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Herein we present results from experimental and theoretical studies concerning low temperature
oxidation of CH4 over TiO, supported Au nanoparticles. Our findings suggest that partial oxidation
cannot be achieved under these conditions (1 bar, 30-250 °C). In order to understand this further, results
from CO and H, oxidation studies are also presented. The reaction rate for CH4 oxidation is found to be far

Gold lower than the rate for both CO and H, oxidation, this goes towards explaining the strong tendency for
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total CH4 oxidation. These findings are further corroborated by DFT-calculations investigating the
thermodynamics of CH,4 oxidation on a stepped Au(2 1 1) surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

There is continued interest to find catalysts which can
transform CH, into an easily transportable liquid via low-
temperature partial oxidation of CH,4. This is mainly due to the
fact that large amounts of natural gas are available in areas that are
so remote from the energy consumers that there are no pipelines
available to transport the gas. Presently, direct liquefaction of CHy,
the main component of natural gas, is the most common process
used for shipping in gas tankers. This requires low temperatures
and high pressure and is thus not really an economically viable
option. Instead, more than 20 billion cubic meters of natural gas
are flared annually which has a detrimental effect on the
environment [1]. Unfortunately however, no good catalyst is
known so far for low-temperature partial CH, oxidation. The
reason is that methanol dissociates catalytically at lower
temperatures than partial methane oxidation occurs. The search
is on therefore, to find a catalyst that provides the required
selectivity.

The quest for partial oxidation catalysts is also important for
the increasing market in CH,4, which represents one of the basic
organic chemicals [2]. In this connection, much work is being
carried out in order to develop new catalysts that can convert
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CH, into higher-value chemicals [3,4]. Baiker and co-workers
have studied a number of noble metals catalysts to determine
their potential for the partial oxidation of CH,4 to CO and Hs. They
have recently reported identification of extinction and ignition
temperature rates and selectivity between 300 °C and 500 °C [5].
In an earlier study, Iglesia and Wei studied the reaction of
different gas mixtures containing CH4, CO, and labeled CO over
supported platinum clusters [6]. Since identical '3C fractions in
CO and CO, were determined, Iglesia and Wei concluded that CO,
activation is quasi-equilibrated and kinetically irrelevant. Recent
studies suggest that there is a condition dependent mechanism
for the reforming reaction of CH, with CO formation being
dominant at lower temperatures and CH,4 activation taking over
at higher temperature [7]. However it must be kept in mind that
these experiments and calculations are looking at the CHy4
reforming reaction, which is run at temperatures in the range of
600-800 °C.

Within the last decade, a new candidate for such a catalyst,
nanoparticulate gold, has emerged. Even though gold is often
referred to as the noblest of all the metals (it is, e.g. inert in an
oxygen atmosphere [8]), nanoparticulate gold shows a surprisingly
high catalytic activity for CO oxidation in both experimental [9-20]
and theoretical studies [19,21-27]. Beside CO oxidation, many
other reactions have been studied on gold catalysts, including the
oxidation of hydrocarbons [18,19,28-31] and oxygen-containing
hydrocarbons [11,18,19,32,33] as well as the catalysis of hydro-
genation of unsaturated substrates [11,19,34].
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The reason for this surprising activity is still under debate: After
the pioneering work of Haruta [9], the activity of gold has been
linked to several different effects, e.g. a quantum-size effect [10],
support-induced strain [22], charge transfer from the small gold
particles to adsorbed oxygen [35] and the role of low-coordinated
gold atoms [22,24-27]. is clear from these alternative
perspectives that more work is required to find the definitive
answer to this debate. However it is entirely probable that any of
the perspectives are correct under a given set of reaction
conditions, and that the apparent results are sometimes the
results of experimental or theoretical conditions and probe being
used.

Another issue when using gold as a catalyst is the stability of
nanoparticulate gold. Since gold has a low melting point, gold
nanoparticles become mobile even at low temperatures [36-38],
and are observed to sinter into bigger particles [37]. An effective
support which is able to keep the gold particles well dispersed (and
the one we also use in this contribution) is TiO,. However, more
study is needed to figure out how this works, and to understand
fully how the particles change during reaction.

In the present contribution, we present a combined experi-
mental and theoretical study of low-temperature CH, oxidation on
nanoparticulate gold supported on TiO,. We focus particularly on
the possible reasons why partial oxidation cannot be achieved. To
this end, we compare the experimental findings with a thermo-
dynamic picture for CH, oxidation, obtained from density
functional theory (DFT) calculations. Additionally, the influence
of the reaction to the gold particles was investigated.

2. Experimental section
2.1. Experimental setup

Activity measurements of supported gold nanoparticles were
performed in microreactors. The capillaries of these silicon devices
were etched using deep reactive ion etching (DRIE). The fabrication
process is described elsewhere [39,40]. Fig. 1a illustrates the
280 pm deep capillary system consisting of two inlets, a sniffer
hole and one outlet. It allows mixing of undiluted gases on the chip
without any danger of explosion. The dimensions of the reactor
chamber are (8.0 x 1.5 x 0.2 )mm>. The whole device measures
20 mm x 16 mm x 0.35 mm and is closed with a Pyrex glass lid
using anodic bonding. The inlet and outlet holes as well as the
sniffer hole are sealed with Viton O-rings to an aluminum interface
block. The reactor chamber can be heated by a piece of silicon that
is clamped to it. Temperature is measured with a K-type
thermocouple on the top of the reactor. For temperature-ramped
activity measurements, temperature is controlled using a PID-
controller (Eurotherm). Gas flow is controlled by mass flow
controllers (Bronkhorst), operating in the range from 0.02 to
1.00 ml min~! with a precision of 0.02 ml min~'. Via the sniffer
hole, the microreactor is connected to a Baltzers quadrupole mass
spectrometer (QMA) to analyze the reaction products. Fig. 1b and c
show a zoom-in on the 3 pm sniffer hole.

2 inlets —

outlet sniffer - —
|—|

To confirm the QMA analysis, an Agilent gas chromatograph
(3000A microGC) was used to analyze the reaction products. Since
the GC is less sensitive than the QMA, a mini-reactor (quartz glass
tube) containing more catalyst material was used in that case to
produce larger amounts of the reaction products. The GC has
combined columns of 10 m molecular sieve and 3 m PLOT U with
1.0 .l back-flushing, which allows simultaneous analysis of H, 05,
N, CO, CO,, H,0 and CH4 by a thermal conductivity detector (TCD).
With argon as the carrier gas, the GC is 15 times more sensitive to
H, than to CO. To avoid condensing water, formed by the catalytic
reactions, the tubing between the microreactor and the GC is kept
at a temperature of 100 °C, whereas the capillary of the GC itself is
kept at 90 °C.

2.2. Catalytic reactions

A 3.3 nm Au/TiO, reference catalyst from the World Gold
Council was used to study total CH4 oxidation according to formula
(1). We also considered partial CH4 oxidation (2) and studied
therefore the oxidation of CO (3) and H; (4) as well, using a fresh
catalyst for each reaction.

CH4 +20, — CO, +2H,0, AH°= —802.3kJmol ', (1)
CH4 + 10, —CO +2H,, AH° = 1853 kJmol ", (2)
CO +10;, —CO,, AH? = -283.0kJmol ', (3)
H, 410, - H,0, AH® = —241.8kmol . (4)

Due to the high sensitivity of the GC to hydrogen, the reactants
in (4) were diluted with 50% argon. For all reactions discussed, the
total flow was kept constant at 1.00 ml min~'.

Self heating of the catalyst during an exothermic reaction is
difficult to avoid, but it can be minimized by operating the catalyst
in a range up till 10% conversion. The greatest amount of heat
liberated during the above reactions was 26.0mW for CO
oxidation, where 40% conversion was already achieved at 80 °C.

The catalysts used both in the microreactor as well as in the
mini-reactor were deactivated over 18 h at 100 °C. To ensure
reproducibility, activity measurements were conducted after-
wards with the following scheme for the applied CH4/O, ratio,
which was run twice: 2/1, 4/1, 1/2. Reproducibility of the first and
the second GC-run was taken as sign for that the catalyst did not
change during reactions. For steady-state activity measurements,
the temperature was ramped from 50 °C to 250 °C in steps of
10 °C h~! when using the GC and from 75 °C to 225 °C in steps of
5 °C per 5 min when using the QMA.

2.3. Particle analysis
The size distribution and shape of the gold particles were

probed using a PHILIPS Tecnai 20T high resolution transmission
electron microscope at 200 kV. Specimens of the catalyst were

Fig. 1. Unloaded silicon microreactor with two inlets to mix gases on the chip, a (8.0 x 1.5 x 0.2 )mm? sized reactor chamber, a sniffer hole and a single outlet.
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taken before and after the temperature-programmed activity
measurements, and prepared on a carbon TEM grid by dropping a
suspension of catalyst in ethanol on the grid.

2.4. Theoretical methodology

DFT is used as implemented in the computer code DACAPO
using the RPBE exchange correlation functional [41]. Calculations
for stepped model gold surfaces were carried out using fcc crystals
terminated at the {2 1 1} facet. Unit cells of (2 x 1) periodicity were
used with a depth of 10 atomic layers (roughly equivalent to 3-
close packed layers) and a vacuum region of 10 A. An electronic
planewave cut-off of 340 eV has been used with the Brillouin zone
being sampled by a Monkhorst-Pack [42] mesh of 4 x 4 x 1 k-
points. Pseudopotentials of the Vanderbilt [43] type were used to
describe the electronic core regions.

Thermodynamic analysis is carried out using the total energies
obtained from the DFT-calculations. In this paper free energies
have been calculated by employing standard formulas for the
thermodynamics of a classical ideal gas [44]. For a gas-phase
species (X) at temperature (T) and pressure (P), the Gibbs free
energy (Gy") is given by:

Ge" = Ex + Ezpg + AH®T — TST 4 RT In(P/P°),

where Ep is the zero point energy, AH%T is the enthalpy change due
toraising the temperature from 0 K to T, ST is the entropy at T, R is the
universal gas constantand P° is standard pressure (takentobe 1 bar).

The potential energy of the adsorbed species (X'), Ex, is given
by: Eayx — Eau, where Eg, is the energy of the clean Au surface and
Eawx is the energy of the adsorbate and surface system. In order to
calculate the free energy of this species we neglect the pressure
term so that the enthalpy change is replaced by the change in
internal energy. This leads to the following expression for the free
energy (Gy'):

Gy = Ey + Ezpe + AUT — TS".

All vibrational frequencies used to determine Ezpg, AU®T and ST
are calculated within the harmonic approximation.

It is an unfortunate deficiency on the current implementations
of DFT that the exchange correlation functional does not handle
self-interaction correctly. This is particularly troublesome for
calculations involving the gas-phase O, molecule and adsorbed CO.
In order to overcome these deficiencies of DFT it is possible to apply
empirical corrections. This paper has implemented the correction
proposed by Abild-Pedersen and Andersson for CO adsorption [45].
In order to correct for the O, molecule we make a correction that
essentially involves comparing the calculated Gibbs energy of
formation for water with that obtained experimentally. Any
discrepancy between the two values is attributed to the O,
molecule, details of the correction implemented herein can be
found in Appendix 1.

3. Results

The average gold particle size before activity measurements
was determined to be (3.4 + 0.8) nm based on a TEM-analysis of 60
particles, as illustrated in Fig. 2. This equals the value stated by the
supplier, indicating that the particles had not sintered during storage.

3.1. Methane oxidation

The apparent activation energy for CH, oxidation on these
particles was determined to be approximately (60 =+ 2) k] mol™!
from the Arrhenius plots in Fig. 3. The difference in reaction rate when
measured with the QMA or the GC may be related to a morphological
change of the catalyst in the GC-runs, since the time the catalyst was

Fig. 2. High resolution TEM image of the catalyst as supplied.

exposed to the reactants was 24 h for each GC measurement as
compared to only 3 h in case of the QMA. This accounts also for the
higher conversion, plotted in Fig. 4, when the measurement was
conducted using a QMA. Since neither CO nor H, were detected, the
yield of CO, is directly given by the consumption of CH,. The onset of
CH, oxidation was found at 130 °C.

TEM-analysis after the entire sequence of steady-state CHy4
oxidation measurements in the GC shows that the particles now
have a broad range of sizes (2-7 nm). By tilting the specimen from
—65° to +65°, the three dimensional structure of the particles can
be reconstructed. We did this for one particle: Fig. 5 shows a TEM
image of a 4.8 nm gold particle with its 3D reconstruction (see
inset). This particle is found to stick to the support with its (11 1)
surface, as indicated by the arrow.

3.2. CO and H; oxidation

The parallel running fits for CO and H, oxidation in the
Arrhenius plot (Fig. 6) indicate similar activation energies for both

-1

In(r, /pmolg, s

14

-2 -

.34

ox

5 @ E =65kJmol’ usingaQMA

A E=57kJ mol” using a GC

-6 T ) T X T T

2.0 2.2 24 2.6
71 (1000 K)"

Fig. 3. Arrhenius plots of the CH, oxidation rates. The uncertainty of E, is
~2 k] mol~! and 1 k] mol~! when using the QMA and the GC setup, respectively.
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Fig. 4. CH4 conversion shows an onset at 130 °C.

reactions. From the Arrhenius equation, the activation energy
could be determined to be (38 =+ 0.8) k] mol~! for CO oxidation. The
reaction rate for H, oxidation is about 6 times lower than that for CO
oxidation. This goes along with the higher conversion of CO than H; as
function of temperature, represented in Fig. 7. For CO oxidation,
saturation was already found at 80 °C. For both reactions, a mass
balance of the reactants consumed and the products formed was used
to verify the results.

The particle size of the freshly prepared gold after these
sequences of steady-state CO- or Hy-oxidation measurements in
the GC was determined to be (5.7 & 3.4) nm by TEM-analysis of 57
particles.

3.3. Theoretical results

Fig. 8 illustrates the standard free energy diagram for the stable
species present in the oxidation of CH, at 450 K. This is constructed

Fig. 5. High resolution TEM image of a 4.8 nm gold particle after steady-state
activity measurements.
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Fig. 6. Arrhenius plots of the CO and H, oxidation rates determined using the GC.

using the DFT total energies in combination with the thermo-
dynamic corrections as outlined in the methodology. Three possible
pathways are depicted, partial oxidation terminating at CO(g) and
H,(g), also COx(g) and H,(g) and finally complete combustion to
CO(g) and H,0(g). The diagram shows a route which goes via a
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Fig. 7. Conversion of CO and H,.

CH, Oxidation: Au{211}
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Fig. 8. Standard free energy reaction profile for the stable intermediates present in
the oxidation of CH,4, as determined from DFT.
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methoxy intermediate followed by carbonyl species on the surface
prior to the formation of CO(g) (CO,(g)). It was found that if one went
via a route of direct dehydrogenation of CH, then the thermo-
dynamic barriers were extremely high (in excess of 4 eV for the
formation of C* + 2H,(g) from CHy). It can be seen that this route still
contains the difficult initial dehydrogenation of CH,4, whichis 1.4 eV
uphill. However once this step is overcome the pathway is downhill
all the way to the products. Here we see that complete combustion is
by far the most thermodynamically favored reaction and conse-
quently (subject to kinetic barriers) one would expect the reaction to
proceed to this point. Indeed this is found to be the case
experimentally where partial oxidation is not observed, we will
revisit this point in Section 4.

4. Discussion

We shall start by considering the species present, as detected
during the experimental run. In the case of partial oxidation, we can
assume (due to the stoichiometry of the reaction) that if we were to
form CO during CH,4 oxidation, then H, would also be formed (2). In
fact, we did not observe any H, evolution, our first indication of the
lack of partial oxidation. Furthermore we did observe water
formation during the CH4 oxidation, in proportions that match
the stoichiometry expected from Eq. (1). From this we can conclude
that we have carried out complete combustion to form CO,.

The results of additional studies on the oxidation of H, and CO,
their activation barriers, rates and conversions are shown in
Table 1. These suggest that even if CO was formed from partial
oxidation, CO and H, could easily be post-oxidized to CO, and H,O.
This is due to the fact that when compared to CH4 oxidation, the
higher reaction rate for CO and H, oxidation (which is coupled to
their lower apparent activation energies (38 = 0.6)kJmol™1),
indicates that under these reaction conditions these steps would
be equilibrated.

We have carried out the theoretical calculations on a {211}
surface, and shall first address some of the issues surrounding this
as a model system. This particular surface facet has been chosen
because recent experimental and theoretical work has demon-
strated the importance of the B5 site in catalytic activity for N,
dissociation and CH,4 activation on Ni [46]. If one looks at the
{2 1 1} surface, it can be seen that the step sites are made up of the
B5 sites. Therefore we expect this surface to be a good model of the
edges and steps present on a nanoparticle. Some care does
however need to be taken because corner sites may also be
implicated in the activity of a catalyst, this in fact is the subject of
on going research. However, in our case we anticipate the model to
be reasonable in the explanation of reactivity.

If we look at the thermodynamic picture presented from theory
we are able to gain insight into whether a particular reaction is
feasible. In fact what we see from Fig. 8 is that both partial CH,
oxidation and complete CH4 combustion are exothermic at 450 K,
meaning both processes are likely to proceed. However, CO,(g)
formation is favored far more greatly and in the absence of kinetic
considerations would dominate the oxidation process. Experi-
mentally we never observe evidence for the formation of CO(g) or
H,(g) above that of the background noise which concurs well with
this simple analysis.

Table 1
Comparison of activation energies, reaction rates and conversion.

Reaction E.,/k] mol~! In(Tox/pomol ga, ' s 1) Conversion/%
CH./O, 61+ 4 0.7 (at 220 °C) 2.9 (at 220 °C)
€0J0, 38406 8.3 (at 80 °C) 45 (at 80°C)
H,/0, 38408 6.4 (at 80 °C) 7 (at 80°C)

In order to go beyond just the thermodynamic picture, one
needs to consider the barriers present in the reaction pathway.
Recent work by Nerskov and co-workers has studied the oxidation
of CO on a model nanoparticle [27]. Their work demonstrated that
there are two possible routes by which complete oxidation can
proceed. The first is by reaction with adsorbed atomic oxygen O* (*
denotes an adsorbed species). The second is through an
intermediate that involves molecular oxygen, this is generally
perceived to proceed via a physisorbed precursor. This particular
mechanism has also been highlighted by Alavi and co-workers
[23]. Both of these works showed good agreement on the relative
barrier heights to CO oxidation, with the barrier via the first route
being approximately 63 k] mol~! and that of the second route
being 39 k] mol~!. This is in good agreement with our apparent
activation barrier of CO oxidation measured.

5. Conclusions

In the present paper, we have investigated CH4 oxidation on
TiO, supported gold nanoparticles under mild conditions (1 bar,
30-250 °C). Our experiments show that only total oxidation of CHy
occurs. Additional studies of CO and H, oxidation strongly suggest
that these species can easily be post-oxidized, even if partial CHy
oxidation has occurred early in the reaction. From DFT-calcula-
tions, the thermodynamics show that there is a strong tendency for
the formation of CO,, which means the only way to achieve partial
oxidation, is to exploit the variations in barrier heights, i.e. we are
attempting to form the kinetic product — not a thermodynamic
product. On a stepped Au(2 1 1) surface, CH,4 dissociation is shown
to be thermodynamically unfavorable and the influence of barriers
and kinetics on this process are the subject of ongoing work.
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Appendix A
A.1. Correction to 0x(g)

This basis of this correction lies in taking an experimentally
determined value for the formation of water which is obtainable from
standard thermodynamic tables. This is then compared to the value
obtained using DFT in combination with thermodynamic calcula-
tions, the difference between these two values is used to establish the
correction required for the O, molecule (o, ):

802 _ Z(AfGO,ZQS _ Afco,298).

Tables calc.

The factor of 2 arises due to the definition of the heat of formation
of water being for the formation of one mole of water, from one mole
of H, gas and half a mole of oxygen gas. We can thus define the
standard Gibbs free energy of Reaction as:

1

AfGo.298 _ AG&.,ngS _ AG;ZI'ZZQS _ iAGOO,2298

The expression for the Gibbs free energy of the individual species
can be found in the theoretical methodology.

Table 2 lists the key values that are required to find the correction,
determined both from DFT-calculations and by application of the
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Table 2
Thermodynamic properties calculated from both the partition function and from
tabulated values in parenthesis. Enegies/eV.

Species Ezpe AH-298 TS298 AGo2%8

H,0 0.58(0.56)  0.10(0.10)  0.58(0.58) —469.63(—469.65)
H, 027(027)  0.09(0.09)  040(040)  —32.07(—32.07)
0, 0.10(0.10)  0.09(0.09)  0.60(0.63) —871.13(~871.16)
H,0-H,-1/20, 0.26(0.24) —0.03(-0.03) 0.12(0.14) —2.00(—2.00)

thermodynamics of a classical ideal gas. In parenthesis the values
determined from thermodynamic tables are listed, as can be seen
there is very little to separate these values from those obtained by
theory. The CRC handbook lists the Gibbs free energy of formation at
298 K of water, A(G**98(H,0), as being —228.582 k] mol~' (—2.37 eV).
The potential energy of formation, AFpg(H,0), is found to be
—2.35 eV, which combined with the thermodynamic values leads to a
correction of 0.74 eV.
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