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Methanol dissociation on bimetallic surfaces:
validity of the general Brønsted–Evans–Polanyi
relationship for O–H bond cleavage†

José L. C. Faj́ın,*a M. Natália D. S. Cordeiroa and José R. B. Gomesb

Density functional theory (DFT) calculations were employed to study the dissociation of the O–H bond in

methanol on several planar and stepped bimetallic transition metal surfaces, composed of elements

showing high or moderate activity towards this reaction, namely, Ni, Rh, Ru, Ir, Pd, Au, Zn and Cu. The

activation energies for the O–H bond cleavage were compared with those estimated using a Brønsted–

Evans–Polanyi (BEP) relationship for the RO–H bond breakage on pure metal transition surfaces, relating

the activation energy for the reaction with the adsorption energies of the reaction products, ROc and Hc

adsorbed on the surface of the catalyst. Furthermore, the average differences between the values of the

activation energies calculated with the exhaustive determination of the full reaction path and location of

the transition state on each surface model and the activation energies obtained from the BEP

relationship with the simple calculation of the adsorption energies of the ROc and Hc species are

�0.14 eV. This suggests that the BEP relationship developed upon the consideration of data for

dissociation of the O–H bond in alcohols and water on pure metal surfaces is also valid for a qualitative

prediction of the methanol activation energy on bimetallic surfaces.
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1. Introduction

The reactions of light alcohols such as methanol or ethanol on
surfaces are being deeply studied nowadays due to their crucial
role in relevant processes such as, for instance, the steam
reforming method for the production of H2 from renewable
sources, with the aim of obtaining hydrogen in sufficient
amounts to feed proton exchange membrane fuel cells
(PEMFC).1,2 The interest in the study of the catalysis of these
alcohols is also due to their consideration as fuels in direct
alcohol fuel cells (DAFC).2

Technologies as partial oxidation (POX),3 steam reforming
(SR),4,5 or oxidative steam (OSR) or autothermal (ATR) reform-
ing6 are the most common techniques used in the hydrogen
production from alcohols and from fossil resources such as
natural gas (mostly methane), the latter being the main
hydrogen source nowadays.1 POX yields H2 and CO by partial
oxidation of the alcohol or hydrocarbon on a catalyst with an
oxidant, usually O2.1 The hydrogen stream obtained through
this technique has a considerable concentration of CO, which is
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known to poison the platinum catalyst used in the PEMFC;7

thus, this process is not convenient for the hydrogen production
for such purposes. In the SR technique, the alcohol or hydro-
carbon reacts with water on the catalyst to yield hydrogen with
a low CO concentration; this reaction is endothermic and,
therefore, necessitates an external heat source.1 The combina-
tion of SR and POX originates the OSR process, in which the
substrate reacts with water and O2 on the catalyst. The OSR
combines the advantages of the SR process, i.e., high H2/CO
ratio, and of the POX technique, i.e., external heating is not
required.1 In any case, the implementation of the OSR tech-
nique is very expensive and, therefore, despite the disadvan-
tages associated to the SR process, the latter is still the most
appropriate technique to produce hydrogen for PEMFC.1

The principal advantage of the hydrogen production from
alcohols over that from fossil resources is because the former
can be obtained from renewable supplies making it an envi-
ronmental friendly process.8–10 Notice that light alcohols are
also used as feedstock for obtaining other chemicals such as
aldehydes or ketones.11

The catalysts routinely used in the processes mentioned
above for hydrogen production present a considerable selec-
tivity toward byproducts such as CO, CH4, or coke. As
happening with CO, the formation of the two latter species is
also undesirable. The presence of coke on the catalyst surface
blocks reaction sites on the catalytic surface leading to its
poisoning, while the formation of methane consumes hydrogen
and, therefore, reduces the yields of hydrogen formed. Thus, the
RSC Adv., 2016, xx, 1–8 | 1
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optimization of catalysts for reactions of alcohols on surfaces
can have important industrial implications. The idea is to
obtain more efficient catalysts in terms of products yields and
selectivities, which will reduce the formation of contaminant
byproducts, and also to obtain catalysts that can be recycled
more efficiently, which will have obvious environmental impact.

Concerning the hydrogen production from methanol on
solid catalysts, the usage of bimetallic catalysts can be an
effective way to increase the hydrogen yields and selectivity.12 In
fact, bimetallic PdZn based catalysts were found to have an
activity similar to that of copper based catalysts13 for methanol
reforming, but being more thermally stable and also presenting
a higher hydrogen selectivity.14–16 Understandingly, several
other bimetallic catalysts were investigated for hydrogen
production; for instance, gold- and palladium based Au–Ru/
Fe2O3, Au–Cu/TiO2 and Au–Pd/ZnO,3,17–19 or Pd–Cu/ZnAl2O4 (ref.
20) bimetallic catalysts were found to reduce the formation of
CO, CH4 or coke byproducts. In the case of catalysts incorpo-
rating gold atoms,3,17–19 the improved catalytic performance was
related with a smaller particle size of the bimetallic phase, while
in the case of the Pd–Cu catalyst the performance was related
with the synergic catalytic effects due to the formation of the
alloy.20 On the other hand, the decrease (especially at low
temperature) of the selectivity of the Cu/CeO2 catalyst toward
CO species, which might be formed through the reverse water
gas shi reaction, can be achieved by addition of Zn to the
catalyst.21 It seems that Zn addition decreases the Cu2+ reduc-
ibility and increases the oxygen mobility of ceria, which
promotes the water gas shi reaction with the concomitant
reduction of CO.

In relation to the mechanism of light alcohols reactions on
surfaces, it is widely accepted that the rst step in the decom-
position of methanol and ethanol on most transition metal
surfaces is the breakage of the O–H bond.22–25 Still, under real-
istic conditions on the Pt(111) surface, some authors found that
C–H bond breakage is also a possible way for methanol
decomposition.26,27 The balance between the energies of alcohol
adsorption and of activation for breaking the O–H bond on
a specic metal surface is associated with the ability of the latter
to catalyze the reaction. While the adsorption energy can be
calculated easily, the activation energy requires the determina-
tion of the full reaction path, which requires more computa-
tional resources and skills. Therefore, the usage of empirical
relationships for easy estimation of the activation energies ari-
ses as a convenient practical solution, being examples the
Brønsted–Evans–Polanyi (BEP) relationships relating reaction
activation energies with descriptors that can be calculated
easily.

Herewith, it is investigated whether BEP relationships28

derived from calculated activation energies for the RO–H (in
water or alcohols) bond rupture on several transition metal
surfaces and adsorption energies of the corresponding products
of reaction (RO + H), can be applied also to the prediction of the
activation energy for the methanol O–H bond break on bime-
tallic surfaces. The bimetallic surfaces considered in this work
are based on combinations of transition metals studied exper-
imentally or on metals that seem to present more interesting
2 | RSC Adv., 2016, xx, 1–8
activities for the dissociation of the RO–H bond as inferred from
results in ref. 28. For consistency, the density functional theory
calculations performed in this work for obtaining all the ener-
getic data employed the same computational parameters used
in that previous work.
2. Catalyst surface models and
computational details

Structural models of the bimetallic catalytic surfaces were built
in similar fashion to those considered in previous works,28,29

and were based on some combinations of Pd, Zn, Au, Cu, Ru
transition metals (TM) because catalysts based on these metals
were already the focus of experimental studies concerning the
hydrogen production from methanol.3,13,17–19 The calculations
considered also Ni, Rh and Ir because a previous computational
study showed that surfaces based on these metals displayed low
to moderate activation energy barriers for dissociating the O–H
in methanol.28 These transition metals were used to design
a working set of bimetallic catalyst surface models. Themajority
of these models were derived from pure Ni and Cu surfaces
because these metals are cheap and seem to be quite promising
for SR reactions.30

The bimetallic catalyst models, namely, Zn@Pd(111),
Zn@Pd(110), Ru@Au(110), Au@Pd(111), Au@Cu(110),
Pd@Cu(111), Pd@Cu(110), Ru@Cu(110), Rh@Cu(110),
Rh@Ir(110), Rh@Ni(111), Ru@Ni(111), Rh@Ni(110) and
Ru@Ni(110), were obtained by substitution of atoms of the pure
metal surface (i.e., surfaces indicated aer the @ symbol), by
atoms of the metal indicated before the @ symbol. Therefore, in
this notation, the Zn@Pd(111) surface was derived from a pure
Pd(111) model, in which a single Pd atom from the outermost
layer was substituted by a Zn atom. The pure metal surfaces
used to derive the bimetallic models were built from slabs
consisting in 2 � 2 unit supercell representations, with
a thickness of four atomic layers and a vacuum region of at least
10 Å in the direction perpendicular to the surface. Notice that all
the positions in the outermost layer of the (111) Miller index
surfaces are equivalent, but that is not the case of the (110) ones
because the atoms in the outermost layer are not equidistant, as
it happens in (111) Miller index, being formed by protruding
rows (crests) of metal atoms separated by valleys showing
second-layer atoms that are accessible to small adsorbates like
H adatoms. Thus, in the (110) surfaces, the dopant was intro-
duced, again by atomic substitution, at a surface crest because
these were found to be more accessible for the reactants.28,29,31

TM(111) and TM(110) terminated slabs were considered
because of the improved stability of the former and of the
presence of catalytically active low coordinated atoms in the
latter.28 The different adsorption sites in the (111) and (110)
Miller index surfaces are represented in Fig. 1.

The most favorable adsorption sites and geometries for
methanol (the reaction reactant) and for co-adsorbed methoxy
and H species (the reaction products) were obtained by full
optimization, using a conjugate gradient algorithm imple-
mented in the VASP 5.3 computer code,32–34 of the atomic
This journal is © The Royal Society of Chemistry 2016



Fig. 1 Representation of the adsorption positions in bimetallic
surfaces: (a) flat-like (111) surfaces and (b) crested-like (110) surfaces. D
and M represent dopant and matrix sites, respectively.
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coordinates of the adsorbates and of the two topmost surface
layers. The two lowermost layers in each transition metal slab
model were kept frozen with metal–metal distances at the bulk
optimized values. The transition states (TS) for the methanol
O–H bond breakage were located with the DIMER method.35

Aer the analysis of the vibrational normal modes of the tran-
sition state, the existence of a single imaginary frequency with
an associated motion toward products formation ensured the
correct determination of the TS structure. The convergence
criteria used in the calculations were 10�6 eV for the total energy
change and 10�3 eV Å�1 for the forces acting on the ions. The
PW91 exchange correlation functional36 based on the general-
ized gradient approximation (GGA) was considered in all the
calculations. This functional is chosen in this work for consis-
tency with the BEP relationship from ref. 28, and because this
functional provided satisfactory data for the O–H bond disso-
ciation in the water molecule.37 Dispersion corrections were not
considered in the present study.38 The inclusion of dispersion
corrections is expected to impact the magnitudes of the
adsorption energies without changing the qualitative picture of
the overall reaction.39 Therefore, the main conclusions from the
present study are expected to be unaltered by the consideration
of such effects. The valence electrons were described by plane
wave basis sets, employing a cutoff of 415 eV for the kinetic
energy, while the inner electrons and their effects in the valence
electron densities of the atoms were described by the projected
augmented-wave (PAW) potentials as implemented in the VASP
code.40,41 A 7 � 7 � 1 Monkhorst–Pack grid of special k-points42

was employed for the numerical integration in the reciprocal
space.

The energies from the DFT calculations were used in the
determination of the adsorption and co-adsorption energies
(Eads), reaction energies (Ereact), and activation energy barriers
for the O–H bond breakage in methanol (Eact). Adsorption and
co-adsorption energies were calculated as:

Eads ¼ Eslab–adsorbate � Eslab � Eadsorbate (1)
This journal is © The Royal Society of Chemistry 2016
where Eslab refers to the energy of the metallic surface slab,
Eadsorbate to the energy of the methanol molecule in the gaseous
phase, and Eslab–adsorbate to the energy corresponding to the
most favorable conguration(s) for the adsorbate species (cf.
CH3OH* or CH3O* + H*, with * being an adsorption site
available on the surface slab) interacting with the slab. In this
notation, negative Eads values mean favorable adsorption with
respect to the undissociated methanol molecule in the gas
phase.

The activation energy barrier for the methanol O–H bond
break was determined as the energy difference between the
transition state (TS) and the most favorable conguration for
methanol adsorbed on each surface model (cf. the initial state,
IS). The reaction energy is dened as the energy difference
between the energies of the dissociated products of reaction on
each surface model (cf. the nal state, FS) and of the IS. These
quantities were corrected with the zero point vibrational energy
(ZPVE) that was numerically approximated from the vibrational
frequencies of the selected congurations according to the
harmonic oscillator approach.

Estimations of the transition state rate constants (k) at 463 K
(operating temperature for the water gas shi reaction used to
obtain H2 frommethanol SR43), at 523 K (typical temperature for
the methanol synthesis reaction44), and at 503 K and 573 K
(temperature interval limits in the opposite reaction of CO
hydrogenation toward methanol)45 were derived from transition
state theory46 employing the following equation.

k ¼
�
kBT

h

��
qs

q

�
e
�Eact

kBT (2)

where kB is the Boltzmann constant, T is the absolute temper-
ature, h is the Planck constant, and Eact is the zero point
vibrational corrected activation energy barrier. In eqn (2), qs

and q are the vibrational partition functions for the TS and
initial state, respectively, which were approximated from the
vibrational frequencies.
3. Results
3.1. Molecular adsorption of methanol

The adsorption of methanol was studied on the different
bimetallic surfaces for obtaining the structures and energetics
of the initial state on each catalyst model. As common practice,
several different starting geometries were considered. Herewith,
for each adsorption site indicated in Fig. 1, methanol was
placed above the different bimetallic catalyst models, either
with the molecular axis parallel or normal to the surface. In the
latter case, two different orientations were studied, i.e., cong-
urations either with the OH or the CH3 groups pointing towards
the surface. On all the bimetallic catalyst models, methanol was
found to be adsorbed preferentially with its O–H group pointing
towards the surface. Numerical results for the most stable
adsorption geometry on each surface are given in Table 1 (an
extended version of this table is given in ESI, Table S1†) and
a graphical representation can be seen in the lemost panels of
Fig. 2.
RSC Adv., 2016, xx, 1–8 | 3



Table 1 Adsorption energies (Eoads eV) for methanol on several bime-
tallic surfaces

Surface Adsorption sitea Eoads
b dc

Au@Cu(110) tM �0.19 2.24 (O)
Au@Pd(111) Undetermined �0.03 2.66 (H–(O))
Pd@Cu(110) tD �0.20 2.43 (O)
Pd@Cu(111) Undetermined 0.00 2.76 (H–(O))
Rh@Cu(110) tD �0.31 2.31 (O)
Rh@Ir(110) tD �0.49 2.25 (O)
Rh@Ni(111) Undetermined �0.05 2.67 (H–(O))
Rh@Ni(110) tD �0.34 2.33 (O)
Ru@Au(110) tD �0.59 2.21 (O)
Ru@Cu(110) tD �0.49 2.25 (O)
Ru@Ni(111) tD �0.20 2.33 (O)
Ru@Ni(110) tD �0.43 2.30 (O)
Zn@Pd(111) Undetermined �0.04 2.69 (H–(O))
Zn@Pd(110) tD �0.34 2.22 (O)

a Labels for adsorption sites are provided in Fig. 1. b Label o stands for
ZPV corrected adsorption energy values. c Nearest-neighbor distance (Å)
between methanol (HOH atom in the case of the undetermined
adsorption site and O atom in the remaining cases) and an atom on
the catalyst model surface.

Fig. 2 Most stable configurations for the initial (IS, panels in the left side c
in the right side column) states for the reaction path with the lowest a
bimetallic surfaces. (a) Rh@Ni(111); (b) Ru@Ni(111), (c) Rh@Ni(110); (d) Ru@
(i) Zn@Pd(110); (j) Pd@Cu(110); (k) Pd@Cu(111); (l) Au@Cu(110); (m) Au@Pd

4 | RSC Adv., 2016, xx, 1–8
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The calculated adsorption energies for methanol on the
bimetallic surfaces considered in this work vary between
0.00 eV, on the Pd@Cu(111) surface, and �0.59 eV, on the
Ru@Au(110) surface. Besides the Pd@Cu(111) catalyst models,
methanol also interacts weakly with the Rh@Ni(111),
Zn@Pd(111), and Au@Pd(111) at surfaces. In these cases, the
methanol molecule is placed above the surface, with its O–H
end pointing toward the surface. In the remaining surfaces, the
adsorption energies are more negative than ��0.2 eV, and the
methanol molecule is chemically bonded through its oxygen
atom to a surface atom. With the exception of the Au@Cu(110)
surface, in which the methanol molecule prefers to interact
directly with the copper atoms, the chemical interaction of
methanol occurs with the dopant atom.

The comparison of methanol adsorption on the (111) and
(110) Miller index planes shows that the presence of low coor-
dinated atoms in the latter surfaces leads to higher adsorption
energies. In fact, the adsorption energies are nearly zero in all
the (111) models, being an exception the Ru@Ni(111) surface,
with an Eoads value of �0.20 eV.

The comparison of the energy values reported in Table 1 for
methanol adsorption on the bimetallic surfaces with those
olumn), transition (TS, panels in the central column) and final (FS, panels
ctivation energy of CH3OH* + * / CH3O* + H* reaction on several
Ni(110); (e) Ru@Cu(110); (f) Rh@Cu(110); (g) Rh@Ir(110); (h) Zn@Pd(111);
(111) and (n) Ru@Au(110). Insets show the lengths of the O–H bond in Å.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Co-adsorption energies (Eoco-ads eV) for CH3. O + H pair on
several bimetallic surfaces

Surface Adsorption sitea Eoco-ads
b dc

Au@Cu(110) sD/sM 0.13 1.94 (Cu)
Au@Pd(111) f/h 0.48 2.16 (Pd)
Pd@Cu(110) sD/sM �0.15 1.92 (Cu)
Pd@Cu(111) f/h 0.31 2.03 (Cu)
Rh@Cu(110) sD/sM �0.50 1.96 (Cu)
Rh@Ir(110) sD/sM �1.02 2.02 (Ir)
Rh@Ni(111) f/h �0.24 2.00 (Ni)
Rh@Ni(110) sD/sM �1.02 1.90 (Ni)
Ru@Au(110) tD/sM �0.55 1.88 (Ru)
Ru@Cu(110) sD/sM �0.94 1.99 (Cu)
Ru@Ni(111) f/h �0.50 2.02 (Ni)
Ru@Ni(110) sD/sM �1.09 1.94 (Ni)
Zn@Pd(111) g/f �0.09 2.05 (Zn)
Zn@Pd(110) sD/sM �0.33 1.98 (Zn)
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corresponding to adsorption on the parent pure surfaces,28

shows interesting variations. In the case of Cu(110), it is found
that the methanol adsorption energies become less negative
when copper atoms are replaced by Au or Pd to yield the
Au@Cu(110) and Pd@Cu(110) surfaces, and become more
negative when the doping is made with Ru and Rh atoms to
provide the Ru@Cu(110) and Rh@Cu(110) surfaces, respec-
tively. Cooperative effects are also found for methanol adsorp-
tion on the Ru@Ni(110), Rh@Ni(111) and Ru@Ni(111) surface
models. In contrast with these observations, the adsorption
energy was almost the same on the doped Rh@Ni(110),
Zn@Pd(111) and Au@Pd(111), and on the parent pure Ni(110)
and Pd(111) surfaces. It is also found that the doping of the
Cu(111) surface with Pd atoms has a signicant destabilizing
effect on the interaction of methanol with the catalyst model
surface.
a Labels for adsorption sites are provided in Fig. 1 (ordering is CH3O/H).
b Label o stands for ZPV corrected values. c Shorter distance (Å) between
the methoxy radical oxygen atom and a metal atom on the surface (in
parentheses).

Table 3 Activation energy barriers (Eoact, eV), reaction energies
(Eoreact, eV) and O–H bond distances (d, Å) in the TS of the CH3OH* + *

/ CH3O* + H* reaction occurring on several bimetallic surfaces

Surface dO/H
a Eoact

b Eo,BEPact
c (D) Eo,BEPact

d (D) Eoreact
b

Au@Cu(110) 1.54 0.96 0.85 (�0.11) 0.92 (�0.04) 0.48
Au@Pd(111) 1.77 1.25 1.00 (�0.25) 1.11 (�0.14) 0.54
Pd@Cu(110) 1.51 0.65 0.73 (0.08) 0.76 (0.11) 0.05
Pd@Cu(111) 1.72 1.16 0.93 (�0.23) 1.02 (�0.14) 0.34
Rh@Cu(110) 1.43 0.62 0.58 (�0.04) 0.56 (�0.06) �0.20
Rh@Ir(110) 1.39 0.03 0.35 (0.32) 0.27 (0.24) �0.53
Rh@Ni(110) 1.55 0.49 0.35 (�0.14) 0.27 (�0.22) �0.68
Rh@Ni(111) 1.52 0.56 0.69 (0.13) 0.71 (0.15) �0.18
Ru@Au(110) 1.63 0.57 0.56 (�0.01) 0.53 (�0.04) 0.04
Ru@Cu(110) 1.38 0.55 0.39 (�0.16) 0.31 (�0.24) �0.45
Ru@Ni(111) 1.46 0.39 0.58 (0.19) 0.56 (0.17) �0.30
Ru@Ni(110) 1.35 0.36 0.32 (�0.04) 0.23 (�0.13) �0.67
Zn@Pd(111) 1.57 0.65 0.75 (0.10) 0.79 (0.14) �0.03
Zn@Pd(110) 1.50 0.56 0.65 (0.09) 0.66 (0.10) 0.01

a Length of the O–H breaking bond in the TS structure. b In activation
c

20

25

30

35

40

45

50
3.2. Dissociative adsorption of methanol

The dissociative adsorption of methanol leads to the formation
of co-adsorbed methoxy and hydrogen species on the catalyst
surface. The most stable congurations for these co-adsorbed
species are represented in the rightmost panels of Fig. 2 and
the numerical results are given in Tables 2 and S2 of ESI.† As it
can be seen, on the different (111) bimetallic catalyst models,
the methoxy radical binds 3-fold hollow sites on the surface
with its oxygen atom, while keeping its C–O axis almost
perpendicular to the surface plane. On the (110) models, the
interaction is also involving the oxygen atom end of themethoxy
radical but, on those surfaces, the adsorbate interacts with the
short-bridge sites and with its C–O axis signicantly tilted from
the normal to the surface plane. It is found also that the
methoxy radical preferentially interacts with most surface
models at adsorption sites containing the dopant element,
being exceptions to this general behavior the Ag@Ni(111) and
Ag@Ni(110) surfaces on which the adsorption occurs on sites
exclusively delimited by Ni atoms.

The calculated co-adsorption energies referenced to the
energy of gas-phase methanol (cf. eqn (1)) vary in the range 0.48
eV, computed for the Au@Pd(111) surface, to �1.02 eV, calcu-
lated for co-adsorption on Rh@Ir(110), Table 2. Besides the
Au@Pd(111) surface, the dissociative adsorption of methanol is
thermodynamically unfavorable also in the cases of the
Pd@Cu(111) and Au@Cu(110) surfaces, with co-adsorption
energies of 0.31 eV and 0.13 eV, respectively. The co-
adsorption of the methoxy and hydrogen species is favorable
on the remaining bimetallic surface models (Table 2). Inter-
estingly, in the cases of the Zn@Pd(111) and Ru@Cu(110)
bimetallic models, the co-adsorption energies of methoxy and
hydrogen become more negative than in the parent Pd(111) and
Cu(110) surfaces, respectively.
and reaction energies o stands for ZPV corrected values. Estimated
activation energy barrier values using the general BEP relationship
obtained in ref. 28 (cf. eqn (3)); values in parentheses are differences
to the values obtained from the exhaustive location of the transition
state structures with DFT. d Estimated activation energy barrier values
using the BEP relationship obtained in this work (cf. eq (4)); values in
parentheses are differences to the values obtained from the exhaustive
location of the transition state structures with DFT.

55

3.3. Energy barriers for methanol O–H bond cleavage

Selected calculated parameters for the reaction of O–H bond
dissociation in methanol are provided in Table 3 (an extended
version of this table is given in ESI, Table S3†), while views of the
This journal is © The Royal Society of Chemistry 2016
TS geometries on the different bimetallic surfaces can be seen
on the central panels of Fig. 2.

As can be seen, the activation energy barriers calculated with
the PW91 exchange–correlation functional range in the interval
from 0.03 eV, obtained on the Rh@Ir(110) surface, to 1.25 eV, in
the case of dissociation on Au@Pd(111). The higher the acti-
vation energy, the longer the O–H bond distance in the TS
structure. The reaction energies vary from�0.68 eV (exothermic
reaction) on the Ru@Ni(110) surface to 0.54 eV (endothermic
RSC Adv., 2016, xx, 1–8 | 5



Fig. 3 Relationship between activation energy barrier (Eact) and co-
adsorption energy of CH3O and H species for the CH3OH* + * /
CH3O* + H* reaction on bimetallic surfaces.
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reaction) on the Au@Pd(111) surface. In general, surfaces dis-
playing lower activation energy barriers are those where the
dissociation reaction is exothermic, while the reactions become
endothermic when the activation energies are larger than
�0.55 eV. With the exceptions of the Pd@Cu(111) and
Au@Pd(111) surfaces, the transition state rate constants deter-
mined according to eqn (2) are found to be moderate or high at
all the temperatures. Also, it is found that the calculated acti-
vation energy barriers on most of the studied bimetallic
surfaces are larger than on the corresponding pure metal
surfaces. Combining this information with that from the (co)
adsorption energies reported in the preceding sections, where it
was found that surface doping with atoms of Rh, Ru, Zn or Ni
was accompanied by more negative adsorption energies, it is
possible to conclude that surface doping stabilizes better the
reactants and the products of the methanol O–H bond disso-
ciation than the transition states. These ndings are similar to
those obtained previously for the reaction of NO dissociation on
bimetallic surfaces.47 Furthermore, for the same combination of
transition metal elements, the presence of low coordinated
atoms on the (110) Miller index surfaces is found to lead to
a decrease of the activation energy barriers for methanol
dissociation when compared with the results obtained for the
corresponding (111) surfaces. Such decrease is quite small in
the case of the Zn@Pd, Rh@Ni, and Ru@Ni surfaces, i.e., with
differences smaller than 0.1 eV, but in the case of Pd@Cu
surfaces the difference is of approximately 0.5 eV.

From the comparison of the absolute values of the adsorp-
tion energies calculated for methanol adsorption on the bime-
tallic surfaces and the activation energy barriers on the
corresponding surfaces, the dissociative adsorption of meth-
anol is possible on the Ru@Ni(110), Rh@Ir(110) and
Ru@Au(110) surfaces only. On the remaining surfaces, meth-
anol will desorb intact from the catalyst surface without
suffering O–H bond cleavage. In the case of the latter catalysts,
O–H bond breakage may only occur in the case of the presence
of more reactive surface defects or of other surface species that
can aid the abstraction of the H atom from methanol.

The activation energy barriers for the reaction of methanol
dissociation on the bimetallic surfaces were also estimated with
a BEP relationship,

Eo,BEP
act ¼ 0.4329 � Eo

co-ads,RO*+H* + 0.7942 (3)

obtained from DFT data calculated for the RO–H* / RO* + H*

(R ¼ H; CH3; CH3CH2; HCO; and * is a free adsorption site on
the catalyst surface) reaction on several different catalyst
models.28 The term Eo,BEPact stands for the activation energy
barrier estimated for RO–H* / RO* + H* reaction, while the
term Eoco-ads,RO*+H* refers to the co-adsorption energy for the
products of reaction with respect to the energies of the ROH
molecule in the gaseous phase and of the clean catalyst model.
The mean absolute error from 49 datapoints was 0.13 eV from
data calculated with the PW91 exchange–correlation functional.
Noteworthy, the maximum deviation between the activation
energy barriers estimated with the same BEP relationship and
data calculated with the PW91 functional for the dissociation of
6 | RSC Adv., 2016, xx, 1–8
the water molecule, i.e., H2O*/OH* + H* reaction, on Ni(111),
Ni(110) and Ni(100) surfaces was only 0.06 eV.48

In Table 3 are reported the estimated barriers for the
methanol dissociation on the fourteen bimetallic transition
metal surface models, Eo,BEPact , which were obtained with eqn (3)
and the co-adsorption energies reported in Table 2. In general,
the estimated and the DFT calculated barriers are in satisfactory
agreement, with a mean absolute error of 0.14 eV. Still, in the
case of the reaction occurring on the Rh@Ir(110) surface, the
deviation between the estimated and the calculated values is
0.32 eV, which is the maximum deviation found.

Eo,BEP,this work
act ¼ 0.5639 � Eo

co-ads,MeO*+H* + 0.8346 (4)

Based on the general agreement between the calculated and
estimated barriers, it seems that the BEP relationship can be
used for qualitative predictions of the activation energy barrier
for the methanol O–H bond break on bimetallic surfaces. In
fact, the equation for the BEP obtained in a previous study28 (cf.
eqn (3)) is similar to that obtained with the data from Table 2
(Eoco-ads,MeO*+H*) and from Table 3 (Eoact). The equation for the
BEP relationship derived with such data is which has an asso-
ciated mean absolute error equal to 0.14 eV, and is displayed in
Fig. 3.

The observation of a similar slope, intercept and associated
mean absolute error for the BEP relationship from the calcu-
lated data for the O–H bond dissociation of methanol on several
bimetallic surfaces (this work) and from the calculated data for
several O–H bond dissociation reactions onmetal based catalyst
models (previous work) suggests that these relationships can be
successfully applied to other reactions involving the dissocia-
tion of the O–H bond.

Based on what has been exposed above and for a better
understanding of the surface doping effects on the catalysis of
the reaction of O–H bond dissociation, we extended the deter-
mination of the activation energy barriers to een additional
bimetallic surfaces, namely, Ag@Cu(111), Ag@Cu(110),
Pt@Cu(111), Pt@Cu(110), Ru@Cu(111), Pt@Ni(111),
Ag@Ni(111), Rh@Cu(111), Rh@Pd(111), Ru@Pd(111),
Ag@Ni(110), Ni@Pd(110), Ni@Cu(111), Ni@Au(110), and
Ir@Au(110). These bimetallic surface models were built as
described Section 2. The estimation of the energy barriers was
based on the calculated co-adsorption energies for the CH3O
This journal is © The Royal Society of Chemistry 2016



Fig. 4 Most stable adsorption geometries for the methoxide plus H on
the additional set of surfaces; that is, (a) Ag@Cu(111), (b) Ag@Cu(110),
(c) Pt@Cu(111), (d) Pt@Cu(110), (e) Ru@Cu(111), (f) Pt@Ni(111), (g)
Ag@Ni(111), (h) Rh@Cu(111), (i) Rh@Pd(111), (j) Ru@Pd(111), (k)
Ag@Ni(110), (l) Ni@Pd(110), (m) Ni@Cu(111), (n) Ni@Au(110), and (o)
Ir@Au(110) surfaces.

Table 4 Co-adsorption energies (Eoco-ads) for CH3O and H and esti-
mated activation energy barriers (Eo,BEPact ) for the methanol O–H bond
dissociation on bimetallic surfaces. Values in eV

Surface Adsorption sitea Eoco-ads
b dc Eo,BEPact

Ag@Cu(110) sD/sM �0.16 1.91 (Cu) 0.73
Ag@Cu(111) f/h 0.59 2.05 (Cu) 1.05
Ag@Ni(111) h/g 0.07 2.00 (Ni) 0.83
Ag@Ni(110) lM/cM �0.53 1.98 (Ni) 0.56
Ir@Au(110) sD/sM �0.21 1.96 (Ir) 0.70
Ni@Au(110) sD/sM 0.02 1.86 (Ni) 0.80
Ni@Cu(111) f/h �0.33 1.98 (Ni) 0.65
Ni@Pd(110) sD/sM �0.63 1.87 (Ni) 0.52
Pt@Cu(110) sD/sM �0.11 1.98 (Cu) 0.74
Pt@Cu(111) f/h 0.48 2.06 (Cu) 1.00
Pt@Ni(111) f/h 0.72 1.98 (Ni) 1.11
Rh@Cu(111) f/h �0.25 2.08 (Cu) 0.69
Rh@Pd(111) f/h �0.20 2.05 (Rh) 0.71
Ru@Cu(111) f/h �0.68 2.05 (Ru) 0.50
Ru@Pd(111) f/h �0.52 2.01 (Ru) 0.57

a Labels for adsorption sites are provided in Fig. 1 (ordering is CH3O/H).
b In adsorption energies o stands for ZPV corrected values. c Shorter
distance (Å) between the methoxide and the surface; between
parenthesis is given the surface atom interacting with the methoxide
which interacts always through the O atom.
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and H which are reported in Tables 4 and S4 of ESI† (a repre-
sentation of these congurations is given in Fig. 4) and on the
This journal is © The Royal Society of Chemistry 2016
BEP relationship from ref. 28. The energy barriers, which are
also given in Table 4, suggest that the doping of metallic
surfaces with Rh, Ru or Ni atoms is accompanied by substantial
decrease of the activation energies and, in principle, will
increase the catalytic reactivity toward the breakage of O–H
bonds.

4. Conclusions

In this work, DFT calculations were used to investigate the
methanol O–H bond cleavage on bimetallic surfaces. The
comparison of the activation energy barriers calculated with
DFT by the explicit characterization of the full reaction path
with those estimated using a BEP type relationship obtained in
a previous work for the O–H bond breakage on metal based
systems, shows that the relationship is valid for qualitative
prediction of the activities of bimetallic surfaces for catalyzing
the dissociation of the methanol O–H bond. The mean absolute
error between calculated and estimated activation energy
barriers is 0.14 eV. This result also suggests that the activity of
bimetallic surfaces for O–H bond break in alcohols or water can
be estimated from the general BEP relationship derived for pure
metallic systems. This have important implications since the
breakage of the O–H bond is quite common in catalytic
processes and paves the way for obtaining similar relationships
for other reactions aiming at fast and effective screenings of
novel catalysts based on computational approaches.
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