. For the adsorption of HCOH, the hollow site
is preferred universally, contrary to the HCO and H,COH
cases. We note that HCO and H,COH are monovaent
radicals, whereas HCOH is a divalent one. Therefore, un-
saturated C in these species has a tendency to recover its
missing bonds, in agreement with the extended Hiickel band
prediction [27]. The three species can be rather strongly ad-
sorbed on the metals. The calculated adsorption energies
are 1-1.3 eV on Cu, 2.3-25 eV on Pd, and 2.6-3.1 eV
on Pt.

Because H3COH is a saturated molecule, the adsorption
energy of this species is smal. The on-top site is more

preferred than the hollow site for the adsorption, which
supportsthe point of view [26] that for a saturated molecule,
one can assume the on-top coordination.

3.2. The CO hydrogenation reactions

The calculated adsorption energies given in table 4 to-
gether with the calculated H-C or H-O binding energy in
the gas-phase COH, ;1 can be used to determine the com-
bination energy for reaction (4). The scheme is shown as
follows:

CatBs

COHj,S + HS — COHJ+1,S
T—-Ea T-Es |~ Ens

COHJ‘,g + Hg — COHJ‘_H_,g

CatBg

®)

Ca+Bs = CatBg+ Ea + Eg — Epg, (6)

where Ea, Eg, and Eag are the adsorption energies of
COHj, H, and COH, 1, respectively; the term Ca g g rep-
resents the combination (binding) energy in the gas phase.

In addition to the reaction energies, the activation barri-
ers should also be important factors in determining the re-
action process. However, it is rather difficult to locate tran-
sition states for the surface reactions. Shustorovich [26] has
developed a quite useful approach, the so-called bond-order
conservation Morse-potential (BOC-MP) method to predict
activation energies for dissociations or combinations of ad-
sorbates on metal surfaces. For combination reaction (4),
the formulais given by

. 1/ EaEB
EA+B,s: § (m + CA+B,g + EA + EB - EAB)
1/ EaEB
=== 4¢ . 7
3(Te + Caves) Q
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Table 4

Calculated combination energies® Caygs (€V) (scheme (5)) and activation barriers E* (eV) (equation (7))

(s = surface).

Categ® Cuyo Pdio Ptio

Ca+Bs E* Ca+Bs E* Ca+4Bs E*
Hzs — Hs + Hs (4.82) 0.59 0.83 —0.06 0.58 —0.52 0.41
COs + Hs — HCOs (—0.79) 0.24 0.13 0.63 0.77 0.99 1.02
HCOs + Hs — HCOHg (—1.97) —0.03 0.35 0.61 0.92 0.25 0.79
HCOHs + Hs — H,COHs (—3.37) —-1.04 o° —0.78 0.13 -0.14 0.58
H2COHs + Hs — H3COHsg (—5.11) —2.29 o° -0.97 0.05 —-0.43 0.44

@ Dissociation energy (Dag,s) in the case of Hys — Hs + Hs.

b Calculated combination energies in the gas phase.

¢ Negetive values are obtained and so they are set as zero.

Here the energy terms are shown in scheme (5). According
to equation (7), the BOC-MP formulareveals a correlation
between the activation and combination energiesfor surface
reaction (4).

3.2.1. Dissociation of Hy

According to figure 1, the dissociation of H, (Ho —
Hs + Hg) on the metal surface is an initial step. So we
first examine the energetics of the dissociation. On Cu,
the dissociation is mildly endothermic and shows relatively
high activation energy (0.8 €V). On Pd, the dissociation
is nearly thermoneutral, and on Pt it is mildly exothermic.
It is clear that a smaller dissociation energy gives rise to
lower activation energy.

3.2.2. The COH; + H combination

In the gas phase, the combination of COH; and H
is rather exothermic; the reaction exothermicity increases
from j = 0to 5 = 3. Onthe metal surface, the combination
energies are much lower (less exothermic) because there are
strong metal-COH; and metal-H bonds. The Ca1gs value
decreases from j = 0to j = 3, but the decreaseis less pro-
nounced than that in the gas phase. Because the adsorption
bonds of the reaction species are weaker on Cu than on Pd
and Pt, the combination energies on Cu are all higher (more
exothermic) than those on Pd and Pt.

On Cu, the first CO hydrogenation step is dlightly en-
dothermic; the related activation is estimated to be 0.1 eV.
The second step (j = 1) is thermoneutral and has an ac-
tivation energy of 0.4 €V. The other two steps are rather
exothermic. Because the —Cap s values are even larger
than the “reduced” adsorption energy EaFs/(Ea + Es),
negative activation energies are obtained by using the BOC-
MP formula. On Pd, the first and second steps are mildly
endothermic and have relatively high activation energies
(0.8-0.9 eV). The other two steps are quite exothermic and
have low activation energies (0.1 €V). On P, the first step
is rather endothermic and has high activation energy (1 eV).
The second step is dightly endothermic but has aso rather
high activation energy (0.8 eV). The other two steps are
dlightly exothermic; the activation energies vary between
0.4 and 0.6 eV.

For the whole process, the reaction with the highest ac-
tivation energy should be the rate-determining step (RDS).
So the RDS is different for the metals. On Cu, the dissocia-
tion of H, isthe RDS. On Pd and Pt, HCOs-+Hs — HCOHs
and COs + H — HCOs are the rate-determining steps, re-
spectively. On the other hand, the catalytic activity of the
metal in methanol synthesis can be related to the highest
activation energy. The highest £* values show the order of
Cu < Pd < Pt. Thetrend is consistent with the experimen-
tal fact that Cu is more active than Pd and Pt in methanol
synthesis [2].

4, Conclusions

This paper presentstheoretical studies of CO hydrogena-
tion to methanol on Cu, Pd, and Pt metals. The adsorption
energies for various intermediate species and the reaction
energiesfor elementary steps involved are determined. The
BOC-MP method is used to evaluate the activation energies.
It is shown that CO hydrogenation to methanol is readily
activated by these metals. On Cu, the dissociation of H, to
H;s is the rate-determining step because the reaction has the
highest activation barrier; the combinations of COH; + H
are energetically quite favorable, owing to the relatively
small adsorption energies of COH; and H on Cu. On Pd
and Pt, the adsorption energies of H are relatively large and
so, dissociation of H, on the two metals proceeds easily; the
hydrogenations of HCO to HCOH and CO to HCO have
the highest activation barriers, respectively. The highest
activation barriers vary in the order Cu < Pd < Pt, which
can be related to the order of the catalytic abilities of the
metals.
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