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Abstract

Ethanol decomposition on the clean Pt(111) surface has been studied in the
zero-coverage limit within the framework of the unity bond index-quadratic
exponent potential (UBI-QEP) model. Previous work, both experimental and
theoretical, was already available in the literature on this reaction. The system
has therefore been used as a benchmark for evaluating the accuracy of the
simple phenomenological UBI-QEP model. The latter allows the estimation
of key reaction parameters such as adsorption energies and reaction barriers.
The stability of possible dissociation intermediates has been investigated and
the most probable decomposition pathway has been simulated by integration of
the related rate equations. We find that the model provides good estimates for
adsorption energies of mono-coordinated molecules with long bond distances
and gives realistic values for dehydrogenation barriers. Poor agreement with
density functional theory (DFT) is found in the estimates of C—C and C-O
bond cleavage barriers, even though the results obtained are in line with the
experiments. It is found that transition and final state energies obtained from
the model satisfy the linear Brgnsted—Evans—Polanyi relation. Temperature
programmed desorption spectra and surface coverage of the adspecies as a
function of the temperature have been simulated in order to provide a direct
comparison with previous experimental data. A possible pathway for ethanol
decomposition on Pt(111) is finally proposed on the basis of the present
calculations, conciliating previous DFT and experimental results.
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1. Introduction

Pt and Rh based catalysts are currently being developed for the ethanol reforming reaction,
which is a possible candidate for effecting renewable hydrogen production [1, 2]. Investigation
of the mechanisms for EtOH (CH3CH,OH) decomposition on model transition metal surfaces
can therefore provide useful insights, yielding valuable kinetic and chemical information for
the comprehension of the reaction steps.

Decomposition of EtOH on Pt(111) has already been studied [3-5] and additional
information on the dehydrogenation mechanism has recently been obtained with the aid of
spectroscopic surface science techniques [6]. For comparison, we will here focus on the results
which have been recently obtained within the density functional theory (DFT) framework by
Alcald and co-workers [3], as well as on spectroscopic UHV experimental data obtained by
Lee et al [6]. The latter have been obtained by temperature programmed desorption (TPD) and
high resolution synchrotron radiation x-ray photoelectron spectroscopy (XPS) measurements.

DFT calculations identify ethanol, 1-hydroxyethyl (CH;CHOH), 1-hydroxyethylidene
(CH3COH), acetyl (CH3CO), ketene (CH,CO), ketenyl (CHCO) and CCO as the most stable
intermediates for each dehydrogenation step from six to zero H atoms containing molecules.
Moreover, it is found by ab initio methods that 1-hydroxyethylidene (CH3;COH) has the lowest
transition state energy for C-O cleavage (with a decomposition barrier of 1.0 eV), while
the ketenyl intermediate (CHCO) shows the lowest decarbonylation barrier (0.95 eV). These
results, combined with transition state theory, predict that the C—C cleavage reaction is faster
than C-O dissociation on Pt(111) at temperatures above 550 K [3].

Under UHV conditions, itis experimentally demonstrated that ethanol adsorbs molecularly
at 100 K on Pt(111) [5, 6]. The decomposition reaction at higher temperature proceeds
by progressive dehydrogenation to a metastable intermediate (which is tentatively identified
with acetyl—CH3CO). Subsequently, the latter molecule undergoes dehydrogenation and
decarbonylation to form CO and CH or CHj groups via C—C bond cleavage. It is assumed
that CH, groups can both hydrogenate to methane (which is indeed detected in the TPD
experiments [6]) and decompose into adsorbed hydrogen and carbon atoms. Since DFT
calculations propose ketenyl (CHCO) as the intermediate with the lowest C—C cleavage barrier,
it is proposed that acetyl dehydrogenates to ketenyl (unstable), which decomposes into CO
and CH. CH groups finally rehydrogenate to methane.

In the present work, we discuss the role that a simple phenomenological model such as the
unity bond index-quadratic exponent potential (UBI-QEP) [7, 8] can play in the evaluation of
reaction parameters. Adsorption energies, dehydrogenationbarriers and activation energies for
C-C, C-0, C-H and O—H bond cleavage have been evaluated using this model for a number of
possible reaction intermediates of the ethanol dissociation reaction on Pt(111). This allowed us
to obtain a benchmark for such a simple tool, which provides direct estimates for key reaction
parameters. The input for the calculations was obtained from already available experimental
and ab initio data. We discuss the results by comparing the calculated adsorption energies and
reaction barriers with previous theoretical and experimental data. Finally, we simulate ethanol
decomposition and propose a tentative picture of the reaction pathway, which is in agreement
with previous work.

2. Calculation details

Adsorption energies and reaction barriers were calculated within the framework of the UBI-
QEP model [7, 8]. As the only inputs of the calculations, we used values of adsorption
(atomic and molecular), bond and dissociation energies taken from the literature [3, 9—15].
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Best adsorption geometries were also obtained from previous works, when available. When
not, adsorption energy values for differently coordinated sites were obtained within the UBI-
QEP model. Unknown molecular adsorption energies were instead calculated from the atomic
binding energies.

The model allows the calculation of several physical quantities relevant for chemisorption
and catalytic systems. Hereafter, we report only the equations used in the present study.

The atomic heat of adsorption for an atom A bonded in n-fold geometry on a single-
crystal surface, Qa ,, can be calculated from the adsorption energy in the on-top site, Qa0
(equation (1)):

1
Oan = QA,O(2 - ;) (1)

For a diatomic molecule AB, there are three types of molecule—surface interaction
considered by the model: weak, medium and strong binding. Weak binding occurs for closed-
shell molecules (e.g. CO, N,, H,O, NH3, CH3CO) and molecules with strongly delocalized
unpaired electrons (e.g. O,, NO); in this case, if the molecule adsorbs via the A atom in an
n-fold site, the adsorption energy is given by (equation (2))

Q2
OB = %
=i+t Das
where Dap is the dissociation energy, which in this case equals the bond energy. Strong
binding occurs for molecular radicals with localized electrons such as OH, CH and CH30. In

this case, the adsorption energy is given by (equation (3))
Q%

Oan+Das’

In the medium binding condition, valid for monovalent radicals like the methyl group, the

binding energy is calculated as the average of the previous two.

Polyatomic molecules are treated as an extension of the diatomic case: if A is the atom
which binds to the surface, B is defined as the rest of the molecule; for mono-coordination the
equations remain the same as for the diatomic case.

For asymmetric di-coordination of a chelated molecule A—X-B which binds to the surface
with both A and B atoms to on-top sites, the total binding energy is given by (equation (4))

“)

)

OaBn = 3)

Qoax Qopx
Qoax + Qox
For the dissociation of an AB molecule to A and B fragments, the enthalpy change AH
and the reaction barrier A Eap are evaluated as (equation (5))

AEap = l(AH_F&)
2 Oa+ 0B
AH = Dpg + Qap — Oa — Os.

Oaxs = Qoax + QoBx —

)

3. Results and discussion

3.1. Adsorption energies of possible reaction intermediates

Heats of adsorption of the possible reaction intermediates for ethanol decomposition on Pt(111)
have been evaluated with the UBI-QEP model for direct comparison to the values computed
with DFT methods in [3]. The results are summarized in figure 1. It can be observed that the
general trend is qualitatively reproduced on the eV scale with few exceptions.



6142 E Vesselli et al

sgET_ T T 1. T 1T 1. 1T 1T T 1T T T T 1T T T1 1T T T ]
r @ DFT - J. Catal. 218 (2003 ) 178 o ]
- ® UBIQEP .Q ]
51 ® .oQt
S [ I
e = (o) 0 =
=z :
o T | 1
g L F [ Q0 P D e |
g 3 (0 (o] 7
g F 0 (o 3
. o) ]
£ 2 —
o r 0 ]
A 7
- -~ £ £ 6 5 £ £ T 66 6 £T+0 0686 :%3806C%Cs5
9 55223535858 ¢ >3558 293538 2585273
o - o o 9 T O
P e S R A O Q I @] O I T O QO o
£ 0 r > 0 ] I %9 35 LT £ O I O o o ¢
T 29 356 97z S o T L 585 50 58 ¢ ¢e¢
mxff-959§::gggog;.,v.,u;w;
8o 5T 2y 28 =z = = i & 2 g ¢ 2 5 £
S 2= 2T g5 ¢ ¢ 82 £ 2 2 g8 5§ 8 5 £ % 2
5 86 £ 2 2 ¥ 82 6 § < B 2 5 8 ¢ = 2 2 2 =0
§ % 28 80 2z z 2 £ 5 %5 3 3 s £ 3 5
= 95‘3855%‘ g U%‘a E 2z E 5
w ogm > = > > x5 > >
B 5 2 ¥ 58 5 ¥ Fg g S 3 g I
T *Eg§s5 & ¢ - & & 5 23 5
- & mffi ;,\ w T ¥ w
- z &
o

Figure 1. Plot of the molecular heats of adsorption of the possible reaction intermediates for
the ethanol decomposition reaction on Pt(111) as obtained from the UBI-QEP model and (for
comparison) from DFT computations in [3].

Best results are obtained when the UBI-QEP model is applied only once. As an example,
the adsorption energies for acetaldehyde (CH;CHO) and hydroxyethylene (CH,CHOH) can
be compared. In the former case, the molecule is doubly coordinated and binds to the metal
surface via its oxygen and carbon atoms in an on-top configuration. The atomic binding
energies in the on-top sites are evaluated from the hollow site values and in a second step the
molecular heat of adsorption is calculated. The model is therefore applied twice. A UBI-
QEP value for the binding energy of 0.34 eV is obtained, to be compared to the DFT value
of 0.18 eV [3], leading to a relative error of about 50%. In the case of hydroxyethylene, in
contrast, which binds to the metal via the carbon atoms, atomic binding energies in the right
adsorption sites are already available in the literature [16, 17]. Indeed, the value of 0.94 eV
is perfectly reproduced [3]. In general, it has been observed that the input data are of core
importance. When considering DFT calculations, for example, it is well known that relative
energy differences can be evaluated with great accuracy. In contrast, absolute values can differ
substantially from one framework to another. Therefore, when more than one source is used
for the input parameters of a UBI-QEP calculation, care has to be taken because errors are
then propagated and amplified through the whole calculation. As an example, the CO heat
of adsorption is available both from the experiment and from DFT. Values of 1.43 [16] and
up to 2.12 eV [18] have been reported, respectively. It is clear that initial errors of 50% can
dramatically affect the UBI-QEP results. Within the present work, DFT values have been
considered as a reference for the model, even though it is known that ab initio frameworks
can fail in the treatment of some interactions, yielding underestimation or overestimation of
the associated energies. Discrepancies between results from the two frameworks are therefore
not necessarily indicating a failure of the simple model, even though DFT methods are with
no doubt the most reliable ab initio resources at present.
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Figure 2. Error in the calculated heats of adsorption as obtained from the UBI-QEP model with
respect to values from DFT in [3]. Data for mono-coordinated molecules have been plotted as a
function of the bond length [3] to the metal atoms. Fitting with an exponential function has been
plotted in the graph to guide the eye.

For the model calculations, a clear correlation between the error on the heats of adsorption
and the bond lengths has been observed. In figure 2, the differences between UBI-QEP and
DFT adsorption energies for mono-coordinated intermediates have been plotted as a function of
the bond distance calculated by DFT methods in [3]. Data have been fitted with an exponential
function to guide the eye. It is evident that the shorter the equilibrium distance, the bigger the
error (for the defect) due to the model. This can be tentatively explained by referring to the
bond index definition which is at the basis of the whole UBI-QEP model. Bond indices are
defined as polynomial functions of exponentials, under the assumption that atomic functions’
radial parts show this profile. This is indeed true for large distances from the core, while, at
short bond lengths, overlap of charge densities with profiles which deviate from an exponential
shape occurs [19]. It can be concluded that the UBI-QEP model tends to underestimate binding
energies for bond lengths shorter than 2.2 A.

3.2. Ethanol decomposition

3.2.1. Reaction barriers. Ab initio C—C and C-O dissociation energies for the most stable
reaction intermediates were already available in [3]: the most favourable intermediate for
C-0 bond scission was found to be 1-hydroxyethylidene (CH;COH). The UBI-QEP model
identifies, in addition to CH3;COH, a second candidate, hydroxyethylene (CH,CHOH), with
the same C—O dissociation barrier. For the decarbonylation reaction, DFT calculations show
that the ketenyl intermediate (CHCO) has the lowest dissociation energy. This is confirmed
by the UBI-QEP model, provided we exclude the C—C bond scission in acetaldehyde, which,
in contrast to DFT results, is found to have the lowest dissociation barrier. It has to be noted
that reference DFT values for the barriers in [3] appear to be too high. As an example, C—C
bond cleavage activation energies for ketenyl and ketene are found to be 0.95 and 1.34 eV,
respectively. This implies that, assuming a standard pre-exponential factor of 10! s=!, bond
scission occurs at temperatures higher than 440 K, in contrast with the experiment [6], where
CH, species and CO are observed already below 200 K. In contrast, with the UBI-QEP model,
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decomposition barriers of 0.26 and 0.22 eV are obtained for the two species respectively, which
are compatible with the experimental dissociation temperatures.

Dehydrogenation barriers for the possible intermediates considered have also been
calculated by means of the UBI-QEP model. These values were not computed in the DFT
work [3], even though the competition between dehydrogenation and C—C/C-O scissions
actually determines the real reaction path. A possible complete dissociation path is instead
proposed in [6] on the basis of spectroscopic data and will be discussed later. The reaction
path reported in equation (6), was obtained by simple application of the model, considering
only subsequent dehydrogenation steps:

CH;CH,OH —2<Y, CH3CHOH 22 cH;cHO 22, cH,co 22Y,
CH,cO0 22, crco 222Y, cco. ©)

As a second step, we simulated the whole EtOH decomposition reaction by including also the
C-C scission. Decarbonylation of the ketenyl (CHCO) intermediate as well as that of acetyl
(CH;3CO) were included in the reaction on the basis of the experimental results. Indeed in [6],
CH3CO is proposed as a stable intermediate in analogy with acetaldehyde decomposition on
the same surface, while the ketenyl is the favourable configuration for C-C cleavage. From the
model calculation, similar decarbonylation barriers are obtained for the two species (0.26 and
0.22 eV respectively). The final decomposition path yielded by the model contains therefore
two parallel channels (see equation (7)), which are generated by the competition between C—H
and C-C bond cleavage in the acetyl intermediate:

CH,CO — CHCO — CH+CO
CH;CH,OH — CH3CHO — CH3CO — (7
CH; + CO — CH,; + CO — CH + CO.

In the work by Alcala ef al [3], it is found that computed final and transition state energies
for the exothermic decomposition reactions of the possible ethanol dissociation intermediates
satisfy the Brgnsted—Evans—Polanyi (BEP) linear relation [20, 21]. Such a relationship was
known to hold for CH, CO, NO, N, dissociative chemisorption on both flat and stepped
single-crystal transition metal surfaces [21]. In [3] it is shown that C—C and C-O cleavage in
more complex intermediates also follows this ‘universal’ relation. For comparison, we have
therefore computed using UBI-QEP the final and transition state energies of the intermediates
considered in [3]. Energy values are referred to the initial gas phase energies. With reference
to the UBI-QEP formalism we have that Ets = —Qap + AE and Egs = — Q4 — Qp + Dag.
DFT data and results from the present work are plotted together in figure 3. In [21], angular
coefficients () of 0.90 £0.04 and 0.87 & 0.05 are obtained for adsorption of molecules on the
close-packed surfaces and at steps, respectively. In [3] it is found that « = 0.97 £ 0.03, while
the model calculations yield for « the value of 0.94 £0.04. This resultis apparently non-trivial,
since there is no explicit linear dependence of Ets from Egg in the model formalism.

3.2.2. Simulation of the whole decomposition reaction. Rate equations have been written
for reaction (7), including also the rehydrogenation of the methyl groups. Three processes
have been considered, depending on the intermediates: first-order desorption (equation (8)),
recombinative second-order desorption (equation (9)) and the dissociation (equation (10)):

d@co Edes

— = —yf = 8
o vofico CXP( kBT> (3)

dGH 2 Edes

— = =20 — 9
o = b exp () ©)
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A standard pre-exponential factor vy of 10! s~! has been assumed for all surface reactions,
as routinely done when no information about the pre-exponentials is available. A linear
temperature ramp of 0.4 K s~! has been used for the integration of the rate equations, in analogy
with the XPS experiment in [6]. Ethanol desorption (figure 4) has been simulated assuming
an initial surface saturation coverage of 0.44 ML (monolayers), as reported in [6]. Desorption
curves for the decomposition products (figure 4) have been calibrated assuming that only
0.15 ML of the initial ethanol pre-coverage undergoes decomposition due to the competition
between the desorption and dissociation processes, as indicated in [6]. The position of the
corresponding experimental TPD peaks is indicated in the figure by arrows. Ethanol desorption
is remarkably well reproduced by the model. An ethanol dehydrogenation barrier of 0.52 eV
and a binding energy of 0.44 eV are obtained. In agreement with the experiment, two main
desorption states are present for hydrogen: the peak at lower temperature is desorption limited
due to the first dehydrogenation steps of the ethanol molecule; the feature at about 400 K is
correlated to the CH, decomposition. Carbon monoxide is instead only desorption limited. The
mass 28 peak position depends therefore only on the desorption energy value, which is in the real
case influenced by coverage and co-adsorption effects, not considered in the present modelling.

CHy desorption was detected in the TPD experiments and was assigned to subsequent
rehydrogenation of the CH groups which form upon decomposition of ketenyl [6], while we
propose that methane originates from hydrogenation of adsorbed methyl groups. By means of
isotopic experiments [17, 22, 23], it has been shown that methyl groups can easily hydrogenate
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Figure 3. Plot of the transition state energies as a function of the final state energies for the
dissociation of relevant intermediates in the ethanol decomposition pathway on Pt(111). Energy
values are referred to the initial state in the gas phase. Data from the present work obtained within
the framework of the UBI-QEP model are compared to DFT results from [3].
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Figure 4. Simulated TPD spectra, obtained on the basis of the results from the UBI-QEP model for
ethanol decomposition on Pt(111). The arrows indicate the position of the experimental desorption
peaks [6].

to methane on Pt(111). It is also well known that the surface chemistry of CH3 groups
adsorbed on Pt(111) is characterized by a competition between hydrogenation (to CHy) and
dehydrogenation to carbon and hydrogen atoms [17]. Moreover, the hydrogenation probability
for adsorbed methylene (CH») and methylidyne (CH) groups to methane is significantly smaller
than that for CHs [22]. CH hydrogenation barriers as high as 0.7 eV have been obtained by
means of DFT calculations and the instability of CH; has also been shown (the dehydrogenation
barrier is about 0.15 eV [24]). On the basis of the present calculation we therefore propose
a dual reaction path (see equation (7)). Acetyl (CH3CO) most probably dissociates via C—C
bond cleavage (0.26 eV), rather than dehydrogenating (0.29 e V). Indeed, only about 15% of the
decomposing ethanol dissociates through the ketene intermediate (CH,CO) and subsequently
via ketenyl (CHCO) to CH and CO. This picture provides a clear explanation to the CHy
desorption peak observed experimentally [6]. The authors in [6] propose only tentatively
CH;3CO as a stable intermediate, which cannot be unequivocally identified from the C Is
features in the XPS spectra, while they suggest that C—C cleavage occurs in the ketenyl.

In figure 5, computed surface species concentrations are plotted as a function of the linear
annealing temperature as in the reference XPS experiment [6]. The temperature range in
which each species is found to be stable on the basis of XPS data is indicated by the arrows.
Only the contribution from ethanol which undergoes decomposition is reported, while EtOH
desorption is considered for the TPD experiment only (figure 4). The CH3 and CH trends are
well reproduced. Carbon monoxide desorption occurs at lower temperature in the experiment,
probably due to lateral interaction effects: model calculations were indeed performed in the
zero-coverage limit, as already observed.

4. Conclusions

Ethanol decomposition on Pt(111) has been described using simple phenomenological model
calculations and the results were compared to previous experimental and computational data.
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Figure 5. Surface concentration of the stable species during a simulated ethanol decomposition
experiment on Pt(111), as a function of temperature (heating rate: 0.4 K s~1), obtained on the basis
of the results obtained with the simple UBI-QEP model. Arrows indicate the temperature range in
which the species are found to be stable on the basis of real time temperature dependent XPS data

[6].

It has been shown that quantitative agreement can also be obtained when calculating zero-
coverage heats of adsorption and reaction barriers. A correlation between errors in the
calculated binding energies and the bond lengths was found. It was also shown that care has to
be taken in choosing the input values, depending on the source, due to differences in absolute
values (within DFT frameworks) and discrepancies with experimental values. Calculated C—C
and C-O decomposition barriers are not in line with data from DFT calculations, which appear
to be too high, while reaction barriers for C—C scission obtained with the model are in line
with the experiment. The model reproduces well the dehydrogenation barriers, as seen from
the complete reaction simulation. Finally, the BEP linear relationship between transition and
final state energies for the reactions considered is maintained.

The kinetic picture suggested by the UBI-QEP calculation for EtOH decomposition
on Pt(111) is compatible with both previous DFT and experimental work and can explain
their discrepancies. The proposed reaction mechanism predicts the formation of CHs and
CH groups on the surface by distinct parallel reaction paths. In a second step, the methyl
groups can rehydrogenate to methane, thus explaining the mass 14 peak observed in the TPD
measurements, or dissociate to surface carbon and hydrogen. The proposed stable intermediate
is CH,CO, which is not in contrast with the spectroscopic data, where CH;CO was only
tentatively proposed.
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