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Abstract

The partial oxidation of methane to methanol has been a goal of heterogeneous catalysis for many
years. Recent experimental investigations have shown how AuPd nanoparticle catalysts can give
good selectivity to methanol with only limited total oxidation of CHa4 using hydrogen peroxide as
an oxidant in aqueous media. Interestingly, the use of colloidal nanoparticles alone, without a
support material, leads to efficient use of the oxidant and the possibility of introducing oxygen
from O2(g) into the CH3O2H primary product. This observation indicates that a radical mechanism
is being initiated by H>O. but then the oxygen addition step, catalysed by these nanoparticles, can
incorporate Oz(ads). In this contribution, we use Density Functional Theory (DFT) to study the
elementary steps in the partial oxidation of methane to methanol using H20- as a radical initiator
and molecular oxygen as oxidant over the low index surfaces of Pd and Au. We are able to show
that pure Pd nanoparticles are prone to oxidation by O2(g) whereas the competitive adsorption of
water on Au surfaces limits the availability of O2(ads). Calculations with Au added to Pd or visa
versa show that both effects can be alleviated by using mixed metal surfaces. This provides a
rationalization of the need to use alloy nanoparticles experimentally and the insights from these

results will aid future catalyst development.



Introduction

Methane, as the main component of natural gas, finds wide spread use as a fuel in industry, the
energy generation sector and domestic settings. The incorporation of methane into chemical
synthesis, however, is more challenging. Currently this is only commercially possible via
conversion to syngas (a mixture of H. and CO) and then upgrading to higher molecular weight
products via the Fischer Tropsch synthesis,® and methane coupling technologies.? The energy
demands for these indirect routes are high,? requiring temperatures in excess of 1000 K and so are
usually carried out on a large scale, which makes these approaches unsuitable for the remote
locations and distributed nature of current natural gas reserves. Transportation of methane is also
costly due to its low boiling point (-164 °C ) so that gas pipe lines or cryogenically cooled tankers
are required to transfer the gas to processing plants. Renewable sources of methane, such as the
methane generated by anerobic waste decomposition on land fill sites and methane produced as a
way to valorize excess renewable energy are also becoming available,* meaning that technologies
developed to process methane will be useful as a more sustainable chemical economy is developed.
The capture and utilization of methane from land fill sites and other anthropogenic sources of
methane is also important as part of a strategy to reduce global temperature rises. Methane is the
second highest contributor to the greenhouse effect after CO», and is responsible for around 20%
of the warming induced by long-lived greenhouse gases emitted in to the atmosphere since
industrialization.> Accordingly, there is great interest in developing a low temperature route for
the direct partial oxidation of methane to methanol, formaldehyde or formic acid so that liquid
transportation becomes possible and direct use in technologies such as fuel cell generators can be
enabled.® In particular, direct partial oxidation of methane to methanol has attracted much
attention, as methanol is used as a feedstock for the production of important chemicals such as

dimethy! ether,”® formaldehyde,® and propylene.*°

The partial oxidation of methane is challenging: methane is a non-polar molecule with a C-H bond
energy of 439 kJ mol™* making the activation of the molecule difficult.!! In addition, while the
enthalpy of reaction to form methanol with dioxygen is favourable ( AH®205 k = -126 kJ mol ™),
the C-H bond strength of methanol ( 402 kJ mol™ ) is lower than that of methane, so that further

oxidation is likely to occur under conditions in which methane is activated. Early work in the



heterogeneously catalysed direct partial oxidation of methane concentrated on high temperature
gas phase chemistry using transition metal oxide catalysts such as molybdenum and vanadium
oxide.12131415 These reactions relied on the activation of methane by lattice oxide species and the
subsequent redox cycling of the metal cations.® However, at the temperatures used (400 °C) gas
phase radical chemistry and the competition of complete oxidation limits the selectivity to partial

oxygenates.

Cu/Fe zeolites with N2O or O (for Cu) as the oxidant have also been used for the partial oxidation
of methane to form methanol.!” In the case of Fe-ZSM-5 the mechanism involves a highly reactive
a-oxygen species (Fe'"-O'+) which is set up by reaction of N.O with the extra-framework Fe'
cation sites at 200-250 °C. Methane is then reacted with the pre-prepared zeolite at room
temperature and methanol obtained using an extraction step.'® In the case of Cu the extra-
framework species is also a highly reactive oxygen radical anion species formed at a bridge site
between two extra-framework cations Cu''-O «-Cu'.2® For Cu-ZSM-5, the reactive oxygen can be
prepared from O2(g) at temperatures < 200 °C. Passing methane over the pre-prepared material at
lower temperatures (100 — 200 °C) then generates methanol precursors that can be extracted from
the zeolite by extraction with a suitable solvent. During the activation of methane in these systems,
a strong O-H bond to the oxygen radical anion is formed providing the energy required to break
the H3C-H bond. However, the processes are not catalytic as the preparation of the oxygen radical
anion is carried out under different conditions to the oxidation of methane.?’ The process also
results in methoxy species bound to the zeolite framework that have to be solvent extracted to
produce methanol. Fe-ZSM-5 has produced catalytic reactions when used with aqueous H2O> as
oxidant. However, the proposed catalytic cycle requires two moles of H2O. for each mole of
methanol produced.?* The first is to set up the highly oxidised metal centre and the second to

produce the methyl hydroperoxide seen as the primary oxidation product.

At the same time as high temperature methane oxidation routes were being explored in
heterogeneous catalysis, models for the decomposition of atmospheric methane demonstrated that
the energy demand of methane activation could be achieved through reaction with «OH radical
species.?? These radicals are generated when singlet atomic oxygen (O(*D)) derived from the
photochemical decomposition of ozone interact with atmospheric water vapour. The methyl

radicals produced in this process go on to react with molecular oxygen to form methyl peroxy



radicals (CHsOg¢) in the initiation of the oxidation process that ultimately acts to decompose

atmospheric methane.?

Partial oxidation of methane with supported AuPd catalysts using H20: as the oxidant are also
thought to operate through methane activation by the *OH radicals generated from H20:
decomposition. Studies by Ab Rahim et al. reported the partial oxidation of methane using
supported Au-Pd nanoparticles under mild condition with H,O2 as an oxidant at 50 °C.%® Using
electron paramagnetic resonance (EPR) spectroscopy, they were able to detect the presence of both
methyl (+CHz) and hydroxyl (*OH) radicals.

However, due to the relatively high cost of hydrogen peroxide compared to the current market
price of methanol, it is unlikely that using hydrogen peroxide as oxidant will be lead to an industrial
method of generating methanol. The most cost effective oxidant would be O2(g) but usually
reaction of hydrocarbons with dioxygen favour total oxidation to CO». Agarwal et al. investigated
the incorporation of molecular oxygen into the AuPd nanoparticle catalysed reaction in
combination with H.0 using colloidal Au-Pd nanoparticles at 50 °C.2* Their work highlighted the
superior activity of the colloidal alloy to both the titania-supported alloy and the pure metal
colloids. Au-Pd nanoparticles supported on titania exhibit a high rate of hydrogen peroxide
degradation. The colloidal alloy on the other hand, showed lower H.O> decomposition and
exhibited substantially higher product yields compared to the supported catalyst. The addition of
5 bar of molecular oxygen into the head space above the reaction mixture also showed an increase
in the product yield from 15.7 umol to 26.8 pmol while maintaining a high selectivity of 95% to
partial oxygenates. In order to demonstrate that the source of oxygen in the methyl hydroperoxide
is indeed molecular oxygen, isotopic labelling experiments were conducted by adding 5 bar of 20,
into the reaction mixture. Mass spectroscopy analysis of the primary products revealed that 51%
of the observed signal corresponded to CHsOH mass fragments containing an 20 label. Reactions
in the absence of hydrogen peroxide, but in the presence of molecular oxygen showed no product
formation indicating that the presence of hydrogen peroxide is crucial for the initiation step. Even
so, levels of hydrogen peroxide as low as 500 umol in the 10 ml reaction mixture resulted in an
increase in the reaction products from 43 pmol with no gas phase oxygen to 50 umol, when oxygen
was included. This observation further supports the role played by hydrogen peroxide as only an
initiator in the radical oxidation process. Pure Au and Pd showed only low activity for methane



oxidation further suggesting that the alloyed nanoparticles display a synergistic effect in terms of
both catalyst stability and activity for the reaction. Scheme 1 shows a reaction mechanism that was
put forward based on the AuPd colloidal catalyst results. Hydrogen peroxide is first activated to
produce *OH radicals which in turn can abstract a hydrogen atom from methane. The methyl
radicals generated can then react with the dissolved oxygen resulting in the incorporation of

molecular oxygen into more than 70% of the primary products as demonstrated by H2'0, with
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Scheme 1: Proposed reaction scheme of the partial oxidation of methane to
methyl hydroperoxide using hydrogen peroxide and oxygen as oxidants.

180, experiments. Products containing %0 were also formed, as a result of reaction of *CH3 with
either +!%0'0OH or %0, formed from the decomposition of hydrogen peroxide. This study
demonstrated that once the H3C—H bond in methane is activated using hydrogen peroxide, it is
possible to incorporate molecular oxygen in to the primary intermediate in this reaction: methyl
hydroperoxide (CH3O2H, Scheme 1). Isotopic labelling experiments have shown that methyl
hydroperoxide then reacts further over AuPd nanoparticles to produce methanol.?®> Converting
methane to methanol with the incorporation of O2(g) in this way would make the entire process

substantially cheaper and more likely to be economically viable.

The oxidation of methane over Au/Pd catalysts has also been the subject of a number of theoretical
studies. Weaver and co-authors have also considered alkane adsorption over Pd and PdO surfaces
making a comparison of adsorption energy, Eags, estimated from temperature programmed
desorption experiments and dispersion corrected DFT (PBE+D3).% They find a linear relation
between alkane chain length and adsorption energy with estimates for methane on Pd(111) of Eads
=-16 kJ mol’* (Pd(111), TPD) cf. Eags = -24 kJ mol* (Pd(111), PBE+D3).2¢ In their calculations
the contribution of dispersion to the adsorption energy is critical and PBE alone actually gives
slightly unfavourable Eags values. Adsorption of methane to PdO(101) is found to be somewhat
stronger, Eags = -42 kJ mol™ (PdO(101), TPD) cf. Eads = -41 kJ mol™* (PdO(101), PBE+D3). They

explain this relatively strong interaction of saturated hydrocarbons with the oxide surface as
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coming from a s-complex formed by charge donation from the alkane to under co-ordinated Pd?*
centres on the PdO(101) surface. This also acts as a precursor to HsC-H bond cleavage.?’ Very
recently, Yoshizawa and co-workers?® have used periodic DFT with the PBE functional to study
methane activation and oxidation with H202 over Pd(111) and a Pd(111) surface modified by the
inclusion of a single Au atom in the surface. They find that the activation of methane by reaction
with surface bound OH(ads) species generated on decomposition of hydrogen peroxide is an
effective route to activating methane with a side product of water. They then consider the formation
of methanol directly from the methyl radical and OH(ads) and find that this is the rate determining
step for methanol production via this reaction profile. The inclusion of Au in the surface of Pd(111)
slab model also lead to a significantly weaker interaction between OH(ads) and the surface leading

to a further reduction of the barrier for methane activation compared the pure Pd(111) surface.

The aim of this work is to use dispersion corrected density functional theory (DFT) calculations to
consider the elementary steps that underpin the reactions in Scheme 1, with methanol being
produced via the methyl hydroperoxide intermediate observed experimentally and consider the
production of this intermediate via H3C-O2 bond formation between surface bound methyl radicals
and co-adsorbed molecular oxygen. We concentrate on the surfaces of Au and Pd as pure metal
catalysts to map out the whole scheme and highlight key steps which limit their activity for
methane partial oxidation. We then analyse these points more closely by making single atom
substitutions?® ( Au into Pd and Pd into Au ) to understand how alloying is able to increase the
efficacy of the colloidal catalysts compared to the pure metal systems. Structural examination of
the AuPd alloy colloids has revealed that the nanoparticles produced experimentally have mostly
icosahedral structures with some cuboctahedral characteristics.?® Accordingly, we model the (111)
and the (100) surface facets of Au and Pd.

Computational Details

All calculations presented employ Density Functional Theory (DFT) as implemented within the
VASP (Vienna Ab initio Software Package) code.3%31:3232 The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional®#* is employed to account for the exchange and correlation
effects with the projector augmented-wave (PAW) method to represent core states.*®*” Previous

work has shown that the use of the PBE functional to study the interaction of organic compounds



on transition metal surfaces gives a good representative of adsorption energies and transition

states 38,39, 40,41

The energy cut off for the plane wave basis set and the electronic self-consistent field (SCF)
threshold were set to 400 eV and 107 eV respectively. Calculations were also set to converge
when the forces are less than 0.01 eV A for adsorption calculations and 0.001 eV A for bulk
and surface optimisation calculations. A Monkhorst-Pack grid was used to sample the Brillouin
zone*?. For optimisation calculations, the number of k-points used was 7x7x7 for the bulk, and
7x7x1 for the surfaces. For the adsorption calculations, we employed supercell expansions and so
it was possible to lower k-point sampling to 3x3x1. Dispersion corrections were included to

account for van der Waals interactions using Grimme’s empirical DFT -D3 model.*

To create surface models 5-layered (111) and (100) slabs were cut from the optimised bulk. In
each of the surfaces, the bottom three layers were fixed with the top two layers free to move. In
order to avoid interactions between the periodically repeated slabs, a vacuum layer of 13 A was
introduced above the surface. The number of atoms in the (111) surfaces was set to 80 atoms to
give 16 atoms in the surface layer in a p(4x4) arrangement (figure S1a). For the (100) surfaces,
two different slab sizes were used. Slabs containing 40-atoms were used to assess surface
relaxation, calculate the surface energy of the clean surface and carry out adsorption and
dissociation barrier calculations for single molecule steps in the reaction scheme. Larger 90-atom
slabs were needed in order to avoid interactions between the adsorbates in the surface vector
directions when more than one molecule is involved in an elementary step. In both cases a square
2-D surface repeat unit was used (figure S1b). The 90-atom slab was used to model the hydrogen
abstraction from methane, the formation of the methyl peroxy intermediate, the activation of
methane by an oxygen species, and calculations on the mixed metal surfaces. Dipole correction
along the z-direction of the slab was also applied in all calculations. The parameters used in the
calculations were benchmarked against the convergence of the surface energy as described in the
supplementary information section S1. In particular, the inclusion of dispersion corrections was
found to lead to a significant increase in the calculated surface energy for all surfaces (compare
converged values in Tables S1 and S2). The values with dispersion included are in good agreement

with experimental estimates (1.5 J m for Au and 2.0 J m™ for Pd).*

The energy of adsorption was calculated as:



Eqas = (Ead+sl —Eg — Ead) (l)

Where E ;. IS the electronic energy of the adsorbed structure, Eg; is the energy of the reference

optimised slab, and E; is the energy of the adsorbate in gas phase.

The key energetic information for each elementary step can also be derived from these adsorption
energies. For example, the barrier for a particular step is given by:

Ep = Eqqs(TS) — Eqas(R) (2)
where E,45(TS) is the adsorption energy calculated for the transition state structure and E,45(R)
is the adsorption energy calculated for the reactant state of that elementary step. Similarly the
overall change of system energy over an elementary step, AE, can be informative. For example,

the dissociation energy of a molecular species would be obtained from:

AEiss = Eqas(P) — Eqas(R) 3)
Where E,4s(P) is the adsorption energy for the product state, i.e. the dissociated state of the

molecule.

To find transition states, initial guesses identified from optimised structures using the nudged
elastic band (NEB)* approach were further refined with the dimer method*® and checked as true
saddle points using frequency calculations. A transition state was confirmed when the calculated
gradient on all atoms was lower than the geometry optimisation criteria and the calculated
frequencies contained a single negative mode indicating an imaginary force constant along the
reaction coordinate. The motion along the eigenvector of the negative mode was visualised to
confirm that it corresponded to the expected bond breaking/forming process.

It is usually possible for the adsorbate on a surface to have more than one configuration with the
lowest energy configuration expected to have the greatest population. Our nomenclature defines
the possible configurations with respect to the position of the atoms of the adsorbate relative to the
nearest metal atoms, as defined in figure 1a using the example of Pd(111). For the (111) surface
the positions are top, bridge, hcp-hollow and fcc-hollow, we use the same nomenclature for (100)
surfaces but the distinction of fcc and hcp hollow sites is not required. When molecular species
are adsorbed the configuration can be more complex as the orientation of the molecule relative to

the surface has to be taken into account. For molecules we will refer to the positions of the atoms
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interacting with the surface, for example, figure 1b shows a methyl peroxide species in a hollow-

b)O %O

,-Q.ﬁO

Figure 1: a) The position of the atoms in top (triangle), bridge (circle), and hollow
(rectangle/ grey rectangle) configurations b) Example of a hollow-bridge configuration on
the Au(100) surface. Atom colours: Au; yellow, Pd; blue, C; grey, O; red and H; white.

bridge configuration on the Au(100) surface.

Bader analysis*’ as implemented by Henkleman and co-workers*®4%% was used to obtain the
atomic charges for some of the optimised structures in this study. The atomic charges are derived
from integration over atomic basins using the charge density represented on a regular three
dimensional grid. Table S3 shows that a grid spacing of 0.02 A is sufficient to obtain charges
converged to 107 |e| which allows values to be quoted to three decimal places in our discussion of

results.
Results and Discussion

Scheme 2 shows the proposed elementary steps in the oxidation of methane to methanol using
initiation with H20, and oxygen incorporation from O,. The process is split into three main
sections: (i) The initiation reaction i.e. the activation of hydrogen peroxide (1) and the formation
of surface bound hydroxyl radicals (2). (ii) The catalytic cycle, involving the activation of methane
by «OH(ads) to form a surface *CHz(ads) radical (2—3) and water, adsorption of oxygen and the
desorption of water (3—4) followed by the reaction of «CHz(ads) and O»(ads) to form methyl
peroxide (4—5) which is protonated by water to form the primary intermediate, methyl
hydroperoxide and restore the starting point of the cycle (5—6,2). (iii) The cleavage of the CH30O-
OH bond in methyl hydroperoxide (6—7) and proton transfer to form a surface O atom and

methanol (7—8).
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The DFT calculated energies and structures for each elementary step in this scheme have been
obtained for the (111) and (100) surfaces of Au and Pd and are described in the following sections.
The resulting potential energy profile for the scheme is then used to discuss the implications for
the overall process.

i) Initiation: Adsorption and cleavage of hydrogen peroxide on the surface

Table 1 summarises the adsorption energy of hydrogen peroxide on the different surfaces and the
M—O distances from the optimised structures (M = Au or Pd). The corresponding relaxed
structures are shown in Figure S2. In all cases H.O. adsorbs molecularly in a top-hollow
configuration. The hydrogen atom bonded to the oxygen atom in the hollow position was also
found to be towards the surface so that the oxygen atom at this position does not directly interact
with metal atoms. To test if this orientation of the hydrogen atom was a result of the dispersion
correction included in our calculations the structure of the Pd(100)/H.O. example was re-
optimised without the dispersion parameters but no change in the configuration of the molecule on

H
‘OCH, O OCH;  OH

- rg—-j oY ok
8 7
1

CH,

H,0

0OCH; st O

Scheme 2: The proposed mechanism for the catalytic formation of methanol on a metal
nanoparticle surface.



the surface was observed beyond small changes in the inter-atomic distances. Using our standard
approach, the molecular adsorption energies for hydrogen peroxide on the Pd surfaces are around
15 kJ mol™ more negative than those on the corresponding Au surfaces. For both metals, there is
also a slightly more favourable adsorption energy on the (100) surface compared to the (111), by
2 kJ mol™ for Au and by only 1 kJ mol for Pd. The estimated van der Waals radius for Au is 0.30
A greater than that of Pd ( Au: 2.45 A, Pd: 2.15 A )®! and so the shorter M..(H)OOH distance for
the oxygen at the top site seen here for the Pd surfaces is not unexpected, but is still consistent
with the stronger interaction of H.O> with Pd compared to that for Au that is indicated by the Eags
data.

Starting structures for adsorbed H»O, in the dissociated state on each surface were obtained by
extending the HO-OH bond of the molecularly adsorbed system and then optimising the resulting
structure to produce two surface OH(ads) groups. Figure 2 shows the calculated energy profiles
for the dissociation process for each surface and energetic and structural information is also
included in Table 1. In all of the configurations tested, both hydroxyl radicals relax to bridge

50 TS
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W
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— Au (100) \
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Figure 2: The calculated potential energy diagram for the adsorption and dissociation of H.O>
over Au(111) (yellow), Au(100) (orange), Pd(111) (blue) and Pd(100) (purple). TS: transition
state for the dissociation step. Atom colours on inset images: Au; yellow, Pd; blue, C; grey, O;
red and H; white.



positions. The most stable configurations were also found to have the OH(ads) species interacting
via a hydrogen bond with a short OH..OH distance of between 1.75 A and 1.93 A (Table 1) as
shown in figure 2 (inset right).

The Bader charge analysis for all surfaces is summarised in Table S4. It indicates that there is
charge transfer between the surface and *OH(ads) of between -0.345 |e| and -0.482 |e| with the
*OH(ads) acting as hydrogen bond donor showing the more negative charge in each case. A
reference calculation of the bulk structure of Mg(OH)> yields a Bader charge for OH™ of -0.875 |e|
and so we conclude that, on these metallic surfaces, the «OH(ads) species is better described as a

surface stabilised radical than as a hydroxyl group.

The energies of the molecularly adsorbed structures, the barrier to dissociation (equation 2) and
the dissociation energy (using equation 3) are also given in Table 1. For both Pd and Au surfaces,
the dissociation reaction is exothermic and the two hydroxyl radicals are more stabilised by the
(100) surface than by the (111) surface, by around 66 kJ mol™ for Pd and by 88 kJ mol™* for Au.
This may be due to surface geometry which can accommodate a shorter hydrogen bond interaction
on the (100) surface compared to the (111), by 0.05 A in the case of Au and by 0.18 A for Pd. We

also note that the two hydroxyl radicals bind more strongly to the Pd surfaces than to the Au

Table 1: The adsorption of hydrogen peroxide on the (111) and (100) surfaces of Au and Pd.

Surface Eadgs? M..(H)OOHb Ep¢ AE i M—OHf OH...OH)
/ kJ molt 1A /kImolt  /kJ mol+t /A /A

Au (111) -45 2.769 57 -98 2.221-2.309 1.837

Au (100) -47 2.662 38 -186 2.176-2.232 1.788

Pd (111) -61 2.342 5d -188 2.112-2.172 1.933

Pd (100) -62 2.328 22d -254 2.067-2.126 1.752

Note: a) Molecularly adsorbed state, b) distance for top site O in molecularly adsorbed state, M refers to either Au
or Pd. ¢) Activation energy for HO-OH bond cleavage. d) Barrier involves rotation around HO-OH bond to move
H out of hollow site. €) Dissociation energy taken as the difference between dissociated and molecularly adsorbed
states. f) Average of bond lengths for the two OH groups formed on dissociation.

surfaces with the Pd(100) giving a dissociated adsorption energy of -316 kJ mol™* with reference
to the gas phase H20, molecule.

The cleavage of hydrogen peroxide has higher barriers over Au surfaces than over Pd. The barriers
for the cleavage of H,02 on the Au(100) and Au(111) surfaces were found to be 38 kJ mol™* and
57 kJ mol™, respectively. Noting that the difference between the barriers for the surfaces is much

smaller than that between the dissociation energies, AEgis, suggests that the barrier is early in the
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reaction co-ordinate. Determination of the barriers for the cleavage of hydrogen peroxide on the
Pd surfaces was more challenging. On both Pd surfaces, a rotation of the OH in the hollow position
around the HO-OH bond to point the H atom away from the surface resulted in cleavage of the
hydrogen peroxide to form two hydroxyl radicals. Accordingly, the activation energy for the
hydrogen peroxide dissociation given in Table 1 corresponds to this rotation, which has a barrier
of only 5 kJ mol™ on the Pd(111) surface and a barrier of 22 kJ mol™ on Pd (100). These results
are in good agreement with the PBE level calculations reported by Li et al. who found a barrier of
2 kJ mol ™t and estimate of AEqis=172 kJ mol™? for Pd(111).%2

In summary, the dissociation of hydrogen peroxide through HO-OH cleavage ( 1—2 in Scheme 2)
is an easy process to achieve with a strong thermodynamic driving force toward the product surface
bound <OH(ads) species and low calculated barriers for all surfaces except Au(111). The Pd
surfaces offer both lower barriers to this step and a higher affinity for the dissociated product than
do the Au surfaces.

ii) The Catalytic Cycle

Hydrogen abstraction from Methane

Table 2: Calculated data for hydrogen abstraction from methane by hydroxyl radicals.

Surface  AEg? Eb M—OH? M—CHz®® M—OHz2® Eas(OH)® Eags(CHa)°
/kJ molt  /kJ mol? 1A 1A 1A /kJ molt  /kJ mol?
Au (111) -36 87 2.269 2.120 2.961 -203 -148
Pd (111) -25 94 2.130 2.044 2.409 -264 -194
Au (100) +6 97 2.214 2.102 2.710 -249 -159
Pd (100) +6 88 2.095 2.033 2.451 -306 -200

Note: a) Reaction energy for CHa(ads) + «OH(ads) = «CHs(ads) + H2O(ads), b) M corresponds to either Au or Pd.
¢) Adsorption energies refer to «OH(ads)/«CHs(ads) relative to the corresponding gas phase species.

The first step in the catalytic cycle stage of the reaction mechanism laid out in Scheme 2 (2—3)
involves the abstraction of hydrogen from methane by a hydroxyl radical. This step is considered
to be the most energetically demanding in the conversion of methane to methanol due to the
stability of the H3C-H bond; the experimentally determined HzC-H bond dissociation enthalpy at
298 K has a value of 439 kJ mol.>® The calculated energy profiles for each of the surfaces are
shown in Figure 3 with key energy and geometric values given in Table 2. The calculations on the

adsorption and dissociation of H>O, have shown that the formation of surface bound hydroxyl
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radical species is straight forward. Accordingly, for the catalytic cycle phase of the reaction we

have taken a reference state of a single surface hydroxyl radical and isolated methane.

Configurations of physisorbed methane and the *OH(ads) species were optimised on the different
surfaces. Following on from the hydrogen peroxide dissociation results, «OH(ads) was placed in a
bridge position. The position of the methane molecule on the surface was initiated at a top position
3.0-3.5 A away from the closest metal atom, however, on relaxation, the molecule usually moved
to a neighbouring hollow site (e.g. Figure 3, inset left) with a closer interaction with the surface.
The calculated adsorption energy of methane to the Pd(111)OH surface ( -26 kJ mol™*) is in good
agreement with the PBE+D3 results of Weaver and co-workers for clean Pd(111).%° The
orientation of the hydroxyl species with the hydrogen atom pointing away from the methane

molecule was selected.
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Figure 3: The calculated potential energy diagram for the abstraction of H from methane by
surface OH, step 2—3, Scheme 2 using Au(111) (yellow), Au(100) (orange), Pd(111) (blue)
and Pd(100) (purple). Relative energy refers to the adsorption energy relative to the adsorbed
OH and isolated methane. The inset graphics show structures for the example of Pd(111). M
represents Au or Pd as appropriate. TS: transition state for the dissociation step. Atom colours
on inset images: Au; yellow, Pd; blue, C; grey, O; red and H; white.
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The products of this elementary step are a methyl radical and water. Both species are stabilised by
adsorption at top sites in the optimised structures with the methyl group directly bonding to a metal
atom (e.g. Figure 3, inset right). The overall energy profile shows that AE}, is negative (i.e. the step
is exothermic) for the (111) surfaces and small but positive (Table 2, i.e. endothermic) on the (100)
surfaces, indicating there is a stronger driving force for hydrogen abstraction on the (111) surfaces
than over (100) surfaces. The reaction energy is also more negative for Au(111) than Pd(111) by
some 11 kJ mol™. This reaction involves the breaking of a surface M-OH bond to be replaced by
a much weaker adsorbed water interaction and the formation of a surface M-CHs bond from
weakly physisorbed methane. The overall reaction energy will be determined by the balance of the
surface M-OH/M-CHs interactions for each surface. Accordingly, the adsorption energies for the
methyl radicals relative to gas phase *CHs and those for «OH(ads) relative to gas phase *OH were
also calculated (Table 2). It is evident that the methyl radical is being stabilised by all four surfaces
with the M-CHa distances close to the expected bond lengths from standard atomic radii (Au-C:
2.05 A, Pd-C: 2.10 A).5 The shorter Pd-CHs distances are also consistent with the stronger methyl-
surface bond on Pd than Au; for (111) surfaces Eadss(CH3) on Pd is more negative than on Au by
46 kJ mol™* while the corresponding difference for (100) surfaces is 35 kJ mol™. For both Pd and
Au, shorter M-CHjs bond lengths are found on the (100) surface than on the (111) and the methyl
adsorption energy gives a stronger bond by 11 kJ mol for Au and 6 kJ mol™ for Pd. For the surface
M-OH species, adsorption to Pd surfaces is around 60 kJ mol* more favourable than to the
corresponding Au surfaces and with each metal showing stronger binding of «OH(ads) on the (100)
than on the close packed (111) surface. The differences in adsorption energy between (100) and
(111) are more pronounced for «OH(ads) than seen for «CHs(ads), with Ead¢s(OH) more favourable
by 46 kJ mol on the Au(100) surface compared to the Au(111), the corresponding difference for
Pd being 42 kJ mol™. Accordingly, the effect of the metal surface structure on the reaction energy
for methane activation by *OH(ads), AE can be understood as an overall stronger binding of the
formally radical species to the more open (100) surface than the (111) for which the difference is
greater in the reactant state. We also note that the strongly negative values for Eads(OH) and
Eads(CHa) in Table 2 indicate that the radicals are likely to be trapped on the surface rather than

released into the reaction mixture.

Table 2 also lists the calculated barrier energies, Ep, for the H abstraction from methane by

«OH(ads) over each of the surfaces. The barrier for the Au(111) surface, at 87 kJ mol™ is lower
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than that for the Au(100) by 10 kJ mol™, whereas a barrier of 88 kJ mol™ is found on the Pd(100)
surface and that on Pd(111) is higher by 6 kJ mol™*. The structures of the transition states (figure
S3) show that, for Pd surfaces, the hydroxyl radical remains in a bridge configuration, with the
methyl radical being strongly stabilised by the surface, maintaining a Pd-CHs bond (= 2.2 A) with
only a minor increase in the Pd—OH distance compared to the optimised reactant state (A(Pd—
OH) ~ 0.1 A (100) and A(Pd—OH) =~ 0.2 A (111)). In contrast, for the Au(111) surface, the
hydroxyl radical moves away from the bridge configuration identified for adsorbed +OH(ads) on
the surfaces to a top site in the transition state, so that a component of the barrier energy will be
the breaking of an Au-OH bond. Even so, the hydrogen abstraction step has a lower energy barrier
on the Au(111) surface than that on the Au(100). Yoshizawa and co-workers have reported a
notably lower barrier ( 76 kJ mol™) for H abstraction from methane by surface OH species on
Pd(111).28 However, as those calculations use the PBE functional without dispersion correction
they also note a weak interaction of methane with the surface ( Eags(CH4) = -1 kJ mol? ), our
transition state energy relative to the Pd(111)OH surface and CHa(g) is 68 kJ mol™, suggesting
that the transition state is stabilised to a lesser extent by dispersion than is CHa(ads).

Bader analysis for the transition state geometries is summarised in Table S5. In all cases there is
electron donation from the surface to the *OH(ads) and the forming *CHz(ads) radical is also found
to carry a small negative charge. The *OH(ads) values are generally higher in each case than seen
for the *OH(ads) species formed from H202 decomposition (Table S4). The transferring H atom

carries a small positive charge of between 0.398 |e| and 0.434 |e|.
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water in isolation. The inset graphics show structures for the example of Au(111). TS:
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Overall the barriers found for the methane activation step over the two metals are remarkably
similar which suggests that, once a surface *OH(ads) is formed, the activation of methane will

proceed in a similar manner irrespective of the metal used.
Formation of the Methyl Peroxy Intermediate

After the molecular adsorption of dioxygen to the surface and displacement of water, to give
Oo(ads) (step 3—4, Scheme 2), the next step in the catalytic cycle stage of the proposed reaction
mechanism is H3C-O. bond formation between the surface methyl radical and co-adsorbed
dioxygen. This leads to the formation of a methyl peroxy intermediate, CHz02¢(ads), (step 4—5,
Scheme 2). This is the precursor to methyl hydroperoxide, the primary intermediate observed

experimentally.?
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To study this step, co-adsorbed configurations of a methyl radical and molecular oxygen and
adsorbed structures for the intermediate CH3O2+(ads) were optimised on the four metal surfaces.
The calculated energies and geometric data is summarised for the methyl radical and O(ads) in
Table 3 and that for the adsorbed methyl peroxy intermediate in Table 4. For the catalytic cycle
we use the cycle start point of OH(ads) + CHa(g) + O2(g) as the reference to calculate the
adsorption energies in Tables 3 and 4. The overall reaction profile for the two Au surfaces and for
Pd(111) using the same reference is shown in Figure 4 and the case of Pd(100) is also discussed

below.

Three different configurations were found for the methyl radical and molecular oxygen on the
Au(100) (Figure S4). In each case, the methyl radical was in a top position with the M-CHjs
distances covering a very narrow range ( 2.037 — 2.099 A ). In contrast, the co-adsorbed oxygen
molecule could be optimised with the molecular axis parallel to the surface and both O atoms
interacting with metal atoms, to give top-top (Figure S4a) or bridge-bridge (Figure S4b)
configurations. In addition, the molecular axis of O2(ads) could be set roughly perpendicular to the
surface in an end-on bridge configuration (Figure S4c). The most stable structure on Au(100) has
the oxygen molecule in the bridge-bridge configuration (Table 3) with each oxygen atom directly
bonded to two gold atoms, the Eags Value for this structure is 20 kJ mol™? and 47 kJ mol™* more
negative than the top-top and end-on bridge alternatives, respectively. The end-on bridge structure
has a positive calculated adsorption energy relative to the OH(ads) and isolated reactant molecules
at the start of the catalytic cycle. The O-O bond distance calculated for O in the triplet state in
isolation is 1.234 A and all of the structures reported in Table 3 show longer bond lengths than this
reference, indicating that the molecule is activated by charge transfer from the surface. This was
confirmed by Bader analysis (Table S6) which showed that the O2(ads) structure with the
molecular axis parallel to the surface has a charge of -0.590 |e| / -0.793 |e| for the top-top / bridge-
bridge configurations, respectively. For end-on adsorption of O, the charge transfer from the
surface is not as great ( molecular charge = -0.470 |e| ) with 60% of the charge assigned to the O
atom closest to the surface. In contrast to Oz(ads), charge transfer to the «CH3(ads) co-adsorbed
species is less that 0.05 electrons in all cases. This may indicate that the more negative charge seen
on CHz in the transition state for the CHsz-H bond activation by *«OH(ads) is more to do with

polarisation of the bond being cleaved than donation from the metal.
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For the CH3O2¢(ads) intermediate on the Au(100) surface, the end-on bridge configuration, is the
lowest energy configuration (figure S5a, table 4), so that this intermediate is formed by the
breaking of two Au—O bonds for one of the oxygen atoms in O(ads) as the bond with the methyl
radical is formed. Even so, the adsorption energy is notably more negative than for «CHz(ads) +
O(ads), indicating that this step (4—5, Scheme 2) in the reaction is thermodynamically
favourable. Bader analysis summarised in Table S7 shows that CH3Oz+(ads) has also received
some electron density from the surface with an overall charge for this species of -0.438 |e|, similar

to that seen for *OH(ads).

The two most stable configurations of the adsorbed methyl radical and molecular oxygen from the
Au(100) surface were constructed and optimised on the Pd(100) surface. The calculated adsorption
energies are notably more negative for Pd(100) than for Au(100), (Table 3). For Pd(100) the
structure with molecular oxygen adsorbed in a bridge-bridge configuration was also found to be
more stable than that with the molecule in a top-top configuration, by 49 kJ mol™. The oxygen

molecule adsorbed in a bridge-bridge position also has an O-O bond which is 0.092 A longer than

Table 3: Energetic and geometric data for co-adsorbed «CHs(ads) and Oz(ads).

Surface / Eads’ M-CHs M-O(O)° 0-0
O; position® / kJ mol* /A /A /A
Au(100)/t-t -8 2.099 2.172-2.173 1.345
Au(100)/b-b -28 2.099 2.286-2.311 1.423

Au(100)/b +19 2.094 2.330-2.360 1.302
Pd(100)/t-t -99 2.040 2.002-2.013 1.341
Pd(100)b-b -148 2.037 2.100-2.107 1.433
Au(111)/t-t +22 2.040 2.277-2.293 1.323
Au(111)/t-b +1 2.037 2.417-2.611, 2.235 1.335
Pd(111)/t-b -112 2.056 2.135-2.141, 2.022 1.376

Note: a) Abbreviations t: top and b: bridge, b) Adsorption energy values are relative to the
surface bound OH group (2, Scheme 2) and the energies of other reagents, including
eliminated water in isolation, c) a dash is used to indicate the range of values, for t-b cases
the single figure is for the t site.
seen for the top-top configuration and 0.199 A than in O»(g), indicating that the molecule is more

strongly activated toward dissociation.

Bridge-bridge configurations for O2(ads) co-adsorbed with «CH3(ads) could not be obtained on the
(111) surfaces. On the Au(111) surface both top-top and top-bridge configurations were stable,
with the top-bridge giving the more favourable adsorption energy by 21 kJ mol™* (Table 3). Both
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structures gave energies that are positive compared to the reference state of the start of the catalytic
cycle, however, at only +1 kJ mol, the top-bridge has practically the same calculated energy as
this «OH(ads) + CHa(g) + O2(g) reference. Configurations that were constructed with molecular
oxygen arranged top-top on the Pd(111) surface, switched to top-bridge on optimisation. Pd(111)
also gave a much more favourable calculated adsorption energy of -112 kJ mol™, but with a less

pronounced O-O bond elongation than seen for the Pd(100) bridge-bridge case.

On the Pd(111) surface, structures for the adsorbed methyl peroxy radical were obtained with top-
top and top-bridge configurations (Figure S5¢ and S5d). The top-bridge structure has a slightly
more favourable adsorption energy than the top-top ( by 4 kJ mol™, Table 4). In both structures,
the CH30-O¢(ads) bond was found to be elongated compared to the methyl peroxy radical in gas
phase (CHs0-0+(g) = 1.337 A) and is closer to the value found for the free methyl hydroperoxide
molecule (CHsO-OH(g) = 1.474 A). For the methyl peroxy radical in a top-top configuration, this
elongation on the Pd (111) surface (CH3z0-O«(ads) = 1.463 A) is similar to the more open Au(100)
surface (CH30-O«(ads) = 1.467 A). However, the CH30-O«(ads) bond distance for the optimised
bridge-top configuration on Pd(111) has a much higher value of 1.667 A, suggesting that the
molecule is practically dissociated into a methoxy radical and an oxygen atom. Bader analysis
(Table S7) shows that these CH30.+(ads) species on Pd(111) also receive electron density from
the surface with calculated charges of -0.564 |e| and -0.489 |e| for top-top and top-bridge

adsorption, respectively.

The adsorption of the methyl peroxy radical on the Pd(100) surface resulted in cleavage of the
CH30-0¢(ads) bond without a barrier, forming a surface bound CHzO¢(ads) and an oxygen atom

Table 4: Energetic and geometric data for the adsorbed CH3O2+(ads) intermediate.

Surface / Eads’ M-OOCHs*  M-(O)OCHs® CH30-O
CH:0,e position*  / kJ mol™ /A /A /A
Au(100)/b -106 2.240-2260 - 1.467
Au(111)/t -98 77 R — 1.454
Pd(111)/t-b -122 2.054-2.060 2.198 1.667
Pd(111)/t-t -118 2.008 2.309 1.463

Note: a) Abbreviations t: top, h: hollow and b: bridge, b) Adsorption energy values are relative
to the surface bound OH group (2, Scheme 2) and the energies of other reagents, including
eliminated water in isolation, c) a dash is used to indicate the range of values, M-(O)OCHjs
refers to the metal to oxygen distance for the O atom bonded to the methyl group, “-----" is
used to indicate that this O atom is not interacting with the surface.
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occupying a hollow site. An adsorption energy -97 kJ mol™* was calculated for this dissociated

state.

For the Au(111) surface, the lowest energy mode of adsorption of the CH3O2¢(ads) intermediate
was found to have an #* co-ordination the terminal O atom of the species in a top position and the
O atom bonded to carbon away from the surface (Figure S5b). This structure has an adsorption
energy lower in magnitude than found for other surfaces and the shortest CH30-O¢<(ads) (Table 4),

and the calculated Bader charge is also the smallest in magnitude (-0.401 |e|, Table S7).

Using these optimised structures as end points for NEB calculations the barriers to the formation
of the methyl peroxy radical on the Au surfaces from the «CHs(ads) and O(ads) species were
determined. The resulting transition state on the Au(100) surface (Figure S6a) shows that the
bridge-bridge position of the oxygen molecule was maintained with a slight elongation of all four
Au-O bonds. The bonds to the surface for the oxygen atom that is closest to the methyl group in
the transition state are 2.286 A and 2.430 A in the co-adsorbed starting point but increase to 2.572
A and 2.430 A at the transition state. This leads to a lower calculated Bader charge for the Oz(ads)
molecule at the transition state compared to the initial structure with Oz and *CHz co-adsorbed,

while the methyl radical has a small positive charge at this point in the reaction (Table S8).

Similarly, on the Au(111) surface the bridge-top position of the oxygen molecule was maintained
for the CH302¢+(ads) forming transition state (Figure S6b). In this case the Au-O bond for the O
atom in the bridge site is practically broken for the Au atom it has in common with the methyl
group ( Au-O distance increases from 2.417 A to 2.824 A ) while the same oxygen has a shorter
bond to its second Au neighbour at the transition state than was observed for the co-adsorbed
starting point (2.589 A cf 2.611 A). In addition, the Au-O bond for the oxygen in the top position
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increased from 2.235 A for the CHs(ads) and O(ads) structure to 2.243 A at the transition state
on Au(111).

The top-bridge structure of the methyl peroxy radical on the Pd(111) surface shows it to be strongly
activated, but not completely cleaved (Table 4, Figure S5d). Accordingly, an NEB calculation was
also carried to identify the transition state for the formation of CH3O2+(ads) on this surface. The

transition state structure obtained (Figure S6c) has a very similar geometry to that obtained on the
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Figure 5: The calculated potential energy diagram for the complete catalytic cycle of Scheme
2 for Au(111) (yellow), Au(100) (orange), Pd(111) (blue) and Pd(100) (black). Relative
energy refers to the surface bound *OH(ads) group (2, Scheme 2) and the energies of other
reagents, including oxygen, methane and eliminated water in isolation as required. The inset
graphics show the states from Scheme 2 and TS indicates transition state for process
indicated.

Au(111) surface but with a shorter M-C ( 2.315 A (Pd-C) vs 2.515 A (Au-C)). These distances are
very similar in the «CHz(ads) and Oz(ads) co-adsorbed structure (Table 3), suggesting that the
stabilisation of the methyl radical at the transition state on the Pd(111) surface is stronger than on
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Au(111). Moreover, the oxygen molecule moves to a top-top configuration with Pd-O bond
distances of 2.024 A and 2.162 A.

The barriers for the formation of the methyl peroxy radical relative to «CHs(ads) and Oz(ads) on
the Au(111), Au(100), and Pd(111) surfaces were found to be 64 kJ mol~?, 105 kJ mol* and 128
kJ mol, respectively. Figure 4 shows that although the lowest barriers are seen for the Au surfaces
this is largely due to the weak adsorption of the O> molecule relative to displaced water (which is
included in the reference energies in this section) so that the lowest energy transition state on this
scale is on the Pd(111) surface. As has been noted, the methy peroxy radical appears to be unstable

on the Pd(100) and so would dissociate as the new C-O bond is being formed.

Table 5: Comparison of the adsorption energies for water and oxygen.

Surface  Egq5(H20:CH3)*  Eqq5(02:CH3)Y  Eqq5(02:CH3) — Egq5(H;0:CH3)

/ kJ mol* kJ mol? / kJ mol?
Au (111) -35 +26 +61
Pd (111) -43 -103 -60
Au (100) -34 -38 -3
Pd (100) -49 -174 -124

Note: a) the E, ;5 (X:CH3) means that the adsorption energy of the species X has been calculated with «CH3(ads)
also present on the surface in both the adsorbed and surface reference states.

To gain a clearer comparison of methane oxidation to CH30+(ads) over the different surfaces
Figure 5 brings together the calculated energies for the catalytic cycle of Scheme 2 on a consistent
scale by plotting the total energy profile relative to the adsorbed hydroxyl radical at the start of the
cycle with the reference energies of methane and oxygen included from calculations of these

molecules in isolation.

On this scale, the energy barrier for methane activation is similar regardless of the metal or surface
facet with the transition state ( TS (HsC-H..OH) ) energies between 87 kJ mol~*and 97 kJ mol™
above the *OH(ads) and physisorbed CH4 level (Table 2), the lowest barrier is actually seen for
the Au(111) surface. There are more significant differences in the following step ( 3—4 ) in which
the water produced on methane activation is displaced by oxygen adsorption to the surface. On the
Au(111) surface the binding of water is actually stronger than that of molecular oxygen whereas
for the Pd surface there is a significant lowering of the system energy when oxygen replaces water.
In order to quantify this effect, Table 5 compares the adsorption energy of water ( E,45(H,0:CHj)

) and molecular oxygen (E,4s(0,:CH3)) in the presence of a methyl radical on each surface and
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also gives the energy difference for the displacement of water by oxygen (E,;5(0,:CH5)-
Eqq5(H20:CH3)).

The adsorption of water is favourable on all surfaces, having a narrow range of -34 kJ mol™*
(Au(100)) to -49 kJ mol? (Pd(100)), with the Pd surfaces showing a slightly higher affinity for
water. The adsorption energy for molecular oxygen is notably more favourable on the Pd surfaces
than on either Au facet, with the Pd(100) surface having a calculated E,;,(0,:CH3) some 71 kJ
mol™* more negative than Pd(111) and 136 kJ mol™* more negative than Au(100). The Au(111)
surface has a positive calculated adsorption energy for O2(ads) implying that its adsorption in the
presence of a surface methyl radical is unfavourable even from the gas phase used in the reference
calculation. The resulting E,45(0,:CH3) — E 4, (H,0:CH3) values presented in Table 5 imply that
the displacement of water by oxygen is energetically unfavourable on Au(111) when «CHz(ads) is
also present, and the displacement of water by dioxygen has only a weak driving force on Au(100).
In contrast, both Pd surfaces show very negative displacement energies, so that it would be
expected that a Pd metal surface would readily adsorb molecular oxygen in the aqueous conditions
used in methane oxidation reactions with colloidal nanoparticles at low temperature.?® However,
for Au(100) and the Pd(111) surfaces, the energy barriers for the next step of HsC...O, bond
formation (4—5, Scheme 2), at 105 kJ mol™* (Au(100)) and 128 kJ mol* (Pd(111)), are actually
greater than that for the methane activation by *OH(ads), which makes it kinetically difficult to
form the intermediate, CH3O2¢(ads). As we have already noted, the CH302¢(ads) is unstable on
Pd(100) and decomposes to CH3zO+(ads) and O(ads).

Both Pd surfaces exhibited a high affinity for oxygen adsorption and so the cleavage of molecular
oxygen was also studied using the example of Pd(111). The activation barrier for the dissociation
of molecular oxygen was found to be 63 kJ mol™, which is around half the energy barrier needed
for the formation of the methyl peroxy radical from a surface adsorbed methyl radical and
molecular oxygen (128 kJ mol™). This result suggests that it is highly likely that molecular oxygen
will cleave on the surface before it combines with the methyl radical needed to form the methyl
peroxy intermediate. An even smaller barrier of 9 kJ mol™? was observed for the dissociation of
oxygen on the Pd(100) surface suggesting that the Pd(100) surface will readily oxidise when

molecular oxygen is introduced into the reaction mixture.
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Figure 6: The calculated potential energy diagram for the activation of methane by
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These observations mean that it is unlikely for a methyl peroxy radical to form on either the pure
Au or pure Pd surfaces. The low affinity of the Au(111) surface for molecular oxygen will likely
hinder the displacement of water by molecular oxygen resulting in blocking of the surface by water
molecules in aqueous conditions. The affinity to molecular oxygen is higher on the Au(100) but
the barrier for the formation of the methyl peroxy radical is also high (105 kJ mol™). The affinity
of the Pd surfaces for oxygen results in low barriers for the cleavage of molecular oxygen and the
formation of surface atomic oxygen species which will eventually form a PdO layer. Surface
oxygen atoms are another possible species that could react directly with methane to activate the
HzC-H bond. Figure 6 shows the calculated potential energy profile for this process on Pd(100)
and Pd(111). For each surface, the preferred mode of adsorption for the oxygen atom was a hollow
position; 3-fold for Pd(111) and 4-fold for Pd(100). In both cases, methane adsorbs in a top position
with only weak interaction with the surface. At the transition state for the hydrogen abstraction,
the oxygen atom has moved to a bridge position which was maintained in the product state after

the formation of the hydroxyl radical. This observation is consistent with our earlier finding that
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*OH(abs) binds more strongly in a bridge configuration. In this case, the hydrogen of the hydroxyl

radical is pointing away from the methyl radical which is located at a top site.

The barriers for the hydrogen abstraction from methane by an oxygen atom for the Pd(111), and
Pd(100) were found to be 123 kJ mol™* and 84 kJ mol™* respectively. Comparison of these barriers
with those calculated for H abstraction by «OH(abs) (Table 2) shows that the oxygen atom on
Pd(111) would be expected to be much less reactive than the *OH(abs) species as the calculated
barrier is some 26 kJ mol™? higher. In contrast, the oxygen atom on Pd(100) has a very similar
barrier to that of *OH(abs) for hydrogen abstraction from methane ( 4 kJ mol™* lower ), and so
would be expected to be competitive were both species present. We also considered the barriers
for methanol formation on the Pd(111) and Pd(100) surfaces from the end point of the hydrogen
abstraction process illustrated in Figure 6. Relative to the adsorbed methyl and hydroxyl radical
the methanol formation barriers were found to be 149 kJ mol™* for Pd(111) and 155 kJ mol ™ for
Pd(100). These high activation energies suggest that it is unlikely that methanol can form on the
pure Pd surfaces via the direct reaction of methyl radicals and *OH(abs), which gives a possible
explanation for the experimental observation that the primary intermediate observed is methyl
hydroperoxide and not methanol.?* Moreover, the very low barrier for the oxygen cleavage on the
Pd(100) surface means that the surface should be rapidly oxidised leaving few vacant metallic sites

on which methyl radical can adsorb.
iii) Formation and stability of methyl hydroperoxide

At the end of the catalytic cycle shown in Scheme 2, we are left with a surface bound methyl
peroxy species which must abstract a hydrogen atom from one of the chemical species in the
reaction mixture in order to form the methyl hydroperoxide intermediate observed experimentally.
The most likely source of hydrogen in the reaction mixture is H20O, (5—6, Scheme 2) this process
would also generate further hydroxyl radicals which can activate methane without the need for
additional hydrogen peroxide. Abstraction of an H atom from water to complete the product
formation is more likely than from hydrogen peroxide, not only because of their relative

concentrations but also because work performed by Plauk et al.>® has shown that the barrier for
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the cleavage of the O-H bond in hydrogen peroxide is eight times higher than the barrier for the
cleavage of HO-OH on the Pd(100) surface and more than three times higher on the Pd(111).

Once formed, methyl hydroperoxide has to adsorb and cleave in order to produce methanol (6—7

and 7—8, Scheme 2). In order to understand how the different surfaces activate methyl

Table 6: The calculated adsorption energies and geometry for methyl hydroperoxide.

Surface / Eags? / kJ mol? M-0¢/ A
CH302H position?
Au(111)/b-t 53 2.771
Au(111)/h-t .53 2.864
Au(100)/h-t -56 2.747
Pd(111)/b-t -69 2.308
Pd(111)/t-t -66 2.574
Pd(111)/h-t -70 2.409
Pd(100)/h-t -69 2.344
Pd(100)/t-t -70 2.360-2.399

Notes: a) Abbreviations t: top, h: hollow and b: bridge, b) Adsorption energy values are relative to the
clean surface and isolated CH3;O;H. ¢) M-O distances refer to the O atom closest to the surface.

hydroperoxide for this process, different adsorption configurations of the primary intermediate
were optimised on the four surfaces and the energy barrier for the cleavage of the CHz0-OH(ads)
bond was studied. The resulting adsorption energies and geometries are summarised in Table 6

and geometries are shown in figure S7.

Initially we examined top-top configurations on each surface since this has been suggested as a
likely mode of adsorption of the methyl hydrogen peroxide on an alloy surface.®® However, as the
O—O bond distance is much smaller than the Pd—Pd (~2.7 A) or the Au—Au (~2.9 A) distances,
the geometry of such structures is generally not stable and one of the oxygen atoms moves closer
to the surface than the other. Even so, for all the configurations obtained, at least one of the oxygen
atoms is in a top position while the second may move to a hollow or bridge location. In addition
the OH group of the molecule may be orientated with the H down toward the surface ( e.g.
Pd(111)/h-t shown inset in Figure 7 ), as was seen for the case of hydrogen peroxide earlier. The
adsorption energies given in Table 6, show that the Miller index of the surface and the location of
the adsorbate has quite a small influence on the adsorption energy, while the adsorption of CHz02H
to Pd surfaces is generally around 15 kJ mol™ more energetically favourable than adsorption of
the molecule on Au.
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Figure 7: The calculated potential energy diagram for the
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Figure 7 shows the potential energy surface calculated for the cleavage of the H3CO-OH(ads) bond

over the four surfaces studied. Methyl hydroperoxide cleaves without an activation barrier on the

Pd(100) surface i.e. dissociative adsorption, which is probably due to the top-top configuration for
CH302H(ads) obtained for the Pd(100) surface (Table 6) whereby the interaction of both oxygen

atoms with surface Pd atoms facilitates cleavage of the intermediate. The barriers for the cleavage
of H3CO-OH(ads) on the Pd (111), Au(100) and Au(111) were found to be 15 kJ mol™?, 30 kJ
mol~tand 77 kJ mol™?, respectively. Lower barriers were also seen for Pd surfaces than for Au
surfaces for the HO-OH(ads) bond breaking barrier in Table 1, although the Pd(111) surface was

found to give the lowest barrier in that case.
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To produce methanol, there has to be a hydrogen transfer to the methoxy radical formed on
breaking the H3CO-OH bond. This could come from the hydroxyl radical which is the other
product of this step or from co-adsorbed water. The barrier for the hydrogen transfer step from the
«OH(abs) was found to be very small for three of the surfaces (Au(111): 6 kJ mol™%, Pd(111): 1 kJ
mol™%, Pd(100): 6 k] mol™). These small barriers for the hydrogen transfer along with the relatively
low energy barriers for the cleavage step show that once the methyl hydroperoxide intermediate is
formed, the process of methanol formation is straightforward on Pd surfaces. The case of Au is
not so clear cut, the optimisation of structure 8 (Figure 7, CH3OH(ads) and O(ads)) on the Au(111)
surface places this end point only just below the transition state of the H transfer step, and so the
reverse barrier to reform the «OCHjs(abs) + «OH(abs) intermediates is preferred. Indeed, for the
Au(100) surface, optimisation of structure 8 resulted in the back transfer of the hydrogen to the
surface oxygen atom and so the methanol formation step is not shown for that surface in Figure 7.

To summarise this section on the catalytic cycle and production of methanol. Pd surfaces show a
higher affinity for the cleavage of hydrogen peroxide than do Au surfaces. The hydrogen
abstraction step from methane is about the same for both metals with barriers ranging from 87-97
kJ mol 1. The formation of the methyl peroxy radical through the incorporation of O(ads) into the
scheme shows more variation between metals and surfaces. The high affinity of Pd surfaces for
molecular oxygen is likely to result in the formation of a PdO surface, whilst the low affinity of
the Au surfaces for molecular oxygen will lead to inhibition of catalytic activity due to competition

with molecularly adsorbed water.
Effects of alloying metals on key steps

We have used the data presented so far to argue that there are different factors for the Au and Pd
surfaces which affect the ability of these metals to act as catalysts. Over Pd surfaces, the barriers
to the cleavage of dioxygen are very low, leading to ready oxidation of the surfaces to form an
oxide overlayer. Although Au is less readily oxidised, the competitive adsorption of water for
reactions in aqueous media will tend to limit the adsorption of dioxygen and so the reaction rate
will be low (Figure 5, Table 5). Experimentally, catalysts formed from mixed AuPd colloids show
significantly higher rates of reaction for the methane to methanol reaction?* and so in this section,
we consider the effect of adding single Au atoms to our Pd surfaces and of adding single Pd atoms

to our Au surfaces. We have also focused on the key steps identified that limit activity for the pure
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metals; the formation of a surface oxide for Pd and the competition between oxygen and water
over Au. To indicate the level of substitution made we will refer to the composition of the surface
layer, for example, AuiPdis(111) refers to a simulation slab used for the Pd(111) surface in which
a single Pd atom has been replaced by Au. All slabs are still 5 layers so that in this example the
slab would have four layers of Pd below the surface with an overall composition of AuiPdze. The
unit cell used for the surface simulation with metal substitution in this way remains fixed at the

dimensions employed for the pure surface.

Table 7: Comparison of oxygen adsorption and dissociation over pure Pd and Pd with single
Au atom substitution in surface layer.

Surface Eags(PAdN)P€/  Eags(AuiPdn-1)€ / En(O-0)
/ O2(ads) position? kJ mol* kJ mol* / kJ mol*
Pdn¢ Au1Pdn-1¢
Pd(100)/b-b =177 —128 9 18
Pd(111)/t-b ~100 —40 63 74
Pd(111)/t-t -89 122

Notes: a) Abbreviations t: top, and b: bridge, b) Adsorption energy values are relative to the clean
surface and isolated O, ¢) N gives the number of Pd atoms in the surface layer, Pd(111); N=16,
Pd(100); N=18, in all cases the simulation slab consists of five layers with only the first layer having a
Pd atom replaced by Au.

Table 7 compares the calculated adsorption energies for molecular oxygen and barriers to
dissociation of O2(ads) on Pd surfaces and the effect of adding a single Au atom to Pd(111) and to
Pd(100) and Figure 8 shows the calculated structures for O»(ads) for the AuiPdn-1 cases. The
bridge-bridge configuration of molecular oxygen observed on the pure Pd(100) is maintained when
one of the co-ordinating Pd atoms is replaced by (Figure 8a). However, the oxygen atom bond to
Pd is notably shorter than that to the Au substituent ( Pd-O; 2.087 A vs Au-O; 2.407 A), this Pd-O
distance is also slightly shorter than seen on the pure Pd(100) surface (Table 2). On the
Au1Pd15(111) surface, two top-bridge configurations were examined; in the first the oxygen in the
top position is binding to the substituent Au atom (Figure 8b) and in the second the oxygen in the
bridge position is binding to the Au atom and a Pd surface atom. On optimisation, the second case
switched to a top-top configuration with both oxygen atoms binding to Pd atoms (Figure 8c). The
top-top configuration on Au:Pdi5(111) was found to be more stable than the top-bridge
configuration by 49 kJ mol™, even though the bond lengthening and charge transfer effects

associated with adsorption occur to a lesser extent for the top-top structure (Table S8). Table 7
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also shows that the most stable oxygen adsorption geometry on AuiPdi5(111) is still some 11 kJ
mol ! less stable than the top-bridge arrangement on the pure Pd(111) surface.
G

o o oe
260, DO O( DOO

A

Figure 8: Optimised structures of Oz(ads) on a) Au:Pd17(100)/bridge-bridge,
b) Au1Pdis(111)/top-bridge and ¢) AuiPdis(111)/top-top. Atom colours: Au;
yellow, Pd; blue and O; red.

The data in Table 7 also shows that the barriers to dissociation on the Au:Pdn-1 surfaces are higher
than those found for the pure Pd surface, by 9 kJ mol™ for Pd(100) and 11 kJ mol™* for Pd(111)
with oxygen in the top-bridge configuration. The more stable top-top configuration found for
Au:Pdi5(111) has the highest barrier to oxygen dissociation at 122 kJ mol™. These results suggest
that even the introduction of a single Au atom to a Pd surface can decrease the affinity of the Pd
surfaces to molecular oxygen, thus decreasing the likelihood of the formation of an oxide surface.

The effect of the added Au atom on the formation of CH302¢(ads) was considered by further
calculations on the reaction of CHse(ads) and O>(ads) on the Au:Pdi5(111) surface, i.e. 4—5 in
Scheme 2. To ensure barriers for the doped and pure surface could be directly compared, the
starting point of the NEB was the same for both transition state calculations whereby the oxygen
was in a top-bridge position interacting with three Pd atoms and the methyl was on top of a Pd
atom. For the doped surface, two of the Pd atoms involved are also neighbours of the surface Au

atom (Figure S8).

The geometry of the calculated transition state for AuiPdis(111) closely resembled that for the
pure Pd(111) surface, with the oxygen molecule switching into a top-top position and the carbon
of the methyl radical pointing towards the oxygen as shown in Figure S6c. Even so, the calculated
energy barrier for the formation of the CH3Oz+(ads) on the AuiPdi5(111) surface was 8 kJ mol™
lower than that for the Pdig(111) case (AuiPdis(111): 120 kJ mol™t cf Pdig(111): 128 kJ mol ™).
These calculations suggest that the introduction of Au into largely Pd rich surfaces leads to a lower

affinity for Oo(ads), increasing the barrier to the oxygen cleavage required for PdO formation and
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lowers the barrier to the formation of the methyl hydroperoxide primary intermediate in the

methane to methanol reaction.

At the other end of the AuPd alloy composition range, we have considered the effect of a single
Pd atom introduced into the Au(111) and Au(100) surfaces. These slabs with AuisPd1(111) and
Au17Pd1(100) top most layers were used to calculate the energy for the displacement of water by
molecular oxygen in the presence of a methyl radical. Again, similar structures for the co-adsorbed
O2(ads) and *CHs(ads) to those found for the pure Auis(111) and Au1g(100) surfaces were created
to allow direct comparison with the earlier results. The methyl radical was on a top site with the
02/H20 directly interacting with the dopant Pd atom. For AuisPdi(111) molecular oxygen was
initially placed in a top-bridge adsorption mode with the oxygen atom in the bridge position
interacting with both Au and Pd. On optimisation, the oxygen atom in the bridge site moved into
a Pd top position, 2.809 A away from the nearest Au atom. In the case of Aui7Pd1(100), molecular
oxygen was adsorbed in a bridge-bridge position mimicking that found with the Au1g(100) slab
model. Two different configurations for Oz(ads) were examined for Aui7Pd1(100) the first with
the added Pd atom neighbouring the Au top site containing *«CHz(ads) (Figure S9a) and the second
with the O atom nearest to the «CHzs(ads) in the bridge site between two Au atoms (Figure S9b).
The configuration in which the Pd atom is a first neighbour to the Au atom at which the methyl
radical is adsorbed was found to have a calculated adsorption energy only 3 kJ mol™* more
favourable than the alternative setting.

Table 8 gives the calculated adsorption energies for water and dioxygen on the Au surfaces with a
single Pd atom added and with co-adsorbed «CHz(ads) along with the calculated displacement for
water by oxygen, step 3—4, that was highlighted in the discussion of Figure 5 as a difficult step
for the pure Au surfaces. The effect of substituting one Au atom with Pd in the Au(111) surface is
significant, both water and oxygen interact more strongly with the Pd doped surface. Molecular
oxygen has an energetically unfavourable adsorption energy on Au(111) (Table 5) but on
AuisPdi1(111) this changes to an energetically favourable situation with a calculated Eags of
-43 kJ molt. Water is also more strongly bound to AuisPd1(111) but only by 11 kJ mol* compared
to the Au(111) case. This results in a reduction of the energy of the displacement reaction from
+61 kJ mol™* for Au(111) to just to +2 kJ mol™* on AuisPdi1(111). For Au(100) the substitution of

an Au atom by Pd is less dramatic but the displacement of water by O is still enhanced. For
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Au(100), E,45(0,:CH;) — E,45(H,0:CH;) gives a value of -3 kJ mol™? (Table 5) indicating that
this process would be practically thermodynamically neutral, whereas for Aui7Pd1(100) the
displacement becomes more favourable with an energy difference for H.O(ads) displacement by
0 of -11 kJ mol ™ (Table 8).

The energy barrier for the formation of the methyl peroxy radical on AuisPdi(111) was also
calculated. Two different transition states were considered. In the first the new H3zC..O2 bond is
formed with the O atom at the Pd top site and in the second the oxygen atom was co-ordinated to
an Au atom in the start point for the NEB calculation. The barrier for the case with bond formation
taking place over Au was found to be 88 kJ mol™, some 28 kJ mol™ lower in energy than the
transition state in which the oxygen atom is initially co-ordinated to Pd. This can be rationalised
from the relative metal oxygen bond strengths and the fact that the reaction of O2(ads) via the O
atom at Pd will result in a CH3O2¢+(ads) intermediate at an Au top site.

Both barriers are higher in energy than those for the pure Au(111) surface (64 kJ mol™), which
may be expected as the binding of molecular oxygen to Pd is stronger than to Au. Even so, the
AuisPdi(111) surface still has a lower barrier for the formation of CH30O2¢+(ads) than is required for
methane activation on the metal surfaces studied earlier and so the increased availability of O»(ads)
we have observed over the Pd substituted Au(111) surface would be expected to enhance the

reactivity of Au catalysts overall.

Table 8: Comparison of the adsorption energies for water and oxygen on Aun-1Pd; surfaces.

Surface Eads(I-IZO:CI'IS)C Eads(OZ:CI'IS)C Eads(OZ:CHB) - Eads(HZO:CHS)
/ kJ mol? / kJ mol? / kJ mol?
AuisPdi(111) -46 -43 +2
Au17Pd;(100)? -47 -58 -11
Aui7Pd1(100)° -47 -95 -8

Notes: Note: a) configuration as shown in Figure S9a, b) configuration as shown in figure S9b, c) the E, 4, (X:CHs)
means that the adsorption energy of the species X has been calculated with «CH3(ads) also present on the surface
in both the adsorbed and surface reference states.

The formation of the methyl peroxy radical on the Aui7Pd1(100) surface was also considered for
two configurations of the start point and transition state differing in the positions of the reacting
species relative to the Pd substituent. Starting with the Oz(ads) molecule in the favoured bridge-
bridge arrangement and «CHz(ads) at an Au top site the transition state can either have the HzC..O>

bond forming over a Pd atom (Figure S9a and c) or over an Au atom (Figure S9b and d).
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Interestingly, the energy barrier for the formation of the methyl peroxy radical over the Au atom
(106 kJ mol ™) was found to be similar to the value obtained on the pure Au(100) surface (105 kJ
mol~%, Figure 4). A lower energy barrier of 92 kJ mol™* was found when the HsC..O2 bond is
formed over a Pd atom (Figure S9a and c). In this transition state, the methyl radical is bonded to
Pd with a calculated Pd-CHj3 bond length of 2.260 A whereas for the transition state formed over
Au (Figure S9b and d), the methyl radical has an Au-CHs bond distance of 2.460 A. For Pd this
interaction is 0.227 A longer than seen for CHs(ads) on Pd(100) (Table 2) but for the transition
state over Au on the Aui7Pd1(100) surface, the Au-CHs is some 0.358 A longer than seen on
Au(100) (Table 2). In addition, Table 2 also shows that the «CH3(ads) adsorption energy is 35 kJ
mol~* more negative on Pd(100) than for Au(100). So it appears that the transition state formed
over Pd in Au17Pd1(100) has a lower energy because the Pd substituent stabilises the methyl radical
during the bond forming process.

Summary and Conclusions

We have provided a detailed analysis of each elementary step in the pathway for the incorporation
of O2(g) into the partial oxidation of CH4 using Au and Pd catalysts with H2O> as an initiator.
Hydrogen peroxide readily dissociates on both Au and Pd surfaces to produce surface bound
radical species, *OH(ads), with a very low barrier on Pd ( Pd(111): 5 kJ moltand Pd(100): 22 kJ
mol?) and with a relatively low barrier over Au ( Au(111): 57 kJ mol~*and Au(100): 38 kJ mol™
). So that, under experimental conditions®* ( T = 50 °C ), we would expect these species to be

present on the surfaces of catalysts formed from Au or Pd.

Over all the pure metal surfaces studied here, the initial activation of methane by reaction with
*OH(ads) to produce *CHs(ads) and water, proceeds with similar calculated barriers (between 87
kJ mol~*and 97 kJ mol™, Table 2). The methyl radical produced also binds strongly to either Pd
or Au surfaces. For Pd(111) there is then a reaction pathway to CHz0.¢(ads) but for Pd(100) the
CH30-O(ads) bond is cleaved as we attempt to form this intermediate species, highlighting the
much stronger affinity of Pd for oxygen compared to Au. Indeed, on both Pd surfaces studied,
molecular oxygen is readily dissociated suggesting that a surface PdO layer would be formed under
reaction conditions, preventing the formation of the methyl hydroperoxide intermediate which is

observed experimentally.?®
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In contrast O2(ads) does not dissociate on the Au(111) or Au(100) surface. However, the calculated
energies for competitive adsorption with water from the aqueous solvent (Table 5) points to very
low surface oxygen availability and the calculated barriers for H3C..O2 bond formation are actually
higher than the initial barriers for the activation of methane by «OH(ads).

Modelling of the pure metal surfaces has identified limitations in their ability to catalyse the
oxidation of methane to methanol for the reasons discussed above. Experimentally the use of AuPd
alloy nanoparticles is found to give much better performance than seen for either pure metal.?* In
the final section of this work we covered calculations on the key reaction steps with surfaces of Pd
with a single Au substitutent and surfaces of Au with a single Pd atom replacing a single Au atom.
For the Pd case the Au substituted surface showed a lower affinity to O2 and so would be expected
to inhibit oxide formation. While for the Au surface with a Pd substituent the relative adsorption
energies for water and O favour oxygen in the vicinity of the Pd atom. Both effects would be
expected to improve catalytic performance and so give some insight into the role of alloys in this

catalysis.

Overall, these results demonstrate the role played by each metal in the colloidal alloy nanoparticles
and show that there is also the possibility of further refining the catalyst composition and surface

structure to improve activity further.
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