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ARTICLE INFO ABSTRACT

Electrocatalytic methanol oxidation is of fundamental importance in electrochemistry and also a key reaction in
direct methanol fuel cell. To resolve the kinetics at the atomic level, this work investigates the potential-
dependent reaction kinetics of methanol oxidation on Pt(111) using the first principles periodic continuum sol-
vation model based on modified-Poisson-Boltzmann equation (CM-MPB), focusing on the initial dehydrogena-
tion elementary steps. A theoretical model to predict Tafel kinetics (current vs potential) is established
by considering that the rate-determining step of methanol oxidation (to CO) is the first C— H bond breaking
(CH30H(5q) — CH,OH* + H*) according to the computed free energy profile. The first C—H bond breaking reac-
tion needs to overcome a large entropy loss during methanol approaching to the surface and replacing the
adsorbed water molecules. While no apparent charge transfer is involved in this elementary step, the charge
transfer coefficient of the reaction is calculated to be 0.36, an unconventional value for charge transfer reactions,
and the Tafel slope is deduced to be 166 mV. The results show that the metal/adsorbate interaction and the sol-
vation environment play important roles on influencing the Tafel kinetics. The knowledge learned from the
potential-dependent kinetics of methanol oxidation can be applied in general for understanding the electrocat-
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alytic reactions of organic molecules at the solid-liquid interface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The direct methanol fuel cells (DMFCs) are regarded as a key tech-
nology for energy storage and conversion, which features methanol ox-
idation reaction (MOR) on an anode to deliver clean, abundant and
reliable energy (CHsOH + H,0 — CO, + 6H" + 6e~) [1-5]. The
state-of-the-art DMFC anode catalysts are generally Pt-based materials
[6-9]. Extensive studies on MOR kinetics have been carried out in the
past decades [ 10-17] with the aim to reduce Pt usages (e.g. alloys or dis-
persing into nanoparticles) while improving CO tolerance [18-21]. It is
generally accepted that methanol could be oxidized to CO; via a dual-
path mechanism [22-24], namely, the indirect pathway via adsorbed
CO and the direct one without the participation of CO. In both pathways,
the dehydrogenation reactions (either the C— H or O—H bond breaking)
are the initiating steps. To date, the major concern in the catalyst design
is to maintain the dehydrogenation efficiency of Pt while reducing its CO
poisoning.

From the combined chronoamperometry and mathematical
simulation [11,23,25], it was regarded that the C—H bond breakage
(e.g. CH30H — CH,0H + H* + e) is the rate-determining step. This is
supported by some theoretical calculations [26-32]. For example,
Greeley et al. have shown that the initial C—H bond breaking is the
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rate-determining step for methanol decomposition in vacuum. The re-
action barrier of the O-H bond breaking (0.64 eV) is higher than that
of the C—H bond breaking (0.51 eV) [33,34]. The kinetic data from the
experiment has been utilized to construct the current ~ overpotential
(log(j) ~m) plot, known as the Tafel plot. The Tafel equation as shown
Eq. (1) is a fundamental equation in the kinetics of electrochemistry,
which relates the overpotential 7 with the current density j using the
charge transfer coefficient « (i.e. if the rate-determining step involving
one electron transfer with the charge transfer coefficient cof ca. 0.5, the
Tafel slope 2.3RT/aF should be 118 mV). Interestingly, the measured
Tafel slopes of methanol decomposition span in a wide window, from
95 to 440 mV by different experimental groups, e.g. 110 and 95 mV
for Pt(554) and Pt(553) [11], 130-140 mV at polycrystalline(pc)-Pt
[23] and even ~440 mV at pc-Pt [33]. The large distribution of the
Tafel slope obtained from experiment, on the other hand, indicates a
complex dehydrogenation kinetics on Pt surfaces, which could be
quite sensitive to the catalyst condition and the experimental setups.
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Ideally, theoretical kinetic model based on first principles calcula-
tions should be utilized to benchmark and rationalize different experi-
mental data, as that was often practiced in heterogeneous catalysis
[35,36]. One major concern for current density functional theory (DFT)
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calculations is the lack of proper means to simulate accurately the elec-
trochemical conditions, in particular to treat simultaneously the electro-
chemical potential, the surface charging and the solid-liquid interface.
With the advent of the periodic DFT/CM-MPB method developed re-
cently, the potential dependent kinetics of elementary electrocatalytic
reactions can now be investigated in one unified theoretical framework.
This work represents a latest application of the DFT/CM-MPB [37-39]
method for resolving the puzzles on the Tafel kinetics of MOR and for
providing insights into the oxidation mechanism of organic molecules
on metal at the atomic level. Multiple reaction pathways for methanol
decomposition on Pt(111) surface are investigated in detail and the
free energy profiles are computed, based on which the potential depen-
dent kinetics model is established and discussed in the context of exper-
imental findings.

2. Methods

All DFT calculations were performed using the SIESTA package with
numerical atomic orbital basis sets [40,41] and Troullier-Martins
normconserving pseudopotentials [42]. The exchange-correlation func-
tional utilized was at the generalized gradient approximation level,
known as GGA-PBE [43]. The optimized double-¢ plus (DZP) polariza-
tion basis set was employed. All transition states (TSs) of the catalytic
reaction were searched using our recently-developed methods within
the Constrained-Broyden scheme [44-46]. For Pt(111), we utilized
p(4 x 4) (16 atoms per layer) six-layer slabs with adsorbates on both
surfaces, respectively. The Monkhorst_Pack type of k-point sampling
with a (2 x 2 x 1) mesh was used in all calculations, and the denser
(4 x 4 x 1) k-point mesh was used to further check the convergence
of reaction energetics. The other calculation detail is as those described
in our previous work [47,48].

The solid/liquid interface is described using the periodic continuum
solvation model based on the modified Poisson-Boltzmann equation
(CM-MPB), which can take into account the long-range electrostatic
interaction due to the solvation of electrolyte [37,48,49]. The DFT/CM-
MPB method has been utilized to calculate the electro-photo catalytic
reactions at the solid-liquid interfaces [37,38,49], and compute the fun-
damental properties of metal surfaces in the solution, such as the poten-
tial of zero charge and the differential capacitance, where the calculated
values show a good agreement with the available experimental data
[48]. For strongly polarized molecules at the solid-liquid interface,
such as CH30H and the related reaction intermediates, we have to fur-
ther add explicit H,O molecules as the first solvation shell within the
DFT/CM-MPB framework to compute accurately the energetics, i.e. via
a hybrid approach with both explicit and implicit solvation to describe
the solvation environment.

It should be noted that the current DFT/CM-MPB method is per-
formed on the basis of the constant-charge framework, in which a surface
slab at a fixed net charge (q) can be routinely calculated. As there are two
surfaces per slab, the surface net charge Qy; equals to half of the total net
charge q, Qnet = q/2. The neutralizing charge (—q) is distributed in the
vacuum region of the slab following the modified Poisson-Boltzmann
equation, mimicking the polarized ionic charge distribution (diffuse
layer) in the solution [37]. The constant-charge model in calculation is
however not exactly what is operated in the experiment, where the
electrode is generally held under a certain potential. We therefore need
to convert the kinetic data collected at a certain charge q to that at a
certain potential U, which can be summarized briefly as follows.

For an elementary reaction, the free energy barrier AG,(q = 0,6;) at
the potential of zero charge (q = 0) condition can be obtained first
using Eq. (2),

AG,(q,6;) = Grs(q,0;)—Gis(q, 6;) 2)

AG,(U,6;) = AG4(q, 6y)lg—u 3)

where 6; indicates the surface phase characterized by a particular local
coverage i and Grss are the free energies at the TS/IS (IS: initial state).
In this work, the coverage of methanol is kept as 0.0625 ML on
Pt(111), which corresponds to a typical low coverage condition. This
first step (q = 0 calculations) involves the location of the relevant TS
and ISs at the charge neutral condition, as is typical in standard periodic
DFT packages. Next, one needs to establish the linkage between the
charge g and the potential U. This is done by carrying out a series of cal-
culations with the variable g and simultaneously measuring the poten-
tial U of each g state using DFT/CM-MPB. The absolute electrochemical
potential of the system (a surface slab) can be measured by computing
the work function in the solution and then referring it to the experimen-
tal work function of the standard hydrogen electrode (SHE, 4.4-4.8 from
experiment; and 4.6 V utilized in this work). By this way, the free energy
barrier at a concerned U can be finally obtained with Eq. (3). The free en-
ergy correction (referring to the standard state) to the DFT/CM-MPB
total energy can be derived by using the standard thermodynamic equa-
tions (see for example ref. [50]). The constant-charge DFT/CM-MPB
method for computing the potential dependent kinetics of electrocata-
lytic reactions has been utilized to resolve the complex reaction net-
work of hydrogen evolution on Pt and Au surfaces recently [51].

3. Results
3.1. CH30H adsorption at the interface

To address the kinetics of MOR, it is essential to understand first how
methanol molecule adsorbs at the solid/liquid interface, which is the
precursor leading to the methanol oxidation. The possible structures
of adsorbed CH30H on Pt(111) have been explored by using the hybrid
explicit/implicit solvation model. The explicit H,O molecules (at least
two molecules) nearby the methanol are found to be important to ob-
tain accurate energetics.

We identified two of the most stable configurations of CH;0H on
Pt(111), namely, the IS-A and IS-B configurations. These two configura-
tions are shown in Fig. 1. In the IS-A configuration (Fig. 1(a)), the O atom
of CH;OH attaches to a surface Pt atom viaa O— Pt bond (2.45 A) togeth-
er with another adsorbed water molecule; in the IS-B configuration,
CH5OH is hydrogen-bonded (1.51 A) with the adsorbed H-0, having
no direct contact with the surface. These two structures are quite close
to the bilayer structures for H,O adsorption on metal surfaces as previ-
ously found by theory and experiment [52,53]. This may not be surpris-
ing considering that the dominant interaction between molecules is the
same, i.e. the hydrogen bonding.

| | | |
AE::u:l = E(S:(I)-I3OH-H20/sur_E:zr_E?:?ﬁOH _ZEIS-IZO (4)

The stability of the CH30H-H,0 complexes shown in Fig. 1 can be
calculated using Eq. (4) by referring to the individual surface or mole-
cules in the bulk water solution, where E¥" (X = CH;OH-H,O/sur,
sur, CH30H and H,0) denotes the total energies calculated from the
DFT/CM-MPB for system X. We found that the IS-B configuration
(—0.74eV) is slightly more stable compared to the IS-A adsorption con-
figuration (—0.71 eV) (by 0.03 eV), which suggests that the direct inter-
action between methanol and Pt(111) surface is weak and can be
readily influenced by the solvation environment. We noticed that for
the adsorbed CH30H-H,0 complex, their H-bonding distances are gen-
erally shorter (1.51 A for the IS-B configuration or 1.68 A for the IS-A)
compared to the CH;0H-H,0 complex in the bulk solution (1.70 A).
This indicates that the molecules upon adsorption are further polarized
by the surface through the metal/molecule covalent bonding, which in-
fluences the H-bonding interaction at the solid/liquid interface.

To better understand the adsorption strength of the individual
methanol molecule, we also compared the AE,q for methanol on
Pt(111) in vacuum condition and in the CM-MPB solvation condition
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Fig. 1. Possible configurations for methanol at the Pt(111)/water interface. (a) IS-A: methanol and water coadsorption on the surface, (b) IS-B: methanol at the second layer above the
surface and (c) IS-C: water-only adsorption on the surface and methanol in the bulk solution. The calculated AE,4/AG,q (€V) at 0.32 V vs. SHE are indicated at the bottom of the figures
(as calculated using Eqs. (4)-(5)). The labeled distances are in angstroms. Large ball: Pt atoms. Small yellow ball: surface Pt atoms. Small red ball: O atoms. Small white ball: H atoms.

(with only the implicit solvation, i.e. the long-range polarization). The
AE,q4 in vacuum calculated from our DFT is — 0.26 eV, which is consis-
tent with that reported by Greeley and Mavrikakis (—0.33 eV) [27].
By switching on the CM-MPB condition, AE,4 is much reduced to
—0.05 eV, which is obviously caused by the change of the reference
state (now an individual methanol molecule in CM-MPB solvation con-
dition). These suggest that one individual methanol molecule has only
weak interaction with Pt(111): no significant enthalpy preference for
transferring methanol from the bulk water solution to the surface.

3.2. Potential-dependent interface composition

To describe the composition of the methanol-water/Pt(111) inter-
face, one needs to compute the potential-dependent free energy dia-
gram for all the possible adsorption configurations for methanol and
water on Pt(111). Among various configurations investigated for the in-
terface, three major configurations are of importance and discussed in
detail below, including the two methanol adsorption configurations
IS-A and IS-B shown above, and a water-only adsorption configuration,
termed as IS-C, also shown in Fig. 1. In IS-C, methanol remains in the
bulk water solution and the interface contains adsorbed water only,
where two water molecules adsorb on Pt(111) in a bilayer-like
structure.

In order to compare the free energy of IS-A, IS-B and IS-C, we need to
take into account the entropy contribution of the reference molecule in
the bulk solution, where a large translation/rotational entropy contribu-
tion is present. For methanol solution of 1 M (typically utilized in exper-
iment), we utilize the entropy term of 69.95 J/mol and 159.86 ]/mol for
water and methanol in bulk solution according to the standard thermo-
dynamic data [54] and thus their entropy term (TS) at 300 K are —0.22
and — 0.50 eV, respectively. From these entropy data and the DFT/CM-
MPB calculated AE,4 from Eq. (4), AG,q can be calculated according to
the fundamental thermodynamic equations [55], where ZPE is the
zero-point-energy contribution.

AG,4=AE, + AZPE—TAS (5)

The potential-dependent free energy diagram of the three configura-
tions can then be calculated using the DFT/CM-MPB method and the re-
sults are plotted in Fig. 2. The calculated AG,q at 0.32 V vs. SHE is also
indicated in Fig. 1 (this corresponds to the potential of zero charge
(pzc) of Pt(111) from DFT/CM-MPB [48], c.f. the experimental pzc of
Pt(111) is 0.2-0.4 V [56]). Generally, with the increase of potential,
the free energy of adsorption generally increased (AG,q4 being more neg-
ative). This is reasonable considering that the O-ends of H,0 and meth-
anol are electronegative and the O- Pt bonding is enhanced with the
increase of potential, as also evident from the computed O- Pt bond
length at different potentials. Fig. 2 also shows that at the potentials in-
terested for methanol oxidation, e.g. 0.3 to 0.6 V vs. SHE, the IS-C (the
water-only adsorption configuration) are the most stable in free energy,

which dominates the Pt/solution interface. It is indicated that methanol
oxidation should initiate by methanol coming from the bulk solution,
replacing the adsorbed water molecules, a sequence from IS-C to IS-B
and to IS-A. IS-A is the precursor for the dehydrogenation reactions.

3.3. Reaction mechanism

Starting from the IS-A configuration, we investigated the reaction
channels for methanol decomposition on Pt(111) at the Pt/water inter-
face till the formation of CO. As we are focusing on the Tafel kinetics of
MOR at low potentials (0.3 to 0.5 V vs. SHE) in this work and the mech-
anism of methanol decomposition has been studied previously [27,28],
we did not make an attempt to resolve the whole reaction network of
methanol oxidation, i.e. to CO, formation, which involves the added
complexity due to the participation of the oxidative surface species
that emerged at high potentials. According to our computed energetics,
we found that the initial dehydrogenation steps have the highest free
energy barrier in methanol decomposition and the results are elaborat-
ed in the following.

The free energy profiles for the two competitive pathways are
shown in Fig. 3, together with the representative intermediate struc-
tures of the reaction. All the energetics reported in Fig. 3 are collected
at the 0.32 V vs. SHE condition (pzc of Pt(111) from DFT/CM-MPB).
The first pathway (the C-H pathway) features with the C—H bond
breaking of CH30H followed by the consecutive dehydrogenation of
CH,0H to CHO; the second pathway (the O-H pathway) involves the
0-H bond breaking of CH;0H. The C-H pathway is the lowest energy
pathway of methanol oxidation at the Pt(111)/H,0 interface and the
O-H pathway is kinetically unfavorable, which is described in more de-
tail as follows.

0.3

0.2
= m IS-A
52 0.1 - ® [SB
g A I1sC

0.0

‘\‘N\-i}ii‘_\_‘
-0.1 4
T T T T T T T T T
0.30 0.35 0.40 0.45 0.50 0.55

Potential (V vs. SHE)

Fig. 2. The potential-dependent free energy diagram of three different configurations of
water, methanol on Pt(111). The IS-A, IS-B and IS-C are as shown in Fig. 1. The numbers
indicate the slope of the lines by linear fitting.
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Fig. 3. The free energy profile and the optimized structures of the intermediates of meth-
anol dehydrogenation for the Pt(111)/water interface at 0.32 V. 1 and 2 refer to the IS-C
and IS-A, respectively (see Fig. 1); 3,4, 5 and 6 are the located TSs and FSs in the C-H path-
way; 7 and 8 are the located TS and FS in the O-H pathway. The labeled distances are in
angstroms. Large ball: Pt atoms. Small yellow ball: surface Pt atoms. Small red ball: O
atoms. Small white ball: H atoms.

3.3.1. The C-H pathway

In this pathway, the adsorbed CH50H (IS-A, also state 2 in Fig. 3) de-
composes by breaking one of its C— H bond. At the transition state (TS),
the carbon atom sits on a top site and the dissociating H atom is close to
a bridge site (state 3, Fig. 3), where the dissociating CH bond of CH30H is
lengthened to 1.49 A. The free energy barrier is calculated to be 0.38 eV
with respect to IS-A (state 2) and 0.70 eV with respect to the most stable
IS-C (also state 1 in Fig. 3). The calculated barrier at the Pt/water inter-
face is larger than the previous DFT calculations in vacuum (0.51 eV)
[27]. The final state is an adsorbed CH,OH fragment (state 4), while
the dissociated H on the surface is unstable on Pt(111) above pzc
and can desorb to solution facilely (also see our previous work for
detailed energetics [51]). Hereafter only the non-H adsorbates will
be discussed.

The next step is the C— H bond breaking of the CH,OH. At the IS of
CH,OH adsorption (state 4), CH,OH sits on a top site and the C-Pt

bond distance is 2.09 A. At least two nearby H,0 molecules are essential
as the first solvation shell to stabilize the CH,OH fragment. In particular,
the H-bonding between the H of the adsorbed H,0 and the O of the
CH,OH appears to be strong with the distance being only 1.56 A. At
the TS (state 5), one C—H bond distance is lengthened to 1.45 A and
the C atom remains on the top site (also see state 5, Fig.3). It is no-
ticed that the first solvation shell changes from the IS to the TS for
CH,OH dehydrogenation. Compared to the IS where two H-
bondings with nearby H,0 are present for the adsorbed CH,OH,
only one H-bonding is left at the TS that links the H of hydroxyl in
CH,OH with the nearby O of H,O0. This is obviously due to the fact
that at the TS of CH,OH dissociation, the [CHOH] fragment has a
strong acidity at its hydroxyl H, which prefers only the bonding
with electronegative species.

3.3.2. The O-H pathway

This pathway is initiated by the cleavage of the hydroxyl group of
CH5O0H, which produces an adsorbed methoxyl. The TS (state 7) is
achieved when the OH of CH30H passes its H to the neighboring Pt
atoms and the O-H distance is lengthened to 1.45 A, which is also
shown in Fig. 3. The free energy barrier is calculated to be 0.58 eV
with respect to IS-A and 0.89 eV to the most stable IS-C. At the FS
(state 8), an adsorbed methoxy is formed, which adsorbs at the top
site via its O end. It is noticed that the CH30 fragment is very unstable
(0.36 eV) on Pt(111) compared to the CH,OH fragment. This large dif-
ference from thermodynamics has been utilized to explain why the
C-H bond breaking of alcohol is generally preferred over the Pt surfaces
[27,44,57].

It is of interest to compare our calculated reaction energy with those
reported previously, although the current theoretical methods (DFT/
CM-MPB) differ from those utilized previously. In this work, we found
that the reaction energies are —0.34 and 0.36 eV for the C—H and the
O-H bond breaking, respectively. In literatures, the reported values
are from — 0.1 to —0.4 eV for the C—H bond breaking [27,30,57] and
about 0.6-0.7 eV for the O-H bond breaking in the vacuum condi-
tion [34]. Using a static water layer model at Pt(111)/water surface,
Neurock et al. obtained the reaction energies of —0.78 and —0.04 eV
for the C—H and the O-H, respectively [28]. Their results indicate that
the presence of water at the interface can dramatically decrease the re-
action energy of the dehydrogenation (by better stabilizing the prod-
uct). Our results are in line with these previous results, showing that
the C— H bond breaking is thermodynamically favored and the solvation
can influence the thermodynamics markedly.

3.4. Potential ~ barrier relationship and tafel lines

We are now at the position to examine the potential dependent
kinetics of the key elementary step in methanol oxidation. From Fig. 3,
the first C— H bond breaking is the rate determining step of methanol
decomposition and thus should determine the Tafel kinetics of metha-
nol oxidation. By focusing on the C— H bond breaking, we have comput-
ed the AG, of the reaction at different potentials using the charged-slab
DFT/CM-MPB method. The procedure of using charged-slab DFT/CM-
MPB method to compute the Tafel kinetics of electrocatalytic reactions
has been detailed in our recent publications [51,58] and also briefly
in the Methods section. For comparison, we also calculated the
potential ~barrier relation for the O—H bond breaking. These results
are plotted in Fig. 4a.

Fig. 4a shows that the AG, of the first C— H bond breaking decreases
linearly with the increase of potential, indicating that the rate for the
methanol decomposition increases by elevating potential. By contrast,
the AG, of the O—H bond breaking increases slightly with the increase
of potential, i.e. at the opposite trend with that of the C—H bond
breaking.

In electrochemistry, the Tafel equation (Eq. (1)) that relates the rate
of electrochemical reactions with the overpotential 1) can be rationalized
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Fig. 4. (a) The plot of the barrier (AG,) against the electrochemical potential plot for the first C— H and O—H bond breaking of methanol on Pt(111). (b) Theoretical Tafel plot (U vs log(j))

for methanol oxidation on Pt(111).

using Eq. (6), which states that the variation of potential influences the
free energy barrier.

AG, = AG,’—aF(U-Uy) (6)

where AGY is the free energy barrier at a reference potential Uy and o is
the charge transfer coefficient as defined in Tafel equation. Using Eq. (6),
we can thus fit the AG, ~ U relation for the C—H bond and the O-H
bond breaking in Fig. 4a. We found that the obtained « value for
the C-H bond breaking is —0.36, and that for the O—H bond break-
ing it is 0.08. The « of the two reactions has the opposite sign, indi-
cating that these two reactions have different redox behaviors. This
can be rationalized by considering that these two reactions can
be formally written as, CH3OH(aq) — CH30*~ 4+ H* 4+ q* and CH;_
OH(aq) — CH,OH*3* + H* 4+ q~ (* indicates the adsorption) accord-
ing to the polarization character of the CH30 and CH,OH fragments.
Obviously, the increase of potential (via positive surface charging)
will favor the C—-H bond breaking but hinder the O-H bond
breaking.

Importantly, the fitted o values of the dehydrogenation reactions are
not 0.5 or 1 as often utilized in electrochemistry for one or two electron
transfer reactions. This indicates that the rate determining step of the
methanol oxidation cannot be simply considered as a classical one elec-
tron transfer reaction. Indeed, according to the IS, TS and FS of the dehy-
drogenation reaction identified in this work, we can conclude that the
C—H (or the 0—H) bond breaking reaction is a surface catalyzed ele-
mentary reaction involving no apparent charge transfer. In other
words, although one H is removed from the CH;0H molecule, this disso-
ciated H must initially attach to the Pt surface and can only leave the
surface as a solvated proton (one electron transfer reaction) after the
dehydrogenation reaction (this secondary reaction is a fast step [51]).
This could explain why the « value of the dehydrogenation reactions
is generally small.

On the other hand, the non-diminishing « value for the dehydroge-
nation reactions is due to the interfacial dipole change from the IS to the
TS. Taking the C-H bond dissociation reaction as the example, we found
that the dissociation experiences a remarkable structural change as
reflected in the restructuring of the solvation shell. As we have shown
in Fig. 2, the IS-C of the methanol dissociation features with the water-
only adsorption interface and methanol in the bulk solution. By contrast,
at the TS, the C of the methanol has a direct contact with the surface to
break its C—H bond. Such changes at the interfacial composition will
certainly lead to the change of the interface dipole and thus result in a
non-diminishing o.

Finally, based on the potential-dependent kinetic data, it is possible
for us to deduce the MOR rate as measured by the current j at low poten-
tials according to microkinetics as expressed in Eq. (7),

j=AFSTIN, e AU/ gjg) (7)

where A is the preexponential factor (it is KT/h = 6.25 x 102 s~ ! at
300 K); Sis the total surface area; [site] is the concentration of the reac-
tive site (ML), N, is the Avogadro's constant. In computing j, AG,(U) of
the first C— H bond breaking reaction (Fig. 4a) is utilized since this reac-
tion is the rate-determining step; [site] is taken as 0.0625 ML as
modeled in this work; the surface area S is 1.097 x 10~ 1% cm? for
Pt(111). In Fig. 4b, we plotted the calculated j vs. U for methanol oxida-
tion and the derived theoretical Tafel slope, b = dr)/dlog(j), is 166 mV at
the potentials investigated.

It is of interest to examine the current kinetics model established
based on first principles calculations in the context of previous experi-
mental studies. As for the Tafel slope, the theoretical value 166 mV on
Pt(111) is in the range of those reported in the experiment [4,11,23].
It is noticed that the experimental data is generally collected on Pt sur-
faces containing a large faction of stepped Pt sites, such as polycrystal-
line Pt. The scattered experimental data on the Tafel slope implies that
the Tafel kinetics of methanol oxidation could be influenced markedly
by the experimental condition, such as the surface site, the electrolyte
and even the methanol concentration. Our results suggest that MOR ki-
netics is controlled by the first C— H bond breaking step, which has no
apparent charge transfer. The charge transfer coefficient (and the Tafel
slope) could be highly sensitive to the interface composition (e.g. the
IS structure), which is related to the local surface electronic and geomet-
rical structure and the solvent. Future studies based on DFT/CM-MPB
method are necessary to quantify the Tafel kinetics at different surface
sites.

As for the reaction rate, the calculated rate on Pt(111) surface is
8.9 x 107> A/cm? at ~0.4 V, which agrees reasonably with the
experimental measurement. For example, Wieckowski et al. reported
~107> A/cm? on pc-Pt at about 0.45 V (methanol 0.6 M and 0.1 M
H,S0, solution) [23]; Housmans et al. reported 1.8 x 10~¢ A/cm? on
Pt(554) and Pt(553) at 0.4 V (methanol 0.025 M CH30H and 0.5 M
H,S04 solution) [11]. Considering that our calculations are performed
on Pt(111), the consistency between theory and experiment should
imply that C-H activation at the low potentials is not (so) sensitive to
surface structure: The (111) terrace is active enough for the C—H bond
breaking towards the CO formation. This could explain the observed
small difference in activity (only 2 pA/cm~2) between Pt(554),
Pt(553) and Pt(111) [11] and the fact that the Pt catalyst can be rapidly
poisoned due to CO formation in methanol oxidation [33,59].

4. Conclusion

This work represents a theoretical survey of the electrocataltyic
methanol oxidation kinetics at the Pt(111)/water interface. By using
the DFT method integrated with a periodic continuum solvation
model based on the modified-Poisson-Boltzmann electrostatics, we re-
solve the potential-dependent kinetics of methanol decomposition on
Pt(111) and deduce the charge transfer coefficient and Tafel slope
from theory. We expect that the theoretical method and model utilized



Y.-H. Fang, Z.-P. Liu / Surface Science 631 (2015) 42-47 47

here for methanol oxidation can be applied in general for understanding
the electrocatalytic reactions of organic molecules at the solid-liquid
interface. Our main results are outlined in the following.

(i) The free energy profiles of the C-H and O-H pathways are calcu-
lated, which shows that the C—H bond breaking is the kinetically
preferred channel for methanol oxidation. The first C—H bond
breaking is the rate-determining step and its free energy barrier
is calculated to be 0.70 eV at 0.32 V vs. SHE. The preference of
the C—H bond breaking over the O—H bond breaking could be
explained by thermodynamics, where the adsorbed CH,OH
fragment is much more stable than the CH30 fragment on the
surface.

(ii) The first C—H bond breaking reaction does not involve appar-
ent charge transfer and the reaction may be formally written as
CH30H(aq) — CH,OH*3* + H* + q~. The charge transfer coeffi-
cient is calculated to be 0.36, an unconventional value for charge
transfer reaction, and the Tafel slope is deduced to be 166 mV.

(iii) Using microkinetics we calculated the current of methanol oxi-
dation on Pt(111) as 8.9 x 10~> A/cm? at ~ 0.4 V vs. SHE. The
theoretical result is consistent with those reported in the exper-
iment on various Pt catalysts, which indicates that Pt(111) is the
active site for methanol oxidation towards CO formation.
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