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Rh(11 1)-catalyzed methanol dehydrogenation is systematically studied based on density functional
(DF) calculations and microkinetic modelings. We find that, compared to those for the same reaction
on other transition metal surfaces, e.g., Ni(111), Pd(111) and Pt(111), the adsorption configu-
rations of some relevant intermediates on Rh(111) are relatively abundant and the adsorption
potential energy surfaces (PES) are relatively flat. Transition states for all the possible elementary
steps involved are searched. Based on the DF results, we model the reaction at two sets of typ-

ﬁgxg;ﬁ ical reaction conditions, i.e., the low temperatures in ultrahigh vacuum conditions and the high
Dehydeogenation temperature and high pressure conditions. The DF calculations and microkinetic modelings reveal
Rh(111) that paths CH30H — CH30 — CH,0 — CHO — CO and CH30H — CH,OH — CHOH — CHO — CO are dom-
Catalysis inant under all the reaction conditions, whereas at the high temperatures and high pressures, paths

Density functional theory
Mocrokinetic modeling

CH30H — CH,0H — CH;0 — CHO — CO and CH30H — CH,0H — CHOH — COH — CO are also significant.
Under all the considered reaction conditions, apparent activation energy for the methanol decompo-
sition is found to decrease with temperature, and the reaction order of methanol is decreased when
increasing its partial pressure. In addition, it is found that it is the very activated adsorption state
(n'(C)=n'(0)—n'(H)) for formaldehyde on Rh(1 1 1) that results in the fact that methanol oxidation does
not take place at formaldehyde.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Global energy shortage and stringent emission regulations have
stimulated extensive research and development in the area of
fuel cells. Hydrogen fueled proton exchange membrane fuel cells
(PEMEFC) have been attractive candidates in the low-emission auto-
motive applications [1,2]. Owing to the problems concerning the
handling and storage of hydrogen, extensive research has been
dedicated to developing technologies for on-board hydrogen pro-
duction from liquid fuels. In this respect, methanol has been
considered as a promising fuel due to the abundant source as
well as the high hydrogen-to-carbon ratio [3]. Producing hydrogen
from methanol involves several practical routes, e.g., decompo-
sition (MD), steam re-forming (MSR), oxidative steam reforming
(OSRM) and partial oxidation (POM).

Rhodium is an excellent catalyst in some industrial catalytic
processes, including partial oxidation of methane and POM [4-6].
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In order to gain fundamental insight into the POM mechanism,
methanol decomposition on the single-crystal Rh(11 1) surface at
low temperatures under ultrahigh vacuum (UHV) condition has
been extensively studied [7,8]. The results showed that methanol
adsorbed molecularly on Rh(111), and began to decompose into
methoxy at 140K in a heating process [8]. Intermediate methoxy
was suggested to hydrogenate to methanol or dehydrogenate to
adsorbed CO and H by Solymosi et al. [7]; whereas Houtman and
Barteau believed it is exclusively decomposed to CO and H [8]. In
both studies [7,8], in addition to methoxy, no other intermediates
were observed; and the final products were exclusively CO and H,.
On oxygen pre-adsorbed Rh(1 1 1), oxidation still mainly occurred
at CO, with that at the formaldehyde intermediate negligible [8].
On the other hand, there are several studies for methanol
decomposition and oxidation on rhodium at high temperatures
and high (up to ambient) partial pressures, which correspond to
the practically catalytically relevant conditions [5,6,9]. These stud-
ies demonstrated that products for methanol decomposition at
these conditions are also CO and H,. Experiments also showed that
the measurable conversion of methanol begins at a significantly
lower temperature (550K), and the conversion reaches a flux lim-
ited value at about 900K [6]. In the presence of O, methanol also
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Table 1
Adsorption configuration, Adsorption energies (in kcal mol~) and structural parameters (in angstroms and degrees) for intermediates involved in methanol dehydrogenation
onRh(111).
Species Configuration? Eags® dc-o dy-_rn Anglesf
CH;0H* top—n'(0) 14.8 (13.4) 1.43 2.28¢ 54
CH;0* fcc—n3(0) 57.2(52.8) 1.41 2.18¢,2.18¢,2.18¢ 0
hep—n3(0) 54.4 (50.2) 1.41 2.19¢,2.19¢, 2.20¢ 3
bridge—n%(0) 56.0 (52.1) 1.40 2.14¢,2.14¢ 53
top—n'(0) 52.0 (49.5) 135 2.01¢ 78
CH,OH* bridge—n'(C)-n'(0) 52.4(49.8) 1.46 2.26¢,2.054 86
CH,0* fcc—n'(C)-n?(0) 24.2(22.2) 1.37 2.18¢,2.18¢,2.084 80
hep—n'(C)-n?(0) 24.6 (23.0) 1.38 2.16¢, 2.16¢, 2.074 80
fcc—n'(C)-n'(0)-n'(H) 21.5(21.2) 1.31 2.06¢,2.124, 1.83¢ 83
hep—n1(C)—n'(0)—nl(H) 22.0(22.0) 1.31 2.06¢,2.119, 1.79¢ 82
fcc—n?(C)-n'(0) 20.0(20.6) 1.30 2.08¢,2.324,2.324 80
CHOH* top—n'(C) 80.3(78.1) 1.31 1.87¢ 53
bridge—n?(C) 79.6 (78.0) 1.35 2.064, 2.06¢ 45
CHO* fcc—n?(C)-n'(0) 59.8 (57.0) 1.28 2.11¢,2.094,2.114 75
hep—n?(C)-n'(0) 59.8 (57.1) 1.26 2.11¢,2.104, 2.104 75
bridge—n'(C)-n'(0) 64.0 (60.8) 1.25 2.19¢,1.924 82
COH* fcc—n3(C) 106.7 (98.7) 1.32 1.984,1.994, 2,054 0
hep—n(C) 110.2 (106.8) 1.33 1.984,2.004, 2.024 0
co* fecc—n3(C) 429 (41.7) 1.18 2.104,2.10¢4, 2.104 3
hep—n3(C) 445 (43.2) 1.18 2.094,2.09¢, 2.094 0
bridge—n?(C) 43.2(41.8) 1.17 2.014,2.03¢ 1
top—n'(C) 48.6 (46.5) 1.15 1.83¢ 0
H* fcc 65.5(61.5) 1.82¢,1.83¢,1.83¢
hcp 64.1(60.3) 1.82¢,1.82¢,1.82¢
top 60.6 (56.2) 1.54¢
Hy* top 13.7(7.7) 1.67¢ 87

a fcc, hep, top and bridge are adsorption site, n"(X) denotes that X atom interacts with n surface metal atoms.

b

¢ O—Rh bond length.
d C—Rh bond length.
¢ H—Rh bond length.
f Values are angles between the surface normal and the O—C axis.

decomposes into CO and H firstly, and CO, is formed via the oxida-
tion of CO [6].

Previous experimental studies have shown that methanol
decomposition into CO and H is important in the POM process
on Rh(11 1), thus exploring the methanol decomposition mecha-
nismis desired for accurately understanding and modeling the POM
process. Although experiments have gained some information for
methanol oxidation on Rh(11 1) [5-9], the reason why the oxida-
tion takes place at CO rather than formaldehyde is still unclear.
Furthermore, mechanism and kinetic parameters for methanol
decomposition on Rh(11 1) have not been obtained in the exper-
iments [5-9]. These facts motivate us to perform a theoretical
investigation.

In this paper, we investigate the decomposition of methanol
on Rh(111) by using the periodic self-consistent density func-
tional theory (DFT). We determine the thermochemical and kinetic
parameters for all the elementary steps involved. The calculated
results are compared with those for the analogous reactions on
other transition metal surfaces, e.g.,Pd(111)[10],Pt(111)[11]and
Ni(111)[12]. Furthermore, on the basis of the DFT-derived param-
eters, including binding energies, activation barriers, entropies
and pre-exponential factors, we formulate a detailed microkinetic
model, which extends the DFT-based results to the realistic con-
ditions. Finally, we present the predictions of the model regarding
the dominant reaction pathways, coverages, reaction rates, reaction
orders and apparent activation energies for methanol decomposi-
tion on Rh(1 1 1) occurring under different conditions.

2. Computational details
DFT calculations were performed with program package DMol3

in Materials Studio of Accelrys Inc [13-15]. The exchange-
correlation energy was calculated within the generalized gradient

Values calculated using the equation of E,gs = Egjap * Eadsorbate — Eadsorbate/slab- Parameters in parentheses are adsorption energies after zero-point energy corrections.

approximation (GGA) using the form of the functional proposed by
Perdew and Wang [16,17], usually referred to as Perdew-Wang 91
(PW91). Density functional semicore pseudopotential (DSPP) [18]
method was employed for the Rh atoms, and the carbon, oxygen
and hydrogen atoms were treated with an all-electron basis set.
The valence electron functions were expanded into a set of numer-
ical atomic orbitals by a double-numerical basis with polarization
functions (DNP). A Fermi smearing of 0.005 Hartree was used to
improve the computational performance. All computations were
performed with spin-polarization.

The Rh(11 1) surface was modeled using a (2 x 2) surface unit
cell with a 10 A vacuum region. The reciprocal space was sampled
with a (5 x5 x 1) k-points grid generated automatically using the
Monkhorst-Pack method [19]. A single adsorbate was allowed to
adsorb on one side of the (2 x 2) unit cell, corresponding to a sur-
face coverage of 25%. Full-geometry optimization was performed
for all relevant adsorbates and the uppermost two layers without
symmetry restriction, while the bottom layer Rh atoms were fixed
at the bulk-truncated positions at the experimentally determined
lattice constant of 3.80 A. Nonperiodical structures were fully opti-
mized at the same theoretical level for the isolated atoms, radicals
and molecules involved. Arecent study has indicated that the three-
layer thickness slab is adequate for the investigation of reactions on
Rh(111) [20] and the present calculations also indicated that the
energy changes were less than 1.2 kcalmol~! when a four-layer
slab was employed.

Transition state (TS) searches were performed with the com-
plete Linear Synchronous Transit/Quadratic Synchronous Transit
(LST/QST) method implemented in DMol3 [21]. The convergence
criterion for the TS searches was set to 0.01 Hartree/A for the root
mean square of atomic forces. Transition states were identified by
the number of imaginary frequencies (NIMG) with NIMG=1. We
applied the transition-state theory (TST) formalism [22] to predict
rate constants for all the elementary steps involved.
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Fig. 1. Top view and side view (inserted) of the adsorption configurations of species involved in methanol dehydrogenation on Rh(111): (a) CH30H; (b) 73(0) adsorbed
CH30; (¢) n?(0) adsorbed CH30; (d) n'(C)—n'(0) adsorbed CH,OH; (e) n'(C)—n%(0) adsorbed CH,0; (f) n'(C)—n'(0)—n'(H) adsorbed CH,O0; (g) n%(C) adsorbed CHOH; (h)
n'(C) adsorbed CHOH; (i) n'(C)—n'(0) adsorbed CHO; (j) n*(C) adsorbed COH; (k) '(C) adsorbed CO; (1) atomic H.

3. Results

In this section, we first give adsorption geometries and energies
for all species involved in the title reaction. Then we investigate the
elementary steps from methanol to the final products, co-adsorbed
CO and H, describing the TS geometries and energies.

For comparison, we often refer to three sets of data for methanol
decomposition on Pd(111) [10], Pt(111) [11] and Ni(111) [12].
Values of adsorption energies, energy barriers and reaction energies
are reported without zero-point energy (ZPE) corrections unless
otherwise stated.

3.1. Adsorption of intermediates

In this section, we present a systematic investigation of geome-
tries and energies for all the species involved. The most important
adsorption configurations of the species are shown in Fig. 1, and
information for all the possible adsorption configurations is given
in Table 1.

3.1.1. Methanol

Similar to the situation of Pd(111) [10], Pt¢(111) [11] and
Ni(111)[12], methanol binds to Rh(1 1 1) at top site via the oxygen
atom (see Fig. 1a). In this configuration, distance between O and
the nearest surface Rh is 2.28 A, with the O—H bond nearly paral-
lel to the surface and the O—C axis tilted by 36° (see Table 1). This
configuration has been confirmed by the high-resolution electron
energy loss spectroscopy (HREELS) experiment [8]. The adsorp-
tion energy is calculated to be 14.8 kcal mol~1, in good agreement
with the previous theoretical value (15.3 kcal mol~1) [23] but alittle
larger than the value determined in the thermal desorption exper-
iment (11.5 kcal mol—1) [7]. The difference between the theoretical

and experimental values may arise from the different coverages
considered, it has been pointed out that the adsorption energies of
methanol depend on coverages [24,25]. For comparison, adsorption
energies for methanol on Pd(111) [10], Pt(111)[11] and Ni(111)
[12] are relatively low (9.1, 7.6 and 3.8 kcal mol~1, respectively).

3.1.2. Methoxy

Experiment [8] has shown that methoxy is upright adsorbed
via the oxygen atom on Rh(11 1), but the adsorption sites were
not determined. The present DFT calculation demonstrates that
adsorption configurations of methoxy on Rh(11 1) are much abun-
dant, i.e., staying vertically at fcc (see Fig. 1b) and hcp sites and
tiltedly at bridge (see Fig. 1c) and top sites. The fcc state has
the largest adsorption energy (57.2 kcalmol-1), followed by the
bridge and hcp states (56.0 and 54.4 kcal mol~1), and the top state
with the binding energy of 52.0 kcalmol~! is the least stable (see
Table 1). The small difference in the adsorption energies sug-
gests that adsorption PES for methoxy on Rh(111) is relatively
flat, in contrast to the rather corrugated PESs for methoxy on
both Pd(111) [10] and Ni(111) [12]. On the latter two surfaces
[10,12], three-fold and bridge sites account for nearly a same sta-
bility for methoxy, whereas top adsorption is unstable. On Pt(111)
[11], methoxy only adsorbs stably at top site gaining an energy
of 35.5kcal mol~!, in which the O—C axis is inclined 59° from the
surface normal.

3.1.3. Hydroxymethyl

Previous theoretical studies have suggested that hydroxymethyl
is indeed the preferred intermediate in methanol dehydrogena-
tion on both Pd(111) [10] and Pt(111) [11]. In contrast to the
top adsorption via the C atom of CH,OH on Pd(111) [10], Pt(111)
[11] and Ni(111) [12], we find that hydroxymethyl on Rh(111)
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Fig. 2. Top view and side view (inserted) of transition state structures involved in methanol dehydrogenation on Rh(111).

favors the n'(C)—n!(0) configuration at bridge site (see Fig. 1d).
The O-C axis of CH,OH is nearly flat located with the C—Rh and
0O—Rh bonds being 2.05 and 2.26 A long (see Table 1). The adsorp-
tion energy calculated to be 52.4 kcalmol~! on Rh(111)is 8.6, 6.7
and 13.7 kcal mol~1 larger than those on Pd(111)[10],Pt(111)[11]
and Ni(111)[12].

3.1.4. Formaldehyde

It is generally believed that formaldehyde adsorbs on the
clean surfaces of group VIII metals via the n'(C)-n'(0) mode
[26], stabilizing the system by 12.5kcalmol~! on Pd(111) [10],
11.5kcalmol~! on Pt(111) [11] and 23.7 kcalmol~! on Ni(111)
[12]. However, the present calculation indicates adsorption con-
figurations for formaldehyde on Rh(1 1 1) are much abundant, e.g.,
the n1(C)-n2(0) and n'(C)—n1(0)—n'(H) configurations formed at
both fccand hepssites (see Fig. 1e,f)and 72(C)—n'(0) at fcc. As shown
inTable 1, the n'(C)—n2(0) configuration is the most stable with the
binding energy ca. 24 kcal mol~1, followed by n'(C)-n'(0)—n!(H)
(ca. 22 kcalmol~1) and then fcc-n2(C)—n'(0) (20kcal mol~1). The
small difference in adsorption energies (less than 4kcalmol-1)
favors conversions between various adsorption configurations.
Moreover, the special configuration of n'(C)-n'(0)-n!(H) is
expected to facilitate CH,O dehydrogenation because the rel-
evant C—H bond is substantially weakened (mirrored by its
length of 1.19A) as the result of the formation of the H—Rh
bond.

3.1.5. Hydroxymethylene

CHOH prefers the bridge and top sites through the carbon
atom on Rh(111) with almost identical adsorption energies (ca.
80kcal mol~1; see Table 1).In the bridge configuration (see Fig. 1g),
the two C—Rh bonds are 2.06 A long and the O—C axis is 45° tilted.
In the top case (see Fig. 1h), the C—Rh distance is 1.87 A and the

0O-C axis is inclined by 53°. On Pd(11 1) [10], also the bridge and
top adsorption configurations were located for hydroxymethylene,
with the binding energies of 72.0 and 63.9 kcal mol~1, respectively,
whereas on Pt(11 1) only the bridge adsorption with the binding
energy of 74.7 kcal mol~! was available [11].

3.1.6. Formyl

Formyl has been proposed as an intermediate in methanol
dehydrogenation on Rh(11 1) by Houtman and Barteau [8]. How-
ever, no experimental structural information has been obtained for
adsorbed CHO. Our calculation indicates CHO could stably bind at
fcc, hep and bridge sites. The top adsorption is indeed unstable,
which would transform into the bridge site during optimiza-
tion. The bridge adsorption favors the n'(C)-n'(0) configuration
(see Fig. 1i), with the adsorption energy of 64.0 kcalmol~!. The
threefold (fcc and hep) adsorptions favoring the 7%(C)—1'(0) con-
figuration are 4.2 kcalmol~! less stable (see Table 1). On Ni(111)
[12], top adsorption is favorable with the adsorption energy of
55.4kcalmol~1; on Pd(111)[10], CHO could stably bind at all high
symmetry sites, and the fcc adsorption affords the largest binding
energy (58.5 kcalmol~1); on Pt(111)[11], all high symmetry sites
afford almost identical adsorption energies, with the top adsorption
being the largest one (54.4 kcal mol~1).

3.1.7. Hydroxymethylidyne

COH binds upright through the C end at three-fold hollow sites
on Rh(11 1) (see Fig. 1j). The adsorption energy is 106.7 kcal mol~!
at hcp and 103.2kcalmol~! at fcc. Similar adsorption configura-
tions have also been determined for COH on both Pd(111) [10]
and Pt(111)[11], with identical binding energies (94.5 kcal mol~1)
on Pd(111) and the binding energy of 99.1 kcalmol-! for the fcc
adsorption on Pt(111). No information is available for COH on
Ni(111).
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Table 2
Comparison of energy barriers E, and reaction energy AH (in kcal mol~1) for all elementary reactions involved in methanol dehydrogenation.
Reaction Rh(111)? Ni(111)° Pd(111)° Pt(111)¢
E, AH E, AH E, AH Ea AH
CH;0H* — CH30* +H* 21.9(16.5) 1.3(-2.7) 9.3 -184 335 12,5 18.7 143
CH30* — CH,O* +H* 12.6(9.3) -1.0(-5.8) 22.6 4.3 17.3 -6.3 5.8 -74
CH,0* — CHO* +H* 0.7(0.0) -12.6(-14.0) 11.0 -9.1 14.1 -16.9 0.0 -14.1
CHO* — CO*+H* 14.8(12.2) -21.1(-23.5) 4.1 -373 13.5 -19.0 5.3 —224
CH30H* — CH,OH* +H* 21.4(17.1) -0.3(-3.8) 28.7 -53 28.2 2.6 15.5 -39
CH,OH* — CHOH* + H* 18.9(15.0) 0.4(-3.4) 26.5 0.0 14.5 0.23
CH,OH* — CH,0*+H* 25.2(20.7) 0.6(—4.7) 22.0 3.7 17.3 10.6
CHOH* — COH* +H* 13.7(9.1) -12.6(-15.7) 174 -8.0 18.4 -11.1
CHOH* — CHO* + H* 11.7(6.9) -10.5(-15.3) 15.4 -13.2 9.9¢ —23.3¢
COH* — CO*+H* 33.7(28.5) —20.9(-23.1) 21.9 —243 224 -12.2
H*+H* — Hy* 13.2(12.5) 9.4(10.6)

2 Values in parentheses are energies after zero-point energy corrections.
b Values are taken from Ref. [12].

¢ values are taken from Ref. [10].

d values are taken from Ref. [11].

¢ This step is a quasi-simultaneous O—H/C—H scission.

3.1.8. Carbon monoxide

On Rh(111), several experiments [27-29] have indicated that
CO adsorbs at top site at low coverages, and at top and threefold
sites at high coverages. Our calculations indicate that CO could sta-
bly bind at top, bridge and threefold sites on Rh(111). The top
adsorption is indeed the most stable (see Table 1), in which CO is
adsorbed via the carbon end (see Fig. 1k). The calculated distances
of C—0 and C—Rh are in excellent agreement with the experimen-
tal values (1.15 and 1.83 A vs 1.15+0.07 and 1.84+0.07 A) [30].
Similar adsorption configurations are also found for the other sites.
For comparison, previous theoretical studies have shown that CO
prefers threefold sites on Pd(111)[10], Pt(111)[11] and Ni(111)
[12].

3.1.9. Atomic hydrogen and molecular hydrogen

Similar to the situation of the other transition metals considered,
H is adsorbed at hollow sites on Rh(1 1 1) to maximize its chemical
bonds. The fcc adsorption is the most stable (65.5 kcal mol~1); the
hep and top adsorptions are less stable by 1.4 and 4.9 kcal mol~!.
The calculated fcc adsorption energy is in excellent agreement with
the previous theoretical values (66.0 [4] and 65.5 kcal mol—! [31]).
Also, the adsorption energies of H on Rh(111) are very close to
those on Pd(11 1) (64.4kcalmol~1)[10], Pt(11 1) (62.5 kcalmol~1)
[11] and Ni(111) (67.9kcalmol-!) [12]. Molecular hydrogen
adsorbs at top site on Rh(1 1 1) with the H-H bond flat located. The
calculated adsorption energy is 13.7 kcal mol~!, and the H-H bond
is elongated to 0.88 A from 0.73 A in free molecule, suggesting H»
is strongly activated.

3.2. Decomposition of adsorbed methanol

In this section, we investigate all the elementary steps involving
both the initial C—H and O—H bond scission. The involved TS struc-
tures are shown in Fig. 2. The C—O path is not considered, because it
was not found in experiments [24,32] and also a rather high energy
barrier (33.4 kcal mol~1) for its initial step is revealed by us.

3.2.1. Initial O—H bond scission

Initial O—H bond scission is a classical path that has been
proposed for methanol decomposition on Rh(111) [7,8,33,34].
The suggested path is methanol — methoxy — formaldehyde —
formyl — carbon monoxide.

3.2.1.1. CH30H — CH30 +H. Theinitial state (IS)is the top adsorbed
methanol. We take the coadsorbed CH3Ojgge + Hrec configuration
as the final state (FS), because it could be transferred readily from

the coadsorbed CH3O¢. +Hg.. configuration, even though the iso-
lated adsorption of CH30 at fcc site is slightly preferred. Following
the approach of CH30H toward the metal surface, the O—H bond
is activated. In TS1 (see Fig. 2), the dissociated H binds at bridge
site, while the CH30 moiety sits still at the off-top site. Follow-
ing TS1, CH30 and H* diffuse to bridge and fcc sites, forming the
thermoneutral FS (1.8 kcal mol~! endothermic).

The energy barrier of 21.9kcalmol~! we find for this step is
close to that for the same step on Pt(111) (18.7 kcalmol~-1)
[11], but is considerably higher than that for Ni(111)
(9.3 kcalmol~1) [12] or remarkably lower than that for Pd(111)
(33.5kcalmol~') [10]. Therefore, the activity ability of sur-
faces toward the O—H bond of methanol follows the order of
Ni(111)>Pt(111)=Rh(111)>Pd(111). For comparison, the
analogous step on Pd(111) [10] and Pt(111) [11] is endother-
mic by 12.5 and 14.3 kcalmol~!, respectively, but on Ni(111) is
exothermic by 18.4 kcal mol~! due to the rather strong adsorption
of CH30 [12].

3.2.1.2. CH30— CH,0 +H. For methoxy dehydrogenation, both fcc
and bridge adsorptions are considered as the IS’s due to the similar
stabilities of them. These two IS’s are found to connect to a same
FS, in which CH,0 adsorbs in the fcc-n1(C)-72(0) mode, and the
atomic H sits at hcp site. These two paths indeed proceed via a
similar reaction process, i.e., the incline of the O—C bond makes
one of the C—H bonds close to surface so that it could be activated.
TS2 is featured by the dissociated H at top site and CH,O at bridge
site via the O atom with the O—C bond tiltedly directed (see Fig. 2).
After the TS, the atomic H diffuses to hcp site,and CH, O is favored by
further incline of the O—C axis for the formation of the C—Rh bond.
Energy barriers for the two paths are basically equal in value (13.1
and 12.6 kcal mol~! for the fcc and bridge adsorbed CH30). The low
energy barriers demonstrate that methoxy could dehydrogenate
readily into formaldehyde. Thermodynamically, this step is nearly
thermoneutral (see Table 2).

3.2.1.3. CH,0— CHO+H. For the formaldehyde dehydrogenation,
both hcp—n1(C)-n2(0) and hcp—n'(C)—n'(0)—n'(H) states are
considered as the IS’s. However, the former process has a sig-
nificantly higher energy barrier than the latter one (11.0 vs.
0.7 kcal mol~1), thus here we only elaborate the latter process. The
reaction is excited by the stretching vibration of the C—H bond
that has been obviously activated in the adsorption. In TS3 (see
Fig. 2), the positions of nascent CHO and H change slightly with
respect to those in the IS. After the TS, the atomic H diffuses to fcc
site, and the C atom of CHO approaches to another Rh, forming the



104 R. Jiang et al. / Journal of Molecular Catalysis A: Chemical 344 (2011) 99-110

hcp—n2(C)—n'(0) configuration. Although this step is exothermic
on all the surfaces considered [10-12] (see Table 2), it is hindered by
much different barriers on different surfaces, i.e., nearly no barriers
onRh(111)andPt(111)[11]and considerable barrierson Ni(111)
[12] and Pd(111)[10](11.0 and 14.1 kcal mol~1, respectively).

3.2.1.4. CHO— CO+H. Bridge bound CHO is selected as the IS of
this step. In the FS, CO and H bind at opposite threefold sites
(hep and fec, respectively). In this step, a swag vibration of the
adsorbed CHO makes the O atom depart from the surface and
the C—H bond approach the metals. In TS4, CHO binds at off-top
site, with the C—H bond, which is obviously elongated but still
held, flat located (see Fig. 2). Following the TS, the C—H bond is
broken, and CO and H diffuse to threefold sites. The calculated reac-
tion energy is —21.1 kcalmol~!, and the relevant energy barrier is
14.8 kcal mol 1.

3.2.2. Initial C—H bond scission
This pathway involves initial C—H bond scission followed by
stepwise H abstraction to form adsorbed CO and H.

3.2.2.1. CH30H — CH,OH +H. Similar to the situation of the other
metals considered, this step on Rh(11 1) starts with a rotation of
the adsorbed methanol, such that the methyl group could move
down and one of the C—H bonds could be activated. In TS1’, the
C-0 axis of the CH,OH moiety is nearly flat located via C, and
the dissociated H at off-top site shares the Rh atom with C (see
Fig. 2). After TS1’, CH,OH further approaches to the surface; while
the atomic H moves to nearly fcc site because of strong repulsion of
CH,OH.

Energy barrier for this step is 21.4 kcalmol~!, obviously lower
than those on both Ni(111) (28.7kcalmol~1) [12] and Pd(111)
(28.2kcalmol~1) [10] but 5.9kcalmol~! higher than that on
Pt(111) [11]. This step is slightly exothermic on Rh(11 1), simi-
lar to those on Ni(111) [12] and Pt(111) [11], but different from
the situation of Pd(11 1) [10] (see Table 2).

3.2.2.2. CH,0H— CHOH +H. This step is initiated by the intraro-
tation of CH,OH, thus a surface Rh atom could insert into one of
the C—H bonds. In TS2'a (see Fig. 2), CHOH and H* share a Rh atom,
with the C—H distance elongating to 1.38 A. Following the TS, CHOH
and H move respectively to bridge and fcc sites, forming the nearly
thermoneutral FS. This step needs to overcome an energy barrier
of 18.9 kcal mol-1.

3.2.2.3. CH,0H — CH,0 +H. Alternatively, approach of the OH end
of CH,OH to the surface results in the O—H activation. In TS2’b, the
CH, 0 moiety still locates at bridge site, while the dissociated H sits
at off-top site (see Fig. 2). After TS2'b, CH,0 arranges to fcc site
favoring the n'(C)—n2(0) configuration and H moves to another fcc
site, giving the thermoneutral FS. This step affords an energy barrier
of 25.2 kcalmol~1.

3.2.24. CHOH— COH+H. This step is featured by the bridge
adsorbed CHOH as the IS, and facilitated by the diffusion of CHOH
to adjacent hcp site. In TS3’a (see Fig. 2), COH sits nearly at hcp site
via the Cend with the C—0 axis approximately upright pointed, and
the dissociated H sits atop one of the three Rh atoms bound to COH.
Passing through TS3’a, COH rotates to the upright configuration at
hcp site, and the atomic H moves to adjacent fcc site. Although
this step is exothermic by 12.6kcalmol~!, the energy barrier is
relatively high (13.7 kcalmol~1).

3.2.2.5. CHOH— CHO+H. The IS of this process is selected as the
top adsorbed CHOH. The FS is CHO (bridge—n'(C)—71(0))+H (fcc).

The reaction is excited with the help of the O—H stretching vibra-
tion. In TS3'b (see Fig. 2), the dissociated H locates over bridge
site, and the CHO fragment still binds at top site via the C atom,
changing slightly with respect to that in the IS. Passing the TS,
CHO rotates to bridge site and H diffuses to fcc site. Energy bar-
rier and reaction energy for this process are calculated to be 11.7
and —10.5 kcal mol~1, respectively.

3.22.6. COH— CO+H. This step is strongly exothermic
(20.9kcalmol~') but with a high activation energy of
33.7kcalmol-!. The incline of the C—O bond in COH brings
the hydrogen atom close to the surface, favoring the O—H bond
activation. In TS4’, CO sits still at threefold site but with the C—0
bond tilted; the abstracted H sits at off-top site sharing the Rh
atom with CO (see Fig. 2). After TS4/, CO diffuses to the top site
favoring the upright configuration, and the atomic H moves to
adjacent fcc site.

3.2.2.7. H+H— H,. AtthelS,the two hydrogen atoms are adsorbed
at adjacent fcc sites. The diffusions of both H atoms make the sys-
tem reach the TS, in which the two H atoms barely bind at top
site with H—H distance of 1.30 A. Passing through the TS, the two
H atoms approach each other forming FS. This step is hindered by
13.2 kcal mol~1, and is endothermic by 9.4 kcal mol-1.

4. Discussion
4.1.1. Comparison of adsorptions on different metal surfaces

For the late group VIII metal surfaces, e.g., Pt(111),Pd(111)and
Ni(11 1), we have summarized the preferred adsorption configura-
tions of intermediates involved in methanol dehydrogenation, in
which the intermediates tend to form saturated-type structures
by bonding with the surface metal atom(s) [10] and have obvious
preference between different adsorptions [10-12]. Compared with
these metals, Rh(111) accounts for relatively abundant adsorp-
tion configurations as well as relatively flat adsorption potential
energy surface (PES) for some intermediates, e.g., CH30, CH,0 and
CHOH. This typical adsorption property has also been observed
for the adsorptions of CH, and CH3 on Rh(111) [4], in which
they prefer the threefold sites, with the energy difference often
lower than 2.4kcalmol~!, compared to the facts that there are
only bridge adsorption for CH, and top adsorption for CH3 on the
other group VIII transition metals [35,36]. Moreover, adsorption
is always stronger for species on Rh(111) than on Pd(111) [10]
and Pt(111)[11], but no obvious tendency of adsorption strengths
is found between Rh(111) and Ni(111) [12] (see Table S1 in the
Supporting Information).

This typical adsorption properties of Rh(11 1) can be rational-
ized by the partial density of state (PDOS) of the metal surface.
Nerskov and co-workers have shown that the adsorption energy
of adsorbate on metal surface is related to the location of the
surface d-band center relative to the Fermi level. As the d-band
center is closer to the Fermi level, the bond between the adsorbate
and the metal surface would become stronger since the anti-
bonding states exist above the Fermi level and these states are
empty. On the other hand, when the d-band center is shifted down
(further from the Fermi level) and the antibonding states would
become filled, and thereby the bond between the metal surface
and the adsorbate is weaker [37]. The values compiled by Ander-
sen et al. [38] showed that the d-band centers of the four metal
surfaces are —1.73eV forRh(111), -1.83 eV for Pd(111), —2.52eV
for Pt(111) and —1.29eV for Ni(111). Therefore, it is reasonable
that Rh(11 1) accounts for stronger adsorption than Pt(111) and
Pd(11 1) for the species considered. According to the d-band center
values, adsorbate on Ni(1 1 1) should have the strongest adsorption



R. Jiang et al. / Journal of Molecular Catalysis A: Chemical 344 (2011) 99-110 105

L Rh(111) i
) z
> =
Qr 8
) Aar
A~ L ~
T T T T T T T T
8 6 4 -2 0 2 4 -8
Energy (eV)
2 L
Er Zr
=] 3=
s F 5 L
s L £
» &+
Q + %)
=) o L
~ b )
=

-8 -6 -4 2 0 2 4
Energy (eV)

Energy (eV)

Fig. 3. The d-orbital density of states of Rh(111), Ni(111),Pd(111)and Pt(111).

among all the metal surfaces considered, but the calculated results
show it depends on adsorbates (see Table S1 in the Supporting
Information). Furthermore, as shown in Fig. 3, the PDOS of Rh(11 1)
is strikingly more broad than the PDOS’s of all the other metals
considered. The high energy end of the PDOS is relatively simi-
lar for all the metal surfaces, terminated at about 2.17 eV; while
the low energy end is obviously different, which still has signifi-
cant electronic states between —5.42 and —6.50 eV for Rh(11 1), but
does not for the other surfaces. The broadening of the PDOS toward
the low energy range indicates that, in addition to the interaction
between the higher energy orbitals, adsorption of adsorbates on
Rh(11 1) may also involve the lower energy orbitals, giving rela-
tively abundant configurations with larger binding energies. For
instance, free formaldehyde has the electronic state of o(C—H)
at —5.42 to —6.50eV (see Fig. S1 in Supporting Information), this
state could interact with d states of Rh(111) giving the special
n'(C)-n'(0)—n'(H) configuration that is not found on the other
surfaces. As mentioned above, it is this special adsorption configu-
ration that strongly favors the C—H bond scission of formaldehyde
onRh(111).

4.2. Dehydrogenation PES

Detailed PES for methanol dehydrogenation on Rh(11 1) is pre-
sented in Fig. 4. The energy reference used in the figure corresponds
to the energy of gaseous molecule of CH30H, and the values are
corrected by ZPE. The weak interaction of methanol with Rh(11 1)
suggests that desorption rather than dehydrogenation would be
preferable for adsorbed methanol. For the dehydrogenation, there
are four different pathways depending on intermediates for O—H
bond scission (see Scheme 1). It is found from the PES that initial
C—H and O—H bond scission on Rh(1 1 1) are both favorable.

For the initial O—H bond scission channel, the first step
is the rate-determining step with the highest energy barrier
of 16.5kcalmol~!. It can be found that methoxy prefers to
dehydrogenate rather than hydrogenate, agreeing well with the
experimental finding that no methanol desorption associating with

methoxy hydrogenation was observed [8]. It should be mentioned
that part of methoxy desorbing as methanol found by Solymosi
et al. [7] may arise from the fact that the high coverage of methanol
(5.8 x 10'* molecules cm~2) prevents methoxy dehydrogenation
but promotes methoxy hydrogenation. For formaldehyde, decom-
position to CHO takes place spontaneously because the C—H bond
has been obviously activated in the IS, explaining the fact that no
formaldehyde was detected in the experiments [7,8]. The rapid
decomposition of CH,0 would prevent it from being oxidized in
the POM process, consistent with the experimental findings that
on the Rh(111)-(2 x 2)0 surface methanol dehydrogenates to CO
first, and then CO is oxidized to CO, [8]. As a result, we believe
that the reason why oxidation does not take place at formalde-
hyde is mainly originated from the rapid decomposition of CH,O,
which results from the special adsorption configuration of CH,O
(n'(C)—n'(0)—n'(H)). Finally, CHO overcomes a moderate energy
barrier to CO.

Along the initial C—H bond scission path, CH,OH prefers C—H
bond cleavage to produce CHOH rather than O—H bond scis-
sion to CH,O, mirrored by the corresponding energy barriers
(15.0 kcalmol~! vs. 20.7 kcalmol~1). Once CHOH is formed, it may
also dehydrogenate via C—H and/or O—H bond scission; and it can
be seen from Fig. 4 that the O—H bond cleavage (forming CHO)
is slightly favorable. However, CHO dehydrogenates to CO with a
moderate energy barrier as mentioned above, whereas interme-
diate COH from the H—COH bond scission needs to overcome a
relatively high energy barrier to form CO. Therefore, path 3 (see
Scheme 1) should be the main reaction path along the initial C—H
path,in which also the initial step is the rate-determining step. Con-

CH;0H CH;0 CH,0 CHO Cco path 1
|—> CH,OH CH,O CHO Cco path 2

\—> CHOH CHO —— CO path 3

t COH — CO path 4

Scheme 1. Reaction pathways of methanol dehydrogenation.
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sidering that initial C—H and O—H bond scission are both favorable,
methanol dehydrogenation on Rh(11 1) involves two competitive
reaction paths, i.e., paths 1 and 3 (see Scheme 1).

The initial step of methanol decomposition on Rh(11 1) is quite
different from those on the other metal surfaces considered, i.e.,
O—H activation for Ni(111) [12] and C—H activation for Pd(111)
[10]and Pt(111)[11]. The difference can be rationalized by the rel-
ative stabilities of CH30 and CH,OH on the surfaces with respect to
free methanol (see Fig. 5). It can be found that CH, OH is much more
stable than CH30 on both Pd(111)[10]and Pt(111)[11], account-
ing for the preference of initial C—H bond scission. On Ni(111)[12],
however, CH3O is strikingly more stable than CH,OH, explaining
the fact that initial O—H bond scission is preferred. Rh(1 1 1) affords
nearly the same stabilities for these two species, thus favors both
the initial C—H and O—H paths.

For the initial O—H path, it is found that the PES on Rh(111) is
very similar tothatonPt(111)[11],in which formaldehyde decom-
pose spontaneously, in contrast to the non-neglectable energy
barrier for the same step on Ni(111) [12] and Pd(111) [10]. For
the initial C—H path, C—H bond scission in CH;OH and O—H bond
scission in CHOH are favored on both Pt(111) [11] and Rh(111),
while O—H bond scission on Pd(11 1) is favored for both CH,OH
and CHOH [10].
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Fig. 5. Stabilities of methoxy and hydroxymethyl on different metal surfaces with
respect to gas-phase methanol.

4.3. Microkinetic modeling

In this subsection, we first present the microkinetic model of
methanol decomposition on Rh(1 1 1). Then, the microkinetic mod-
eling of the title reaction is carried out at two sets of typical reaction
conditions: low temperatures relevant to the UHV conditions; and
high temperatures and high pressures, corresponding to the prac-
tical POM conditions.

4.3.1. Microkinetic model

The microkinetic model includes all the 14 elementary steps
shown in Table 3. The adsorption and desorption steps are
assumed to be in equilibrium. For the other steps, we apply the
pseudo-steady-state approximation, that is, the production and
consumption rates of the relevant reactant species are assumed
to be identical. The reverse reactions of the elementary steps are
not included in the model, because all of the elementary reactions
are exothermic except the combination of H atoms to molecular
hydrogen (step 12). In step 12, the product of H, would desorb
rather readily from the surface compared to dissociation, so the
possibility of the H, dissociation can also be neglected. It should be
pointed out that, as the system pressure increases, this assumption
of irreversible reaction steps will become less reliable. The detailed
description of the microkinetic model is given in the Supporting
Information. Similar kinetic modeling approaches have been suc-
cessfully applied to various reaction systems on metal surfaces
[39,40].

Table 3
Elementary steps included in the microkinetic model for methanol dehydrogenation
onRh(111).

Steps Surface reactions
1 CH50H(g) +* <> CH30H*
2 CH30H*+* — CH30*+H*
3 CH50*+* — CH,O0* +H*
4 CH,0*+* — CHO* +H*
5 CHO*+* — CO*+H*
6 CH30H* +* — CH,OH* +H*
7 CH,OH* +* — CHOH* + H*
8 CH,OH* +* — CH,O* + H*
9 CHOH*+* — COH*+H*
10 CHOH* +* — CHO* + H*
11 COH*+* — CO*+H*
12 H*+H*— Hy*
13 CO* < CO(g)+*
14 Hy" < Ha(g)+"
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Fig. 6. Surface coverages of CO, COH and vacant sites as a function of tempera-
ture involved in the methanol dehydrogenation on Rh(11 1) under UHV conditions
predicted by microkinetic modeling. Coverages for the other species are less than
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Rigorously, to construct a self-consistent microkinetic model,
the binding energies used are determined from DFT calculations
carried out at the surface coverages estimated by the microkinetic
modeling. One important relation that should be incorporated in
the model is the coverage dependence of the CO binding energy
because previous studies have indicated CO adsorption energy on
transition metal surfaces is predominantly affected by coverages
[41,42]. We find a linear dependence of the DFT-derived binding
energies of COonRh(1 1 1)atvarious coverages (6o ), therelation is
ESQ = —25.50c0 + 52.0kcal mol ™! (after ZPE correction). This rela-
tion implies that the adsorption energy of CO reduces linearly with
its coverage. In addition to CO, we do not incorporate into the model
the coverage effects of the other intermediates based on the facts
that (i) binding energies for the other species (except methanol and
H,) are not the parameters of the microkinetic model, (ii) CO cov-
erage has small effects on the binding energies of CH30H and H; as
indicated previously [35] and (iii) the coverages of CH3OH and H,
are estimated to be very low under all the considered conditions
by the microkinetic modeling.

4.3.2. Under the typical UHV conditions (100 K<T< 300K,
p=10-%Torr)

In the UHV experiments [8,24,32], it was found that about 50%
of methanol undergoes dehydrogenation to form adsorbed hydro-
gen and carbon monoxide during methanol desorption between
110 and 205K. No any other intermediates and products were
observed. In the following, the microkinetic modeling of methanol
decomposition was carried out with the typical UHV conditions,
i.e., the pressure at 10-% Torr and the temperatures in the range of
100-300K.

4.3.2.1. Coverages. Fig.6 gives coverages for intermediates (includ-
ing vacant sites) with non-negligible values (>10-3 ML) estimated
based on the microkinetic model. It can be found that under the
UHV conditions intermediates with non-negligible coverages are
only CO and COH. The coverages of CO are very high under all UHV
conditions (above 0.63 ML). As temperature rises, the coverage of
CO increases at first (ca. 100-160K), reaches the maximum value
of almost 1.0 ML at 160K and finally decreases after the maximum
point. This is because temperatures for CO desorption are higher
than those for its formation [24]. At the initial stage, CO is pro-
duced by methanol dehydrogenation and stays on the surface, and
it begins to desorb only when temperatures are higher than a cer-
tain value. COH is presented with visible coverage only at the lower
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Fig. 7. Reaction rate (r,,;) and apparent activation energies (H*) for methanol dehy-
drogenation on Rh(11 1) under UHV conditions.

temperatures (100-150 K), which shows a remarkable descending
trend. The number of vacant sites can be negligible at lower tem-
peratures (<190 K) and at higher temperatures (>190K) it increases
with the rise of temperature (see Fig. 6).

It should be pointed out that methoxy is observed in experi-
ments [7,8], while the microkinetic modeling show the coverage of
methoxy is negligibly low. To confirm the disagreement does not
originate from the microkinetic model we used, we estimate the
coverage of methoxy when the reverse reactions are included. The
result demonstrates the coverage of methoxy is still rather low (see
Section 3 in the Supporting Information). In fact, this discrepancy
can be rationalized by three factors: (i) coadsorption with methanol
at high coverages, which enhances the formation of methoxy [25]
and inhibits the dehydrogenation of methoxy, indirectly enhancing
the stability of methoxy; (ii) surface residual oxygen atoms, which
could favor the formation of methoxy and enhance the stabilization
of the intermediate [8]; and (iii) the impinging of CH30H with sur-
face, which results in the formation of methoxy [7]. These effects
facilitate the formation of methoxy.

4.3.2.2. Reaction mechanism. A comparison of the rates of vari-
ous elementary steps included in the model (see Table S2 in the
Supporting Information) reveals (i) rates for initial O—H and C—H
activation are in the same order, (ii) the rate of C—H bond scission
for CH,OH is several orders larger than that of its O—H path, (iii)
CHOH has a rate for O—H bond scission that is much larger than
that of C—H bond cleavage and (iv) the total rate of paths 1 and
3 is almost the same as the net rate for the overall dehydrogena-
tion. These results clearly suggest that methanol decomposition on
Rh(11 1) under the UHV conditions involves predominantly paths
1and 3.

4.3.2.3. Reaction rates and apparent activation energies. Fig.7agives
the total reaction rate as a function of temperature under the UHV
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conditions. We can find the rate is rather low when the temperature
is lower than 200K and increases rapidly when the temperature
is above 200K. This is partly because the rate constants of the
relevant elementary steps are heightened at the higher temper-
atures and partly because the vacant sites favoring decompositions
are obviously increased at temperatures above 200K (see Fig. 6).
The apparent activation energy (H*) is calculated according to
H* = RT?(dIn rovl/dT)p’yi, where y; stands for the mole fraction of
species i in the reaction mixture, R is the gas constant, T is the tem-
perature, p is the pressure and r, is the total reaction rate. As
shown in Fig. 7b, it can be found that H* is remarkably decreased
as temperature rises, especially at the higher temperatures.

4.3.3. At high temperatures and high pressures
(500K<T<1000K, 0.025 Torr<p<375.03 Torr)

At the high pressures and high temperatures, products for
methanol decomposition are still CO and H; [5,6,9]. Experiment
also showed that the measurable conversion of methanol begins at
a significantly lower temperature (550 K), and conversion reaches
a flux limited value at about 900 K [6]. In this section, we model the
reaction at the temperatures of 500-1000K and the pressures of
0.025-375.03 Torr.

4.3.3.1. Coverages. We find that CO and COH are still the most
abundant surface intermediates at all the modeling conditions, and
coverages for the other species are less than 10~%. Fig. 8 shows the
surface coverages of the most abundant surface intermediates at
different methanol partial pressures as a function of temperature.
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Fig. 9. Reaction rate (1) for methanol dehydrogenation on Rh(11 1) at high tem-
peratures and high pressures. The inserted figure is used to show clearly the reaction
rate at lower partial pressures. The notation of the numbers is the same as in Fig. 8.

For CO at a given partial pressure, the coverage curve is analogous
to that for methanol decomposition under UHV condition as shown
in Fig. 6, i.e., there is a maximum point in the curve and the cover-
age decreases at the lower and higher temperatures, especially for
the higher temperatures. We can also find that the maximum point
of curve would be shifted to the higher temperature region when
the pressure is increased and thus the curves for different methanol
partial pressures crosses in the lower temperature range. At higher
temperatures (>650 K), clear relation between the CO coverage and
the partial pressure is observed, i.e., the higher the methanol par-
tial pressure the larger the CO coverage. On the other hand, it can
be found from Fig. 8 that the surface coverage of COH decreases
exponentially with temperature but increases obviously with
methanol partial pressure. The number of vacant sites increases
nearly linearly with temperature; while at a given tempera-
ture, it decreases with the increase of methanol partial pressure
(see Fig. 8).

4.3.3.2. Reaction mechanism. At high temperatures and high pres-
sures, a comparison of the relative rates of various elementary steps
included in the model (see Table S3 in the Supporting Information)
reveals that paths 1 and 3 are still the main reaction channels; how-
ever, the other paths (paths 2 and 4) are also significant, reflected
by the fact that rates for the O—H path in CH,OH and the C—H path
in CHOH are only one order lower than the respective alternative
paths.

4.3.3.3. Reaction rates. Fig. 9 shows the overall reaction rate as
a function of temperature at different methanol partial pres-
sures. The overall reaction rate is negligibly low below 550K, and
increases quickly when the temperature is above 550 K (see Fig. 9).
This is in good agreement with the experimental finding that the
measurable conversion of methanol begins at 550K [6]. There is
an optimum temperature with a maximum rate for the methanol
conversion at a given methanol partial pressure, and the optimum
temperature shifts to the high temperature range as the methanol
partial pressure is increased. This is because the higher temper-
atures favor increases in both the elementary rate constants and
vacant sites but depresses the methanol adsorption. As shown in
Fig. 9, the maximum rate locates always in the range of 850-950 K
when the methanol partial pressure is higher than 50 Torr. This is in
consistent with the experimental result that the conversion reaches
a flux limited value at about 900K [6].

4.3.3.4. Apparent activation energies and reaction orders. To deter-
mine the kinetic expression for an overall reaction, two
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dehydrogenation on Rh(111).

parameters, apparent activation energy H* and reaction order
o, should be provided. In theory, « is calculated according to
a; = (dInryy,/dIny;)r ,. Fig. 10a gives H*for methanol decompo-
sition on Rh(11 1) as a function of temperature at 375.03 Torr and
o of methanol as a function of pressure at 900K, corresponding to
the condition for the highest overall reaction rate. Similar to the
situation of the UHV conditions, the H* at the high temperature
and high pressure condition decreases with temperature. It can be
seen from Fig. 10b that the o of methanol is positive for methanol
decomposition and decreases with the increase of methanol partial
pressure. At higher pressures (above 100 Torr) the « of methanol
is distributed in the range of 0.70-0.73. The variations in « and H*
may then be used to generate explicitly expression of the over-
all reaction rate in different regimes, without actually performing
experiments under these conditions. Such an analysis is of use for
utilizing results from the low pressure kinetic studies to model
reaction behavior at high pressures, that is, bridging the pressure

gap.
5. Conclusion

In the present study, methanol dehydrogenation into carbon
monoxide onRh(1 1 1) has been explored using DFT slab calculation
and microkinetic modeling. We can now conclude by summarizing
a number of the main points below.

Compared with the other transition metal surfaces (Ni(111),
Pd(111) and Pt(111)), Rh(111) accounts for larger adsorption
energies for most species, abundant adsorption configurations
and rather flat adsorption PES for some species. It is found
that the initial C—H and O-H activations are comparable on
Rh(111), and paths CH30H— CH30 — CH,0— CHO— CO and
CH30H — CH,0H — CHOH — CHO — CO are the most possible
pathways. This is quite different from the situation of Pd(111),

Pt(111) and Ni(111). The reason why oxidation does not take
place at CH,O is that there is a very activated adsorption state
(n'(C)-n'(0)—n'(H)) of formaldehyde on Rh(11 1), which dehy-
drogenates spontaneously.

Microkinetic modeling demonstrates that CO and COH are the
most abundant surface species, and coverages for other inter-
mediates are rather low. Under UHV conditions, it is really the
two most possible paths that determines the dehydrogenation of
methanol on Rh(111), and other paths are negligible; the reac-
tion rate is rather low at low temperature and increases rapidly at
temperatures above 200K. At high temperatures and high pres-
sures, the two most possible paths are still dominant, whereas
the other two paths of CH30H — CH,OH — CH,0 — CHO — CO and
CH30H — CH,OH — CHOH — COH — CO also become significant. In
addition, it is found that apparent activation energy decreases
with temperature at all reaction conditions; and reaction order of
methanol decreases with the increment of methanol partial pres-
sure.
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