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ABSTRACT: Methane oxidation rates uncorrupted by nonchemical effects of transport,
taken together with stoichiometric oxygen uptake (oxidation cycle) and evolution
(decomposition cycle) data, are used to establish for the first time a set of conditions
required for true thermodynamic equilibrium during metal-to-oxide interconversions in
small Pd clusters (1.8−8.8 nm). These conditions allow us to assess the intrinsic
thermodynamics of small Pd clusters and their catalytic effects in CH4 oxidation. PdO
decomposition in the absence of CH4 deviates from equilibrium, as this step is limited by
the nucleation of an oxygen vacancy ensemble on oxide domains. The nucleation
bottleneck is removed by CH4 during its catalytic sojourns, when CH4 pressure and the
related rates exceed a critical value, because CH4 effectively removes the oxygen adatoms
near an oxygen vacancy site via C−H bond activation on an oxygen−oxygen vacancy site
pair that converts the O* adatom to a hydroxyl intermediate, which desorbs as H2O in
sequential steps. CH4 oxidation turnovers promote the nucleation of oxygen vacancy
ensembles at conditions that maintain the global oxygen equilibration, as confirmed from
the absence of CH4 oxidation rate hysteresis in both Pd oxidation and PdO decomposition cycles and from coincidence of rate
and oxygen content profiles during Pd oxidation. A theoretical construction decoupling the inherent cluster size variance from
cluster diameter effects shows marked effects of size on bulk phase transition. The bulk phase transition occurs at lower oxygen
chemical potentials for the smaller clusters, which confirm their more negative Gibbs free energy for PdO formation than the
large structures. The bulk phase transition converts O*−O* adatom sites to Pd2+−O2− ion pairs that are more effective for the
kinetically relevant C−H bond activation in CH4. These effects of size on the thermodynamics and reactivities of small clusters
illustrated in this study are general and extend beyond the Pd−PdO system.

1. INTRODUCTION
A transition between the metal and oxide phases of Pd clusters
occurs as oxygen atoms chemisorb on their surfaces and
dissolve into their bulk as the oxygen chemical potential of
reactant mixtures increases. These transitions can lead to
reconstructions that change the shape and surface structure of
Pd clusters.1,2 As oxygen contents increase, the active sites for
C−H bond activation in CH4−O2 reactions evolve from vicinal
exposed Pd metal atoms (*−*), to chemisorbed oxygen site
pairs (O*−O*), and ultimately to site pairs consisting of Pd2+

and lattice O2− ions as bulk PdO structures form. These
different active structures catalyze kinetically relevant C−H
bond activation steps via distinct mechanisms: oxidative
addition, homolytic C−H activation, and concerted oxidative
addition−reductive deprotonation, which involve three-center
{(H3C--Pd--H)

⧧}, radical-like H3C• {(O*--CH3•--*OH)⧧},
and four-center {(H3C

δ−--Pd2+--Hδ+--O2−)⧧} transition states,
respectively.3 These transition states differ in free energies and
lead to very different activation barriers and pre-exponential
factors, depending on the relative abundance of exposed oxygen
and Pd atoms and on the chemical state of the Pd clusters.3

Previous studies have addressed phase transitions in Pd
clusters and their consequences for CH4 oxidation catalysis

using in situ (thermogravimetric analyses,4 Raman spectra,5 X-
ray diffraction,5 temperature-programmed adsorption−desorp-
tion6) and ex situ (transmission electron microscopy7)
techniques. CH4 oxidation rates and the effects of cluster size
on turnover rates have been reported for metal3 and oxide8

clusters. The effects of cluster size and surface coordination on
the thermodynamics and dynamics of Pd−PdO interconver-
sions, however, remain controversial, as does their catalytic
rates and the associated mechanistic interpretation during such
phase transitions. Specifically, the bulk phase transitions and
their catalytic consequences remain speculative in both
mechanism and magnitude, at least in part, because of
ubiquitous transport artifacts and of the uncertain value of
the oxygen chemical potential that prevails at cluster surfaces
during catalysis; these chemical potentials uniquely determine
the thermodynamic and kinetic driving forces for phase
transitions and for the elementary steps that mediate oxidation
catalytic sequences. O2 equilibration with chemisorbed and
bulk oxygen phases is not always attained during CH4−O2
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reactions on Pd, as evident from the ubiquitous observed
hysteresis in catalytic reactivity upon Pd−PdO transformations
brought forth by temperature cycling.4,9

A rigorous assessment of whether oxygen equilibration
occurs and of the thermodynamic origins of the observed
reactivity and structural transformations requires measurements
of the oxygen content in clusters present in equilibrium with
known oxygen chemical potentials (μO2

). This becomes
possible only when such chemical potentials are the same
throughout the gas phase and the surface and bulk of clusters
(μO2,gas = μO2,surface = μO2,bulk); only in such cases, the
(measurable) O2 pressures in contact with the catalyst
rigorously reflect oxygen chemical potentials. Bulk oxidation
is often limited by the dissolution of chemisorbed oxygen (Os*;
hereinafter subscript s denotes surface and * denotes a surface
Pd atom) into the bulk phase,10 leading to O contents that vary
with cluster size and temperature, but as a consequence of
dynamics instead of thermodynamics,11,12 and to the
coexistence of Pd and PdO metastable structures, which are
precluded by the Gibbs phase rule at equilibrium. Such kinetic
hurdles also corrupt PdO decomposition processes that are
often limited by oxygen diffusion in PdO structures to form
Os* species and/or by the recombinative desorption of
chemisorbed O atoms (Os*), which are required to nucleate
and grow a Pd metal phase. These metal-to-oxide phase
transitions are ubiquitous in oxidation catalysis, but their most
compelling, relevant, and explicit manifestations are evident in
combustion reactions catalyzed by Pd−PdO systems because
they occur at conditions of their relevant practice.
During catalysis, chemical potentials at surfaces reflect the

kinetic coupling of steps that form (oxidation) and remove
(reduction) Os* species; as a result, they depend on the oxidant
and reductant concentrations and their respective activation
rate constants.13 Mechanistic inquiries to interpret this kinetic
coupling during steady-state catalysis must be carried out under
conditions of strict kinetic control, a significant challenge for
very fast exothermic reactions, such as CH4 oxidation [ΔH°rxn
= −802 kJ (mol CH4)

−1], which invariably lead to bed and
intrapellet gradients of temperature and concentrations. These
ubiquitous artifacts tend to corrupt measurements of intrinsic
rates, thus precluding unequivocal assessments of the kinetics,
mechanism, and oxygen chemical potentials relevant for CH4
combustion catalysis and for Pd−PdO interconversions.
Here, we report O2 uptakes on Pd clusters (1.8−8.8 nm

diameter) and the catalytic consequences of their O content for
CH4−O2 reactions at oxygen chemical potentials prevalent
during catalysis and responsible for Pd−PdO phase transitions.
These data show that PdO decomposition is kinetically limited;
thus, it represents an inappropriate descriptor of Pd−PdO−O2
thermodynamics. These kinetic hurdles reflect Os* recombina-
tion bottlenecks, caused by the greater stability of Os* species
as vicinal vacancies form, which prevents the nucleation of the
Pd phase. These kinetic obstacles become less evident with
increasing CH4 pressures, apparently because C−H activation
rates are higher near vacant sites, thus favoring the formation of
Pd metal nuclei of critical size at PdO cluster surfaces.
In this study, the attainment of equilibrium was rigorously

established by measuring intrinsic C−H bond activation rate
constants without transport artifacts and under conditions for
which the O content of Pd and turnover rates did not depend
on path or sample history. The oxidation of Pd to PdO and the
abrupt concurrent increase in CH4 conversion rates occur at

higher O2 pressures (and oxygen chemical potentials) than
those inferred from phase boundaries derived from PdO
decomposition data and previously considered to represent the
relevant thermodynamics. These O2 pressures and the
thermodynamic properties of the Pd−PdO system depend
sensitively on cluster size, with Pd−PdO transitions occurring
at lower O2 pressures on smaller clusters, consistent with their
stronger Pd−O bonds14 and more negative Gibbs free energy
for PdO formation. The rigorous thermodynamic origins of the
measured oxygen uptakes and the intrinsic CH4 oxidation
turnover rates allow, for the first time, an accurate assessment
and a mechanistic interpretation of Pd−PdO phase boundaries,
of the strong effects of cluster size on their thermodynamic
tendency for bulk oxidation, and of the concomitant effects of
bulk oxidation on the reactivity of Pd clusters in CH4
combustion catalysis.

2. EXPERIMENTAL METHODS

2.1. Catalyst Synthesis and Cluster Size Determina-
tion. γ-Al2O3 (Sasol North America Inc., Lot#C1643, 193 m2

g−1, 0.57 cm3 g−1 pore volume) was treated in flowing dry air
(Praxair zero grade, 1.5 cm3 g−1 s−1) at 1098 K for 5 h. Pd
(0.6% wt. Pd) was deposited onto γ-Al2O3 by incipient wetness
impregnation with aqueous Pd(NO3)2 (Aldrich CAS 380040,
99.999% purity, 10% wt. Pd(NO3)2 in 10% wt. HNO3). The
sample was treated in ambient stagnant air at 383 K for >8 h
and divided into five portions, which were treated in flowing
dry air (Praxair zero grade, 1.5 cm3 g−1 s−1) at 623 K for 3 h
and then heated (at 0.033 K s−1) to 973, 1023, 1073, 1123, or
1173 K for 10 h to obtain Pd clusters with a broad range of
metal dispersion. These five samples were subsequently heated
to 923 K (at 0.033 K s−1) in flowing 10 kPa H2/He (Praxair
UHP grade, 1.5 cm3 g−1 s−1), held for 3 h, and cooled to
ambient temperature in flowing He (Praxair UHP grade, 1.5
cm3 g−1 s−1); samples were passivated by exposure to flowing
0.5 kPa O2/He (Praxair Certified Standard grade, 0.5 cm3 g−1

s−1) for 2 h before exposure to ambient air. Fractional metal
dispersions were estimated from volumetric uptakes of strongly
chemisorbed O2 (1−30 kPa) at 313 K in a volumetric apparatus
described in detail in the next section. Before uptake
measurements, samples were treated at 773 K in flowing 10
kPa H2/He (1.33 cm3 s−1, Praxair UHP grade, 0.033 K s−1

heating rate) for 1 h and evacuated for 1 h and then cooled to
313 K in dynamic vacuum. After the O2 uptakes, the samples
were treated in dynamic vacuum at 313 K for 0.25 h and a
second O2 isotherm was measured. O2 uptake measured in the
second O2 isotherm was negligible. The two resultant O2
isotherms were extrapolated to zero O2 pressure and their
difference was used to estimate Pd dispersion, assuming an
O:Pd stoichiometry of 1:1 (O/Pds = 1). Cluster sizes were
calculated from dispersion values by assuming hemispherical
clusters and using the bulk Pd metal density (12.0 g cm−3).15

Transmission electron microscopy (JEOL 1200 EX micro-
scope) was used to determine the mean cluster diameter and
size distributions of Pd clusters on the passivated samples
(described above). The surface-averaged cluster diameters for
these samples, ⟨d⟩, were calculated from the number of clusters
(ni) with a diameter of di, averaging over all clusters i, according
to

⟨ ⟩ =
∑
∑

d
n d
n d

i i

i i

3

2
(1)
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2.2. Oxygen Uptake and Evolution Measurements. O
contents were determined at 973 K by volumetric measure-
ments of oxygen uptake or evolution as a function of O2

pressure. The apparatus consists of a quartz tube with a fritted
sample holder, a K-type thermocouple in contact with the outer
tube wall, and a stainless steel dosing chamber (10−11 cm3

reactor cell and 11.9 cm3 dosing chamber; 5 × 10−4 mol of gas
(STP) in the total chamber) with leak rates of <3 × 10−9 mol
h−1 at ambient temperature and <6 × 10−9 mol h−1 at 973 K.
Samples (∼1 g) were treated at 773 K in flowing 10 kPa H2/He
(1.33 cm3 s−1, Praxair UHP grade, 0.033 K s−1 heating rate) for
1 h and evacuated for 1 h under dynamic vacuum using a
turbomolecular (TMU 071 P, Pfeiffer) and a rotary vane
(Varian DS 302) pump (1 × 10−6 Pa dynamic vacuum).
Samples were heated in vacuum to 973 K (at 0.033 K s−1) and
held for 8 h before uptake and evolution measurements. O2

uptakes were measured by increasing the O2 pressure from 0.25
to 90 kPa by injecting O2 pulses (Praxair UHP grade; 5−10
μmol O2 per pulse) at 3.6 or 5.4 ks intervals. O2 evolution was
measured by decreasing the O2 pressure stepwise at 3.6 or 5.4
ks intervals from 90 to 0.15 kPa in steps corresponding to the
removal of 5−50 μmol of O2 from the chamber. O2 pressures

were measured using a dual-range pressure transducer (MKS
Baratron, type D28B, 0−13.3 and 0−133.3 kPa pressure ranges;
±0.25% accuracy).

2.3. CH4 Oxidation Rate Measurements. CH4−O2

turnover rates were measured at differential conditions (<5%
CH4 conversion) in a continuous flow packed-bed tubular
reactor (quartz, 8.1 mm inner diameter) with plug-flow
hydrodynamics. Pd/Al2O3 powders were diluted with SiO2

[Davison Chemical, Chromatographic Silica Media, CAS no.
112926-00-8, 280 m2 g−1; treated in flowing dry air (Praxair,
99.99%, 0.8 cm3 g−1 s−1) at 0.083 K s−1 ramp to 1123 K and 5 h
hold] at an intraparticle SiO2-to-catalyst mass ratio of 100 and
then pelleted to retain 106−250 μm aggregates. These
aggregates were physically mixed with quartz (Fluka, acid
purified, product number 84880; 106−250 μm diameter) at a
quartz-to-aggregate mass ratio of 280. These dilution levels
were sufficient to avoid temperature and concentration
gradients at the heat loads of these experiments (<15 × 10−2

W cm−3) for the 8 mm tubular reactors used here.16

Reactant concentrations were set by electronic flow meters
(Porter 201) by mixing of O2 (Praxair UHP grade) or 5% O2/
He (Praxair Certified Standard grade) with 25% CH4/He

Scheme 1. Methane and Oxygen Activation Steps and the Types of Oxygen Species on the Surfaces of a Metallic Pd Cluster (a)
and on the Surfaces and in the Bulk of a PdO Cluster (b) during CH4−O2 Reactions

a

a(Os*: chemisorbed oxygen atom on Pd cluster surfaces, Ob: bulk oxygen atom, Pdb: bulk Pd atom, Pd2+−O2−: Pdox−Oox site pair on bulk PdO
cluster surfaces, rCH4

: forward rate of CH4 conversion (Step 2 (2.a−2.d), Scheme 2), rO2,f: rate of O2 dissociation (Step 1, Scheme 2), rO2,r: rate of O*
recombination (Reverse of Step 1, Scheme 2), (O2)virtual: oxygen virtual pressure defined by eq 2b).

Figure 1. Oxygen content in Pd clusters (0.6% wt. Pd/Al2O3 catalyst, 8.8 nm mean cluster diameter) at 973 K, expressed as oxygen-to-Pd atomic
ratio (Ot/Pd; Ot = Os* + Ob, Scheme 1) in linear (a) and logarithmic (b) scales, as a function of the prevalent O2 pressure during uptake and
decomposition cycles with dwell times of 3.6 ks (○) or 5.4 ks (▲).
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(Matheson Certified Plus grade) and He (Praxair UHP grade).
O2, CH4, and CO2 concentrations were measured by online gas
chromatography (Agilent 3000A) using Poraplot Q or Mol
Sieve 5A columns, each connected to a thermal conductivity
detector. CO2 and H2O were the only products formed at all
conditions: CO and H2 were either not formed or under the
detection limits (<10 ppm).

3. RESULTS AND DISCUSSION

3.1. O2 Uptake and Evolution Measurements. Oxygen
contents in Pd clusters are reported here as O-to-Pd atomic
ratios (Ot/Pd), where Ot is the total oxygen atom uptake, given
by the sum of the surface (Os*) and bulk (Ob) oxygen atoms
(Scheme 1). The Ot/Pd ratios of 8.8 nm Pd clusters (0.6% wt.
Pd/Al2O3) at 973 K are shown in Figure 1 as a function of O2
pressure (0.25−91.0 kPa) during the uptake and evolution
parts of the oxidation−reduction cycle using 3.6 or 5.4 ks dwell
times at each O2 pressure. Shorter dwell times (<3.6 ks) led to
smaller Ot/Pd ratios (Figure S-1, Supporting Information)
during oxygen uptake experiments (stepwise O2 pressure
increase), but longer times did not influence Ot/Pd ratios
(3.6−5.4 ks), suggesting the absence of kinetic bottlenecks.
These time-independent oxygen contents, by themselves,
cannot unequivocally show that equilibrium was attained
because dense impervious oxide layers may impede transport
as they gradually form, leading to erroneous interpretations of
the thermodynamic origins of these phenomena. Oxygen
uptakes reached constant values at longer times during O2
evolution (stepwise O2 pressure decrease) than during O2
uptake; Ot/Pd ratios continued to decrease even after 3.6 ks
during evolution cycles (Figure 1 and Figure S-2, Supporting
Information), indicating that kinetic bottlenecks were more
significant during removal than uptake of oxygen atoms.
During oxygen uptake cycles, the Ot/Pd ratios at low O2

pressures (<25 kPa O2) were similar at 313 and 973 K. These
ratios were also nearly independent of O2 pressure (Figure S-3,
0.6% wt. Pd/Al2O3), consistent with Pd cluster surfaces
saturated with a chemisorbed oxygen adatom (Os*). Extrap-
olating measured Ot/Pd ratios (Figure 1) to zero pressures gave
similar Ot/Pd ratios at 313 and 973 K [e.g., (Ot/Pd)PO2=0 =
0.113 (313 K) and 0.099 (973 K), where Pd denotes reducible
Pd atoms]. These data indicate that Pd clusters retain their
metallic bulk at these temperatures and low O2 pressures, a
conclusion supported by X-ray diffractograms. The extrapolated
Ot/Pd ratio at 313 K (0.113) is used here to define the
saturation uptake for this sample; this value corresponds to
hemispherical clusters with a mean diameter of 8.8 nm.
Ot/Pd ratios increased monotonically (0.17 to 0.83) with

increasing O2 pressure (35 to 91 kPa) at 973 K. These values
exceed the Ot/Pd ratios for an adsorbed monolayer (0.113;
0.6% wt. Pd/Al2O3, 8.8 nm mean cluster diameter). Thus, we
conclude that O atoms dissolve into the cluster bulk at these
higher O2 pressures (>35 kPa) to form structures with Ot/Pd
ratios (0.83) approaching those expected for stoichiometric
PdO. This ratio is lower than unity because the high-
temperature treatment required to form the large clusters
may transform a portion of Pd to dispersed, irreducible oxides
(e.g., Pd aluminate),17 which remain invisible in the oxygen
uptake experiments and largely unreactive toward methane
activation.8,18 A subsequent decrease in O2 pressure from 91 to
0.6 kPa did not cause detectable O2 evolution or changes in Ot/
Pd ratios (0.84 ± 0.02). O2 pressures below 0.6 kPa ultimately

led to O2 evolution and to lower Ot/Pd ratios (Figure 1),
consistent with the incipient decomposition of PdO. At each O2
pressure, the Ot/Pd contents were much larger during oxygen
evolution than uptake cycles (Figure 1), as also shown
previously using temperature (instead of pressure) cycling.4,6,9

Clearly, Ot/Pd ratios depend on the oxidation−decomposition
path, making one or both uptake values at any given O2
pressure of dubious thermodynamic relevance. At equilibrium,
O contents must strictly reflect the prevalent oxygen chemical
potential (in this case, the O2 pressure), irrespective of path.
Longer dwell times (3.6 vs 5.4 ks) decreased O contents

during PdO decomposition (Figure 1 and Figure S-2,
Supporting Information), especially at low O2 pressures (<0.4
kPa). These long transients reflect slow recombinative
desorption of lattice oxygens (Oox) from PdO crystallites, a
step that requires the formation of unstable vacancy pairs
(2Oox → O2(g)+2□, where □ denotes a lattice oxygen
vacancy). The energy required to incipiently evolve O2 from
stoichiometric PdO has been reported to be 202 kJ mol−1 on 67
nm PdO clusters and 349 kJ mol−1 on 1 nm PdO clusters.14

This value is expected to be even higher as the oxygen content
decreases below its stoichiometric value as PdO decomposition
proceeds. Indeed, the energy required to form additional
oxygen vacancies increases markedly as the number of vacancies
increases, as shown by density functional theory (DFT)
calculations on the bulk Cu−CeO2 system, for which the
removal of O atoms from oxygen-deficient Cu−CeO2−x
structures was much more endothermic (by 130 kJ mol−1)
than for the removal of the first O atom in stoichiometric Cu−
CeO2.

19 The diffusion of oxygen from the bulk to the surface of
PdO can also limit decomposition rates because activation
barriers for oxygen diffusion are higher in PdO than in Pd
single crystals (111−116 kJ mol−1 for PdO vs 60−85 kJ mol−1

for Pd).20 These transport bottlenecks may also prevent
equilibration during PdO decomposition cycles. The nucleation
of a Pd metal phase involves the formation of ensembles of
oxygen vacancies via desorption of oxygen (Oox) species, which
become more strongly bound near such ensembles, thus
inhibiting the coalescence of reduced centers into nuclei of
critical size. Such local stabilization of lattice oxygen (Oox),
together with the activated nature of oxygen diffusion from the
PdO bulk, poses formidable kinetic hurdles to the attainment of
equilibrium during PdO decomposition and allows PdO to exist
at oxygen chemical potentials well below those prescribed by
the Gibbs free energy for its transformation to Pd metal.
These significant kinetic hurdles and the nonequilibrium

nature of PdO decomposition cast doubts about the prevailing
use of PdO decomposition processes to determine Pd−PdO
thermodynamics.21−25 Our evidence for the kinetic nature of
PdO decomposition steps remains silent, however, about
whether Ot/Pd ratios measured during oxidation cycles also
reflect the dynamics instead of the thermodynamics of PdO
oxidation because of slow O2 dissociation or O* diffusion
within Pd metal clusters. Even if oxygen equilibration was
attained during uptake measurements, it may not be achieved
during steady-state CH4−O2 reactions because the scavenging
of Os* species by CH4 coreactants can prevent O2(g)−Os*
equilibration; in doing so, oxygen chemical potentials at cluster
surfaces can become lower than in the contacting gas phase. In
what follows, we show that equilibration is indeed attained
during steady-state catalysis, that the presence of CH4 facilitates
the nucleation of Pd metal domains (without disturbing the
O2−Os* equilibration), and that the Ot/Pd ratios measured
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during uptake cycles in the absence of CH4 accurately reflect
the thermodynamics of Pd−PdO transformations.
3.2. O2 Adsorption−Desorption Equilibration during

Steady-State CH4−O2 Catalysis. In this section, we examine
the conditions required for equilibration among gaseous,
surface, and bulk forms of oxygen during contact between Pd
clusters and O2(g) in the presence or absence of CH4
coreactants.
During catalysis, the chemical potential prevalent at surfaces

is imposed by a virtual pressure of oxygen [(O2)virtual], defined
as the (hypothetical) O2 pressure that would lead to the
coverages of chemisorbed oxygen (Os*) present during steady-
state catalysis if adsorption−desorption equilibrium was to
prevail

+ * ←→ *(O ) 2 2O
K

2 virtual s
O2

(2a)

*
*

= K
(O )

( )
(O )s

O 2 virtual2 (2b)

Here, KO2
is the equilibrium constant for O2 dissociative

adsorption (Step 1 in Scheme 2), and * denotes a surface Pd

atom. The value of (O2)virtual represents a rigorous (and often
measurable) proxy for the prevalent oxygen chemical potential
and all its kinetic and thermodynamic consequences, as shown
from nonequilibrium thermodynamic formalisms of chemical
kinetics.26 The concept of virtual pressures has been used to
rigorously describe the prevalent chemical potentials of oxygen
at catalytic sites in CH4,

13 C2H6,
27 and NO28−30 oxidation, of

nitrogen in NH3 decomposition,31 and of hydrogen in
dehydrogenation catalysis.32,33

The (Os*)/(*) ratio and the value of (O2)virtual (eq 2b)
during steady-state catalysis reflect the kinetic coupling of
elementary steps that form and consume Os* species

= +r r r2O ,f O ,r CH2 2 4 (3)

Here, rO2,f, rO2,r, and rCH4
represent the rates of O2 dissociation

(forward direction of Step 1, Scheme 2), Os* recombination
(reverse direction of Step 1, Scheme 2), and CH4 activation
(irreversible Steps 2.a−2.d, Scheme 2). CH4 activation may
proceed on metal−metal (*−*; Step 2.a), oxygen−metal
(Os*−*; Step 2.b), or oxygen−oxygen (Os*−Os*; Step 2.c)
site pairs on metal surfaces (Pd,16 Pt13) via kinetically distinct

paths that involve oxidative addition, oxidative addition−
hydrogen abstraction, or hydrogen abstraction steps, respec-
tively; C−H bond activation occurs on Pd2+−O2− ion pairs
(Step 2.d) at PdO surfaces via the oxidative addition−reductive
deprotonation step.3 Thus, the rCH4

term in eq 3 reflects the
contributions from each of these paths and depends on their
respective C−H activation rate constants (kCH4,i, subscript i
denotes the identity of the active site pair, i.e., *−*, Os*−*,
Os*−Os*, or Pd2+−O2−, in Steps 2.a−2.d, Scheme 2). The
(Os*)/(*) ratios and the corresponding (O2)virtual values are
then given by

*
*

=

=

K

f k k k P P

(O )
( )

(O )

( , , , , )i

s
O 2 virtual

O ,f O ,r CH , CH O

2

2 2 4 4 2 (4)

where f is a function of the rate constants for O2 dissociation
(kO2,f; forward of Step 1), Os* recombination (kO2,r, reverse of

Step 1), and CH4 activation (kCH4,i, Steps 2.a-2.d), as defined in

Scheme 2, and of the prevalent CH4 (PCH4
) and O2 (PO2

)
pressures.
The functional form of f in eq 4 depends on the nature of the

site pairs involved in the C−H bond activation step (*−*,
Os*−*, Os*−Os*, or Pd

2+−O2−).3,16 When Os* recombination
(reverse of Step 1, Scheme 2) occurs much faster than CH4

activation (Steps 2a−2d, Scheme 2) (rO2,r ≫ rCH4
), the (Os*)/

(*) ratios (eq 4) are not affected by CH4 pressure because CH4
reactions scavenge Os* slowly. As a result, such reactions do
not perturb the O2(g)−Os* equilibrium (Step 1) or the
prevalent oxygen chemical potentials. (O2)virtual becomes equal
to the contacting O2(g) pressure, and by definition oxygen
chemical potentials at Pd cluster surfaces equal those of O2(g)
during catalysis. Os* coverages and the thermodynamic
tendency for phase transitions then depend solely on the
prevalent O2 pressures and are not influenced by the presence
or pressure of CH4. The oxygen contents measured in the
absence of CH4 coreactants (e.g., as reported in Section 3.1)
would then rigorously reflect those actually present during
steady-state CH4 oxidation catalysis.
We examine next the extent of O2(g)−Os* equilibration

during CH4−O2 reactions at 973 K and 8−82 kPa O2. Figure 2
shows the measured first-order rate coefficients for CH4

activation [rCH4
(CH4)

−1, defined as the turnover rate divided
by CH4 pressure] on Pd clusters (8.8 nm, 0.6% wt. Pd/Al2O3)
as a function of O2 pressure during cycles of increasing or
decreasing O2 pressure. At low O2 pressures (<1.6 kPa O2),
these rate coefficients reflect the C−H activation rate constants
(kCH4,O*−O*) on vicinal oxygen atom pairs (Os*−Os*; Step 2.c,
Scheme 2), which are present at near saturation O* coverages
on Pd cluster surfaces.3,16 At each O2 pressure, the Pd bulk
remains metallic with or without CH4 coreactants, but their
surfaces are saturated with chemisorbed oxygen (Os/Pds = 1.06
at 873 K;16 Os/Pds = 0.87 at 973 K, Section 3.1; Pds refers to
the surface Pd atom).3,16 At these high temperatures and low
conversions, CO2 and H2O do not influence reaction rates,3 a
conclusion confirmed here by the strict linear dependence of
rates on CH4 pressure. Extrapolation of the Ot/Pd ratios
measured at low O2 pressures (<35 kPa) to zero O2 pressure
gives similar Ot/Pd ratios at each temperature (313−973 K)
(Supporting Information, Section 2, Figure S-3 for O2

Scheme 2. Elementary Steps for O2 Dissociation and C−H
Bond Activation during CH4−O2 Reactions on Supported
Pd and PdO Clustersa

a* refers to an unoccupied Pd surface atom; → denotes an irreversible
step; ⇄ denotes a reversible step; kO2,f: forward rate constant for O2

dissociation; kO2,r: reverse rate constant for O2 dissociation; kCH4,i,

forward rate constant for CH4 activation, where subscript i denotes the
identity of active site pairs, i = *−*, OS*−*, OS*−OS*, or Pd

2+−O2−;
KO2

: equilibrium constant for oxygen dissociation.
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adsorption isotherms on 3.0 and 8.8 nm Pd clusters at 313 and
973 K). At these O2 pressures (e.g., 0.2−0.6 kPa) and 873 K,
the rates of 16O18O isotopologue formation were similar for
CH4−16O2−18O2 (4.86 kPa CH4) and 16O2−18O2 mixtures;
therefore, Os* coverages, which determine isotopic exchange
rates, are not affected by reactions with CH4, and O2
dissociation steps remain quasi-equilibrated during CH4−O2
reactions {(O2)virtual = O2(g)}.

16 These data contrast those
reported previously on Pt clusters, for which C−H bond
activation steps, instead of Os* desorption, represent the faster
Os* removal pathway during CH4

13 and C2H6
27 oxidation at

coverages below saturation; as a result, the (O2)virtual on these
Pt-based catalysts depends on CH4 pressure, through the
kinetically relevant coupling of C−H and O2 activation steps.
First-order rate coefficients for CH4 oxidation (973 K) on Pd

clusters (8.8 nm, 0.6% wt. Pd/Al2O3) increased slightly
between 8 and 35 kPa O2 and then sharply above 35 kPa O2
(Figures 2 and 3). Os* species, which prevail on Pd metal
surfaces at lower O2 pressures (8−35 kPa), act as basic moieties
that abstract H atoms from CH4, as in the case of C−H
activation in alkanes (CH4

13 and C2H6
27 on Pt, CH4 on Pd3,16)

and alkenes (C3H6 and C4H8 on Os*-covered Pd(100)34) on
transition metal catalysts (Pt,13,27 Pd3,16,34). As O2 pressures
increase and Os* monolayers densify, Os* species bind more
weakly [binding energy decreases by 39 kJ mol−1 between 0.25
and 0.5 ML O* on Pd(111)]35 and become more basic, thus
acting as stronger electron donors during H abstraction.3 Rate
coefficients increased sharply at a critical O2 pressure (>35 kPa
O2 for 8.8 nm clusters, 973 K, Figure 3), which coincides with
that leading to O contents higher than monolayer values; at
these pressures, O atoms dissolve into the cluster bulk, and
Pd2+ ions become exposed at surfaces as PdO incipiently forms.
This is likely to occur first on the smaller clusters present within

each sample as O2 pressure increases because of their greater
thermodynamic tendency toward bulk oxidation (Sec. 3.4).
The rate constants for C−H bond activation increased with

increasing oxygen chemical potential, as more Pd clusters
within each sample oxidized to PdO. CH4 molecules can access
both O atoms and metal centers in a concerted manner on PdO
surfaces, making it possible for C−H bonds to cleave more
effectively via oxidative addition−reductive deprotonation steps
(Step 2.d, Scheme 2).3 These steps are mediated by four-center
(HC3

δ−−Pd2+−O2−−Hδ+)⧧ transition states stabilized by
HC3

δ−−Pd2+, Pd2+−Hδ+, O2−−Hδ+, and HC3
δ−−Hδ+ inter-

actions, which are more stable than the radical-like (O*--
CH3•--*OH)⧧ transition states involved when C−H bonds are
activated on O*-saturated Pd metal surfaces, in which CH3
groups interact weakly with the O*−O* site pair and with the
leaving H atom.3,16 C−H bond activation barriers are much
smaller on PdO than on O*-saturated Pd surfaces [measured:
61 vs 158 kJ mol−1; DFT-derived C−H activation barriers of 62
vs 145 kJ mol−1 on PdO(101) vs O*-saturated Pd(111)], and
the respective measured rate constants are much larger on PdO
than O*-saturated Pd surfaces [measured 12.9 vs 0.53 mol CH4
(g-atom Pdsurface-s-kPa)

−1 at 873 K, on 21.3 nm Pd clusters].3

Similar routes and the involvement of Pd2+ and O2− centers
have been reported for the activation of larger alkanes (C3H8
and C4H10) on PdO(101) surfaces, during which C−H
activation transition states interact with the surfaces via σ-
complexes and dative bonds.36

During increasing O2 pressure cycles, C−H activation rate
coefficients [rCH4

(CH4)
−1] at each O2 pressure were not

affected by CH4 pressure (0.2−4.9 kPa, Figures 2 and 3). These
data indicate that the C−H bond activation remains the sole
kinetically relevant step and that the number of accessible
Pd2+−O2− sites and the O-content of the clusters are not
affected by scavenging of O atoms by CH4 on both metal and
oxide surfaces and during the bulk phase transition. Therefore,
O2 dissociation steps must be at equilibrium during CH4−O2

reactions (rCH4
≪ rO2,r and rO2,f ≈ rO2,r; eq 3), and the prevalent

Figure 2. First-order rate coefficients for CH4 oxidation
(rCH4

(CH4)
−1) during stepwise increase (open symbols) and decrease

(solid symbols) in O2 pressure cycles with CH4−O2 mixtures on 0.6%
wt. Pd/Al2O3 (8.8 nm mean Pd cluster diameter) at 973 K and 0.2 kPa
(○,●), 0.4 kPa (□,■), 0.7 kPa (Δ,▲), 1.6 kPa (◊,⧫), 2.4 kPa (◁,◀),
and 4.9 kPa (☆,★) CH4. The solid lines denote the oxygen-to-Pd
atomic ratios (Ot/Pd) during uptake and evolution in the absence of
CH4 (from Figure 1) (→ denotes the direction of either increasing or
decreasing O2 pressure;. · - · - · - denotes Ot/Pd ratios during contact
with 10−35 kPa O2 in the absence of CH4 at 313 K). CH4−O2 rates
were measured at 6.51 × 108 cm3 (s mol Pdsurface)

−1.

Figure 3. First-order rate coefficients for CH4 oxidation
(rCH4

(CH4)
−1) during stepwise increase (open symbols) and decrease

(solid symbols) in O2 pressure with CH4−O2 mixtures [1.6 kPa (◊,⧫),
2.4 kPa (◁,◀), and 4.9 kPa (○,●) CH4] on 0.6% wt. Pd/Al2O3 (8.8
nm mean Pd cluster diameter) at 973 K. CH4−O2 rates were measured
at 6.51 × 108 cm3 (s mol Pdsurface)

−1. The oxygen-to-Pd atomic ratios
(Ot/Pd) during stepwise increase in O2 pressure in the absence of
CH4 (from Figure 1) are also plotted here for comparison (□).
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O2 pressures establish the oxygen chemical potential and the O-
content in Pd clusters during steady-state catalysis; these Ot/Pd
ratios must then be identical to those measured during contact
of Pd clusters with O2(g) at the same O2 pressure and in the
absence of CH4 (Figures 2 and 3).
Measured rate coefficients (kCH4

) during increasing O2

pressure cycles are single-valued functions (g) of the O content
(expressed as Ot/Pd) over the entire range of O2 pressure

= = ⎜ ⎟⎛
⎝

⎞
⎠

r
k g

(CH )
O
Pd

CH

4
CH

t4

4 (5)

These rate coefficients increase with increasing oxygen content,
apparently in response to Pd−PdO phase transitions.
Throughout this transformation, C−H bond activation remains
the sole kinetically relevant step, as shown from the effects of
CH4 pressure on rates and from DFT treatments of elementary
steps on O*-covered Pd metal and oxide surfaces.3 Measured
rate coefficients (kCH4

) and O contents (Ot/Pd) both reflect
their ensemble averages over clusters that are distributed in size
within each sample. The effects of size on their oxidation
tendencies and the effects of oxidation state on reactivities are
discussed in Sections 3.4 and 3.5, respectively.
C−H activation rate coefficients decreased monotonically

with decreasing O2 pressure (from 82 kPa O2; Figure 2; solid
symbols) as O atoms desorbed from PdO and Pd metal
ensembles incipiently formed. These effects became stronger as
CH4 pressure increased, causing rate coefficients to become
sensitive to CH4 pressure during PdO decomposition but not
during Pd oxidation cycles (Figure 2; symbols: solid for
decomposition, open for oxidation). For example, the rate
coefficients on PdO remained constant as O2 pressure
decreased from 82 to 60 kPa [6.7 mol CH4 (g-atom Pdsurface-
s-kPa)−1; 0.2 kPa CH4 (Figure 2; ●)]. At lower O2 pressures
(<60 kPa), these coefficients decreased with O2 pressure but
remained much larger than during uptake cycles at all O2

pressures {e.g., kCH4
= 2.6 (●) vs 1.2 (○) mol CH4 (g-atom

Pdsurface-s-kPa)
−1 at 0.2 kPa CH4 and 8 kPa O2}. Such hysteresis

behavior became less evident at higher CH4 pressures and was
no longer detectable above 1.6 kPa CH4, for which rate
coefficients were the same during Pd oxidation and PdO
decomposition cycles (Figures 2 and 3). At CH4 pressures
above 1.6 kPa, O2 pressure effects on rate coefficients were
independent of path and of CH4 pressure, consistent with the
attainment of chemical equilibrium between O2(g) and all
oxygen-containing species present during CH4 oxidation
catalysis.
These data indicate that CH4 molecules are required for Pd−

PdO equilibration during PdO decomposition but not during
Pd oxidation cycles. A plausible mechanistic interpretation for
such phenomena involves the formation of Pd0 nuclei, which
require O* recombination events that form oxygen vacancies
during PdO decomposition. The formation of these vacancies
leads to stronger vicinal Pd−O bonds, thus inhibiting the
growth of metal nuclei to their critical size for incipient PdO
decomposition. As a result, subsequent O atom desorption and
PdO decomposition occur only when oxygen chemical
potentials are much lower than predicted from thermody-
namics. In contrast, the presence of an oxygen vacancy causes a
local increase in CH4 activation rates because Pd centers
stabilize the CH3 fragments at C−H activation transition
states,16 as also reported on Pt surfaces partially covered with

O*.13 Such processes favor the removal of oxygen (via reaction
with CH4) near oxygen vacancies, thus promoting the
formation of vacancy ensembles and the growth of Pd0 nuclei
to critical size. The preferential activation of CH4 near oxygen
vacancies avoids the metastable character of PdO that is evident
without reductants, even though CH4 does not influence the
prevalent oxygen chemical potentials that determine Pd−PdO
transitions. The hysteresis behavior of both reactivity (at <1.6
kPa CH4) and O content (during contact with O2(g)) during
PdO decomposition cycles (Figure 2) indicates that reactivity
and O contents are higher during PdO decomposition than for
surface and bulk phases in equilibrium with prevalent O2
pressures, making the O content during decomposition an
inaccurate measure of the Gibbs free energy for Pd−PdO
transformations. In contrast, the identical rate coefficient values
during oxidation and decomposition cycles for CH4 pressures
above 1.6 kPa at each O2 pressure (Figure 3) confirm that the
chemical state of Pd clusters is independent of path and history,
and thus oxygen species among gaseous, surface, and bulk
phases have attained equilibration, making such data of rigorous
thermodynamic origins.

3.3. O2−Pd−PdO Thermodynamic Phase Diagrams.
The relevant thermodynamic evidence, derived here from
changes in rate coefficients and in Ot/Pd values with oxygen
chemical potentials, is used next to assess Pd−PdO phase
boundaries for clusters with 1.8−8.8 nm in mean diameters. In
doing so, we also report (in Section 3.4), seemingly for the first
time, the effects of Pd cluster size on their thermodynamic
oxidation tendencies, uncorrupted by the dynamics of
nucleation and growth. The single-valued relations between
Ot/Pd ratios and first-order CH4 rate coefficients at all O2
pressures (function g in eq 5; Figure 3) during Pd oxidation
make first-order CH4 rate coefficients rigorous proxies for
oxygen contents, thus allowing the detection of bulk oxidation
during CH4 oxidation catalysis at oxygen chemical potentials
(μO2

) that are identical among the gas phase, the adsorbed

phase, and the bulk of the PdOx clusters (μO2,gas = μO2,surface =

μO2,bulk).
The onset of bulk oxidation occurs at an oxygen chemical

potential (given by the prevalent O2 pressure, Section 3.2) that
causes the incipient dissolution of Os* atoms into the bulk and
Pd clusters covered with Os* to undergo bulk phase transitions.
This chemical potential is defined here as the O2 pressure at
which the rate coefficients reach 10% of their increase as Pd
clusters saturated with chemisorbed oxygen convert to
stoichiometric PdO clusters

−

−
=

− −
*

− −
*

r r

r r

( (CH ) ) ( (CH ) )

( (CH ) ) ( (CH ) )
0.1

CH 4
1

PdO CH 4
1

O /Pd

CH 4
1

PdO CH 4
1

O /Pd

j4 4

4 4 (6)

Here, (rCH4
(CH4)

−1)PdOj
denotes the rate coefficient at a

specific mean oxygen content j (j < 1) for the clusters,
averaging over all clusters of different sizes present in a given
sample. The value that satisfies eq 6 defines the onset pressure,
and the terms with subscripts O*/Pd and PdO denote rate
coefficient values for O*-covered Pd and bulk PdO,
respectively. For 8.8 nm Pd clusters, this onset occurs for a
(rCH4

(CH4)
−1)PdOj

value of 1.9 mol CH4 (g-atom Pdsurface-kPa-
s)−1 at an onset pressure of 35 kPa O2 at 973 K (Figure 3). The
onset O2 pressure for PdO decomposition is similarly defined
as the O2 pressure required for rate coefficients
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[(rCH4
(CH4)

−1)PdOj
; Figure 1] to decrease from the value

corresponds to PdO to one that satisfies eq 6. This definition
(eq 6), based on changes in rate coefficient and the related
mean oxygen content, corresponds to the bulk oxidation of the
majority of the clusters in each sample because smaller clusters
oxidize at lower oxygen chemical potentials than larger clusters
(as shown later in Section 3.4), and as a result of their size and
concomitantly smaller number of Pd atoms per cluster, their
oxidation requires fewer oxygen atoms. It is estimated that
∼75% of all clusters in a sample are oxidized for the samples
with 1.8 and 2.2 nm mean diameters, and the value becomes
∼50% for those with 3.0 and 8.8 nm mean diameters. These
estimations are derived from a theoretical construct that isolates
cluster size effects from those caused by size variance within a
catalyst sample, by accounting for their size distributions, as
described in Section 3.4.
These onset pressures are shown as a function of CH4

pressure (0−4.9 kPa) in Figure 4a for Pd oxidation and PdO
decomposition. The onset O2 pressures were also determined
from O2 uptakes (Figure 1, Section 3.1); they are similarly
defined, but using the O contents as Pd clusters transforms
from O*-covered metal to bulk oxide. In addition to these
onset O2 pressures, O2 pressures required to increase the
oxygen content (Ot/Pd) to a larger value of 0.85 were also
determined with similar definitions from rate coefficient and
oxygen uptake data (i.e., replacing the 0.1 with 0.85 in eq 6)
and shown in Figure 4b as a function of CH4 pressure (0−4.9
kPa). Onset O2 pressures for bulk oxidation determined from
O uptakes (Figure 4; ⬠) are similar to those derived from C−
H activation rate coefficients as O2 pressure increases (□, at all
CH4 pressures) or decreases (■; for CH4 pressures above 1.6
kPa), which occurred at 0.35 bar O2 (at 973 K; 8.8 nm
clusters). In contrast, the O2 pressures required for PdO
decomposition (8.8 nm) were much lower without CH4; the
Ot/Pd ratio did not reach 0.1 (defined in eq 6) but decreased
slightly to 0.85 (Figure 4b, ●) for O2 pressures as low as
0.0095 bar.

The onset O2 pressures for Pd−PdO transitions determined
from O contents and rate data are compared next with those
reported previously for Pd−PdO phase transitions at conditions
presumed to attain thermodynamic equilibrium4−6,21−23,37−41

on Pd(111) extended surfaces,37,38 supported clusters,4,5,39,40

and bulk powders21,22,41 over a broad range of temperature
(500−1145 K) and O2 pressure (1.3 × 10−12−1.0 bar). These
results were obtained from oxidation or decomposition during
temperature ramps,4,5,40 in situ Raman and X-ray diffraction,5

gravimetric analysis,21,22,39 scanning tunneling microscopy,37

low-energy electron diffraction,37 and X-ray photoelectron
spectroscopy.38 Such onset pressures are shown in the
Supporting Information (Figure S-4 for PdO decomposition
and Figure S-5 for Pd oxidation).
The O2 pressure for incipient bulk oxidation (defined in eq

6) reflects the mean Gibbs free energy for PdO formation from
Pd0 (ΔGPd−PdO

o , per g-atom Pd, 1 bar reference state) for all
clusters distributed in sizes within a sample

+ ←→n n nPd 0.5( )O (g) PdO
K

2
O2

(7a)

Δ = −−
°

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟G RT

a
a P

lnPd PdO
PdO

Pd O
0.5

2 (7b)

n is the mean number of Pd atoms in a cluster; and KO2
is the

equilibrium constant for Pd and PdO interconversion. Here,
thermodynamic activities are unity for PdO and Pd phases
(aPdO and aPd) and PO2

is the O2 pressure (in bar). The onset
pressures for Pd to PdO phase transition and the related Gibbs
free energy for PdO formation must be independent of the
intermediates or path involved in the transformation of Pd0

clusters to O*-saturated Pd metal clusters and ultimately to
bulk PdO. Thus, Gibbs free energies derived from measured
onset pressures as Pd clusters evolve from metallic, to O*
covered, and then to PdO clusters reflect the thermodynamics
of Pd to PdO transformations (described in Supporting
Information, Section 4). These free energies are shown
together with previously reported values4−6,21−23,37−40,39 from

Figure 4. (a) O2 pressures required for the onset of Pd oxidation (□,⬠) or PdO decomposition (■), plotted as a function of the contacting CH4
pressure at 973 K. (b) O2 pressures required to reach an Ot/Pd ratio of 0.85 during Pd oxidation (Δ,○) or PdO decomposition (▲,●), plotted as a
function of the contacting CH4 pressure at 973 K. Values in the absence of CH4 (○, ⬠, ●) were obtained during O2 uptake-evolution experiments
in Figure 1 (0.6% wt. Pd/Al2O3, 8.8 nm mean Pd cluster diameter; dashed lines are drawn as a guide).
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PdO decomposition and Pd oxidation cycles as a function of
temperature, measured by heating of PdO or cooling of Pd0

samples, in Figures 5 and 6, respectively. Data from the

oxidation of Pd by heating from low temperatures, as reported
in the literature (e.g., oxidation occurred at ∼498 K during
heating of 10 wt % Pd/Al2O3 from 293 to 1123 K),40 were
excluded in these comparisons because Pd oxidation at low
temperatures is known to be limited by oxygen transport

bottlenecks and therefore inappropriate as a measure of the
relevant free energies.
The Gibbs free energies derived from the PdO decom-

position cycle (Figure 5) show the expected linear increase with
temperature (ΔGPd−PdO° = ΔHPd−PdO° − TΔSPd−PdO° , where
ΔHPd−PdO° and ΔSPd−PdO° are the enthalpy and entropy changes
for PdO formation from Pd, respectively, according to eq 7a;
500−1120 K), when compared among the various sources
across the literature for small clusters,4,5,39,42 bulk struc-
tures,21,22 and single-crystal surfaces.38,43 The linear trend was
also found for the Gibbs free energies derived from cooling of
metallic Pd (e.g., cooling from 1250 K in air)42 to a temperature
at which the incipient bulk oxidation occurs,39,42,4,5 as depicted
in Figure 5b. Gibbs free energies derived from decomposition
and oxidation cycles (Figures 5 and 6) show similar linear
dependencies but different absolute values, in contradiction to
the purported thermodynamic origins of these previous data.
Thus, one or both free energy values cannot reflect Pd−PdO
thermodynamics.
The extreme temperature used for deriving the phase

transition properties reported in the literature may cause Pd
clusters to undergo extensive shape and structural transitions,
driven not only by the bulk phase transition but also by the
difference in the metal and oxide surface tensions and the
extents of interaction between Pd (Pd0 or PdO) and the
underlying support. As temperature exceeds a critical value (up
to 1143 K in air17), PdO clusters overcome the barriers for
redispersion and begin to spread and wet the underlying
substrate (Al2O3,

17 ZrO2
8) as an attempt to minimize their

surface free energies. Such redispersion and spreading of PdO
on the substrate lead a small portion of Pd atoms to form solid
solution with the substrate. The PdO−substrate interactions
increase the stability of these Pd atoms against decomposition
and lead to more negative Gibbs free energies for PdO
formation, which may contribute in part to the larger, more
negative free energy values than expected, as previously
reported and presented here in Figure 5. As these dispersed
PdO domains, which interact strongly with the support,
decompose, small Pd nuclei begin to form, migrate, and

Figure 5. Gibbs free energy for PdO formation (ΔGPd−PdO° , per g-atom of Pd, eq 7) determined from PdO decomposition (8.8 nm mean Pd cluster
diameter) in CH4−O2 mixtures (+; 4.85 kPa CH4), oxygen uptake and evolution measurements (in O2, Δ) in the present work, and those reported
in the literature determined by PdO decomposition in O2 (polycrystalline Pd: ■,21 half-filled diamond,22half-filled star,40 half-filled pentagon,41 ∗;23
supported Pd clusters: ●,39 ×,25 ▼,5 half-filled hexagon,4 and★;6 single crystal surfaces: ▲ [Pd(111)],38 ◮ [Pd(100)]43) and in CH4−O2 mixtures
(supported Pd clusters: ◐4); - - - denotes the Pd−PdO phase boundary determined from regression analysis of the literature PdO decomposition
data shown in this figure; − denotes the Pd−PdO phase boundary determined from the literature Pd oxidation data (Figure 6); (b) is the enlarged
plot of the high-temperature region in (a).

Figure 6. Gibbs free energies for PdO formation (ΔGPd−PdO° , per g-
atom of Pd, eq 7), determined from Pd oxidation with O2 (□: 8.8 nm
mean Pd cluster diameter, ○: 2.2 nm mean Pd cluster diameter), Pd
oxidation with CH4−O2 mixtures (◇: 8.8 nm mean Pd cluster
diameter; 4.85 kPa CH4), and those reported in the literature for Pd
oxidation derived from cooling of metallic Pd from temperatures above
that required for PdO decomposition (supported Pd clusters: ◓,39

half-filled right-pointing triangle,42 ⬟,4 ⬓,5 ◑4). The line - - - denotes
the Pd−PdO phase boundary calculated from linear regression of the
PdO decomposition data from the literature and summarized in Figure
5, shown here for comparison.
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coalesce to larger Pd clusters because of their higher surface
tension than PdO clusters and concomitantly higher interfacial
tension between the Pd0 clusters and the substrate than those
for PdO.17 In contrast, the cooling cycle (literature data in
Figure 6) probes the oxidation of these large, agglomerated Pd
clusters with weak metal substrate interactions as they were
cooled to lower temperatures. The difference in surface and
interfacial tensions for Pd and PdO may lead to the two sets of
Gibbs free energy values for Pd oxidation and PdO
decomposition. Reducible oxide supports such as CeO2 may
distort the structure and properties of Pd clusters and also
become involved in O2 activation or O* recombination, as
evident from oxidation−reduction cycles that show much
weaker temperature hysteresis when CeO2 instead of Al2O3 are
used as supports.39 In contrast to these temperature cycling
studies, Pd to PdO phase transitions (730−1200 K) attained
complete reversibilities in an electrochemical cell prepared with
intimate contact of Pd with the ceramic substrates and
equipped with a Pt electrode, which promotes equilibration
of oxygen by catalyzing the formation of O2− electrolyte from
O2(g) as a reactive oxidant for the oxidation of Pd in Pd−
ceramic matrixes.44 These electrochemical measurements on
Pd−ceramic matrixes gave identical Gibbs free energies for
both decomposition and oxidation cycles, and their values are
similar to those derived from heating of PdO.
Our measurements were obtained from O2 pressure cycles at

a constant temperature (973 K) rather than with temperature
cycles. The moderate temperature (973 K) used in our study
eliminates the possibilities of Pd tethering between the wetted,
dispersed solid oxide solution and the agglomerated metal
clusters, thus removing the potential metal−support inter-
actions and their corruptions in free energy measurements.
Rate data confirm the complete reversal and path-independent
nature of Pd−PdO interconversions with O2, thus they
represent the only definitive demonstration of the rigorous
thermodynamic origins of these data and of the absence of any
kinetic hurdles and secondary effects arising from metal−

support interactions. Our measurements provide compelling
evidence that first-order CH4 rate coefficients are single-valued
functions of O2 pressure (above 1.6 kPa CH4) and show the
same O2 pressure dependence as Ot/Pd uptakes at 973 K
(Figure 3). The coincidence of rate coefficients and oxygen
uptake data and the rate coefficient values independent of path
confirm that measured Ot/Pd uptakes rigorously reflect the
thermodynamics of Pd−PdO phase transformations between
Pd and PdO, with minimal contributions from the support.
These data lead to the Gibbs free energies in Figure 6, which
resemble those reported from the oxidation of Pd samples,
presumably with minimal interactions with the support, as they
were cooled from a temperature above PdO decomposition in
the presence of O2.

4,5,39,42 In contrast, free energies from PdO
decomposition in Figure 5, including our results from the cycle
of decreasing O2 pressure (at 0 or <1.6 kPa CH4), do not
accurately reflect PdO−Pd thermodynamics because PdO
redisperses on and interacts with the substrate as it is exposed
to the high temperature required for its decomposition. On
CeO2 supports, oxidation−decomposition cycles show weaker
hysteresis than on Al2O3,

39 suggesting less important transport
restrictions. Oxygen transport restrictions were also minimized
(and possibly removed) during CH4−O2 reactions on thin
catalyst coatings (2 wt. % Pd/La2O3−Al2O3) in a small tubular
reactor.4 The Gibbs free energies for Pd oxidation, which were
estimated based on the inflection points of rate coefficient
profiles measured during temperature cyclings in CH4−O2
mixtures, remained essentially identical at approximately
−15.9 kJ (molPdO)

−1 at 833 K for both Pd oxidation (cooling)
and PdO decomposition (heating) (◐ in Figure 5 and ◑ in
Figure 6);4 these values appear to coincide and agree with the
temperature-dependent free energy values (solid line in Figure
6) derived from Pd oxidation in the literature (◓,39 half-filled
right-pointing triangle,42 ⬟,4 and⬓5 in Figure 6) and from our
data, which include those from Pd oxidation with O2 and with
CH4−O2 mixtures. The evidence provided here and the
conclusions reached contradict previous assumptions4,42,45

Figure 7. (a) Oxygen-to-Pd atomic ratios (Ot/Pd; Ot = Os* + Ob, Scheme 1) and (b) bulk oxygen-to-bulk Pd atomic ratios (Ob/Pdb) in a series of
Pd catalysts (0.6% wt. Pd/Al2O3 catalysts) with different mean cluster diameters of 1.8 nm (⧫), 2.2 nm (■), 3.0 nm (Δ), 5.5 nm (●), and 8.8 nm
(▲), plotted against equilibrium O2 pressures at 973 K. The “−” denotes the O2 pressures at which the oxygen uptakes increase above monolayer
O* coverages. Ob/Pdb ratios were obtained by subtracting the surface oxygen (Os*) and surface Pd (Pds) atoms from the total oxygen (Ot) and total
Pdt atoms [(Ob/Pdb) = (Ot − Os*)/(Pdt − Pds); subscripts b, s, and t denote bulk, surface, and total, respectively; see details in Supporting
Information, Section 2].
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that PdO decomposition processes reflect the thermodynamics
of this phase transition.21,22

3.4. Cluster Size Effects on Pd−PdO Thermodynamics.
Small ensembles of atoms can exhibit chemical and physical
properties that differ from their respective bulk phases. Heats of
fusion46 and melting temperatures47−49 are lower for small
clusters than their bulk structures. Here, we provide evidence
for such effects of cluster size on Pd−PdO thermodynamics.
These size effects are apparent from the effects of O2 pressure
on equilibrium O2 uptakes (0.16−91 kPa O2, 973 K) on 0.6%
wt. Pd/Al2O3 samples that were treated to form Pd particles
with mean diameters between 2.2 and 8.8 nm. Their sizes were
determined from O2 uptakes at pressures leading to surface O*
saturation (without PdO formation) to be 2.2, 3.0, 5.5, and 8.8
nm, in reasonable agreement with surface-averaged cluster
diameters from transmission electron microscopy (2.2, 3.0, 4.9,
and 8.0 nm).
The equilibration among the bulk and surfaces of clusters

and the contacting O2(g) phase was confirmed for the largest
clusters (8.8 nm) and assumed to remain so for smaller clusters
(1.8−5.5 nm) with much shorter diffusion distances. Oxygen
uptakes (Ot/Pd) on these samples correspond to monolayer
Os* coverages below a threshold O2 pressure at which Os*/Pds
equals unity, beyond which Os* incipiently dissolutes into the
cluster bulk (Supporting Information, Section 5, Figure S-6).
This onset O2 pressure (eq 6) increased with increasing mean
cluster size (22 kPa for 1.8 nm; 35 kPa for 8.8 nm). This
incipient “dissolution” phenomenon reflects the sequential
conversion of Pd clusters in each sample into PdO, starting
with the smallest clusters at the lowest O2 pressure until the
largest clusters become PdO. The Ot/Pd ratios at the plateau
are slightly below stoichiometric values because a small fraction
of the Pd atoms are dissolved in the Al2O3 support

18 and do

not undergo redox cycles. The increase in thermodynamic
affinities toward oxidation for smaller than larger clusters is
described next with a theoretical construction.
The amount of oxygen dissolved within a given cluster is

expressed here as the oxygen-to-Pd atomic ratio in their bulk
(Ob/Pdb, subscript b denotes bulk), excluding Os* and the Pd
atoms at surfaces (Pds); the Ob/Pdb determination is illustrated
in Supporting Information, Section 2. These bulk Ob/Pdb ratios
(Figure 7) start to increase gradually above an onset O2
pressure (e.g., 22 kPa O2 for 1.8 nm Pd clusters) to values
near those expected for PdO (Ob/Pdb = 1, measured values
>0.7) over a broad O2 pressure range. The onset O2 pressure
increases with increasing cluster diameter, consistent with the
more favorable oxidation thermodynamics for the clusters with
the smallest mean size. Pd−PdO transitions do not occur
sharply as O2 pressures increase (Figure 7) and thus do not
behave as expected from the Gibbs phase rule. The gradual
increase in Ob/Pdb ratios reflects the cumulative O2 uptakes
from clusters distributed in size and thermodynamic properties.
Next, we demonstrate that smaller Pd clusters convert to PdO
at lower O2 pressures because of their more negative Gibbs free
energy for PdO formation (ΔGPd−PdO° in eq 7b) and higher
tendencies toward bulk oxidation than larger clusters.
The cluster size distributions (Figure 8) for samples with

mean diameters of 2.2, 3.0, 4.9, and 8.0 nm are used next to
determine the variation in Gibbs free energies for Pd−PdO
transformations (ΔGPd−PdO° , eqs 7a and 7b) with cluster
diameter. First, clusters in each sample are grouped within
“size bins” (e.g., 0.5−1.0 nm, 1.1−1.5 nm, ... for 2.2, 3.0, and 4.9
nm mean diameters and 0−1.0 nm, 1.1−2.0 nm, etc. ... for 8.0
nm mean diameter, in Figure 8). Measured O2 uptakes for each
sample (Ob/Pdb, Figure 7) are then used to sequentially titrate
the bulk of the clusters within each bin with O atoms, starting

Figure 8. Cluster size distributions in 0.6% wt. Pd/Al2O3 samples with mean cluster diameters of 2.2 nm (a), 3.0 nm (b), 4.9 nm (c), and 8.0 nm (d),
which correspond to the mean diameters of 2.2, 3.0, 5.5, and 8.8 nm, respectively, determined from oxygen chemisorption.
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from the smallest clusters as O2 pressure increases (illustrative
examples in Supporting Information, Section 6). The number
of atoms in the clusters within a given bin is calculated as that
for cubooctahedral fcc clusters. All clusters in a bin are assumed
to form PdO at one given O2 pressure, corresponding to its free
energy for Pd oxidation and as required by the Gibbs phase
rule.
The onset O2 pressures and the respective free energies

(ΔGPd−PdO° , 973 K, 1 bar) are shown in Figures 9a and 9b,
respectively, as a function of cluster diameter for each sample.
The oxidation thermodynamics of Pd metal clusters depend on
their size, in a manner that reflects only the size of the clusters
within a bin, irrespective of the specific sample from which such
clusters are chosen. All samples show overlapping free energies,
consistent with Pd−PdO phase transitions that are more
favorable (more negative Gibbs free energy; transitions at lower
O2 pressures) for smaller clusters. For example, Gibbs free
energies (ΔGPd−PdO° , per g-atom of Pd, 1 bar, 973 K) are more
negative for 1 nm clusters [−6 kJ (molPdO)

−1)] than for bulk
PdO [−0.5 kJ (molPdO)

−1)] (Figure 9b). These smaller clusters
in their metallic state are expected to bind chemisorbed oxygen
more strongly at their surfaces than larger clusters because of
their lower surface coordination, as confirmed from the higher
temperatures required to desorb chemisorbed O* atoms from
Pd clusters (750 K for 1.6 nm vs 700 K for 9.1 nm clusters).50

The stronger binding to O* and the more negative free
energies for PdO formation (Figure 9b) found in these smaller
clusters than the bulk structures appear to follow the linear
correlation between the O* binding strengths [QO*−Pd =
(−ΔHO*−Pd) for oxygen dissociation, Step 1 of Scheme 2] and
heats of bulk oxide formation [QPd−PdO = (−ΔHPd−PdO° ) =
−(ΔGPd−PdO° + TΔSPd−PdO° )], established previously by varying
the metal identity across bulk transition metals.51,52 The
instabilities of small metallic clusters have also been shown
from an increase in the heat of cluster adhesion on oxide
surfaces [e.g., for 1−4 nm Pb on MgO(100)] to values much

larger than predicted with the Gibbs−Thomson model by
microcalorimetry.53 These enthalpic instabilities in small
clusters lead, in turn, to their greater tendency for bulk
oxidation (Figure 9). Even though the clusters in this study are
relatively small, their Gibbs free energies for PdO formation
[ΔGPd−PdO° values range from −6.5 kJ (molPdO)

−1 to −1.4 kJ
(molPdO)

−1 for 0.5 to 10 nm cluster diameters, Figure 9b]
remain much less negative than previously reported data [e.g.,
−18.6 kJ (molPdO)

−1 (polycrystalline sample),54 −16.5 kJ
(molPdO)

−1 (polycrystalline sample),44 and −14 kJ (molPdO)
−1

(from regression of the data in Figure 5a); all data were
interpolated/extrapolated to 973 K] derived from PdO
decomposition, which appear to reflect either kinetic hurdles
or strong metal−support interactions instead of true Pd−PdO
thermodynamics (Section 3.3).

3.5. Effects of the Bulk Chemical State of Pd Clusters
on C−H Bond Activation Turnover Rates. The effects of
oxygen content and of the Pd−PdO transformation on C−H
activation rates at 973 K for Pd/Al2O3 (8.8 nm mean cluster
diameter) are shown in Figure 10. In this figure, the (total)
oxygen content includes O atoms at surfaces and (if any) in the
cluster bulk. C−H bond activation rate coefficients (kCH4

, eq 5;
973 K) remained nearly constant [0.73 mol CH4 (g-atom
Pdsurface kPa s)

−1; 973 K] with increasing O content at Ot/Pd
ratios less than 0.11, which reflect the predominant presence of
O atoms at Pd cluster surfaces. The bulk of small clusters,
present as minority species in this sample (Figure 8d), may
convert to PdO at these conditions, leading to these low Ot/Pd
ratios, but their reactivity remains low because of the strong
Pd−O bonds and less reactive O2− ions toward the H
abstraction step, as shown previously from size effects on
CH4 turnover rates.

8 Chemisorbed oxygen atoms (Os*) present
at saturation coverages on Pd0 clusters activate C−H bonds via
homolytic processes in which one Os* atom abstracts a H atom
from CH4 and forms an adsorbed O−H bond, while another
Os* interacts weakly with the radical-like CH3 group at the

Figure 9. (a) O2 pressure required for incipient phase transition for each cluster diameter range and (b) Gibbs free energies for PdO formation
(ΔGPd−PdO° , per g-atom of Pd, eq 7) at 973 K as a function of Pd cluster diameter in Pd/Al2O3 samples with average cluster diameters of 2.2 nm (●),
3.0 nm (■), 5.5 nm (▲), and 8.8 nm (⧫). The data from Wang and Huebner (labeled (1))54 and Nell and O’Neill (labeled (2))44 at 973 K are
included for comparison.
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transition state,3 as also reported for CH4
13,55 and C2H6

27 on Pt
cluster surfaces saturated with Os*. As Ot/Pd ratios increase
above 0.11, a larger fraction of the Os*-saturated Pd clusters
transforms to PdO, starting with the smallest clusters, as
described in Section 3.4. As Ot/Pd ratios increase to values
above monolayer coverages, the rate coefficients increase
monotonically with Ot/Pd ratio over the entire Ot/Pd range
(0.11−0.92, Figure 10), until both rates and O contents reach
the asymptotic values corresponding to PdO. These monotonic
trends of rate coefficients with Ot/Pd ratios (Figure 10)
indicate that C−H bond activation remains as the kinetically
relevant step throughout the bulk phase transition but occurs
more effectively as bulk oxidation exposes Pd2+ atoms and
Pd2+−O2− site pairs at surfaces of large clusters. The rate
coefficient increases near linearly with the oxygen contents but
deviates to slightly lower than the linear trend at higher oxygen
contents (>0.68 Ot/Pd ratio). The apparent lower rate
coefficients may reflect the oxidation of the larger Pd clusters,
which contain fewer Pd2+−O2− sites (per bulk Pd atom) than
the smaller clusters. Such effects are offset by the higher C−H
bond activation rate coefficients (per site) on these larger
clusters, as weakly bound and more reactive oxygen species are
prevalent for the H abstraction step. These effects of site
numbers and structure sensitivities may compensate each other
and result in the near linear relation between the rate
coefficients and oxygen contents. The Pd2+−O2− pairs
prevalent on the PdO cleave the C−H bonds in CH4 more
effectively than the O* pairs on O*-saturated Pd surfaces and
do so via σ-bond metathesis pathways through stable four-
center transition states (HC3

δ−−Pd2+−O2−−Hδ+)‡ with strong
HC3

δ−−Pd2+, Pd2+−Hδ+, O2−−Hδ+, and HC3
δ−−Hδ+ inter-

actions;13,16,27 such structures are reminiscent of those involved
in C−H activation by organometallic complexes [e.g., W-
(OH)2(NH)56], as discussed in recent studies.3

4. CONCLUSIONS
Thermodynamics of nanometer-sized Pd clusters and their
kinetic consequences for methane oxidation were probed after
eliminating corruptions caused by oxygen transports among the

gas phase, cluster surfaces, and cluster bulk and by the inherent
cluster size distributions within a catalyst sample. Oxygen
equilibration was rigorously confirmed from (1) coincided
profiles of C−H activation rate coefficient and mean oxygen
content (and therefore chemical state) of Pd with increasing
oxygen chemical potential and (2) C−H activation rate
coefficients as a single-valued function of oxygen chemical
potential, irrespective of their path and treatment history.
Chemical equilibration of oxygen was attained during Pd
oxidation, irrespective of CH4 pressures. In contrast, the oxygen
equilibrium was not attained during PdO decomposition
because nucleation of the Pd atom ensembles on PdO surfaces
requires consecutive removal of lattice oxygen atoms near
oxygen vacancies in steps that are kinetically prohibitive
without CH4. Such kinetic restrictions are removed by CH4
(above a critical CH4 pressure), as CH4 oxidation catalysis
converts the lattice oxygen atoms into surface hydroxyl
intermediates, which recombine and desorb as water, in an
energetically favorable path. PdO decomposition in O2 without
admixed CH4 is either kinetically limited or influenced by
strong metal−support interactions, yet this step has been used
widely across the literature to establish the Pd−PdO phase
boundary and the heat of PdO formation, despite the fact that
complete reversibility and oxygen equilibration have not been
demonstrated. A theoretical construction accounting for the
inherent size variance of Pd clusters within a sample is used to
demonstrate the strong effects of cluster diameter on their
thermodynamic tendency toward bulk oxidation. The Gibbs
free energy for PdO formation is more negative, and the
associated thermodynamic tendency for incipient bulk
oxidation is higher for smaller Pd clusters than their large
structures. C−H bond activation rate constants increase
monotonically with the mean oxygen contents, as a portion
of Pd clusters undergoes incipient phase transition to PdO and
the active sites on these clusters concomitantly convert from
O* adatom pairs to O2− and Pd2+ ion pairs. The O2− and Pd2+

ion pairs assist in C−H bond activation via σ-bond metathesis
pathways and stabilize the C−H bond activation transition state
to a larger extent than the O* adatom pairs through four-center
(HC3

δ−−Pd2+−O2−−Hδ+)⧧ transition states with stronger
Pd2+−CH3

δ‑, Pd2+−Hδ+, and HC3
δ−−Hδ+ interactions.
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