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Hampered PdO Redox Dynamics by Water Suppresses Lean
Methane Oxidation over Realistic Palladium Catalysts
Peter Velin,[a] Felix Hemmingsson,[a] Andreas Schaefer,[a] Magnus Skoglundh,[a]

Kirill A. Lomachenko,[b] Agnes Raj,[c] David Thompsett,[c] Gudmund Smedler,[d] and
Per-Anders Carlsson*[a]

By use of operando spectroscopies under cycling reaction
conditions, water is shown to hamper the redox dynamics of
realistic palladium oxide nanoparticles dispersed onto alumina
and hydrophobic zeolite supports thereby lowering the activity
for total oxidation of methane. Water adsorption forms hydroxyl
ad-species that block the methane and oxygen dissociation and
seem to prevent lattice oxygen to take part in the methane
oxidation. The main catalytic action is thus proposed to shift
from the Mars-van Krevelen mechanism in dry conditions to a
slower route that relies on Langmuir-Hinshelwood type of steps
in wet conditions. This key finding has clear implications on
catalyst design for low-temperature gas combustion emission
control.

Methane (CH4) is the second most important greenhouse gas
contributor to climate change and a potent local air pollutant
giving rise to formation of ground-level ozone.[1,2] In view of
this, the efficiency of heterogeneous catalyst technologies for
total oxidation of methane has in recent years been deemed
necessary to improve as to be useful for end-of-pipe methane
emission control applications.[3,4] Even when using the most
active supported palladium-based catalysts known hitherto,[5–7]

the desired practical methane conversion is often difficult to
achieve because water inhibits the methane oxidation, effec-
tively, at all temperatures from which methane starts to be

converted to as high as 550 °C.[8–15] The problem is obvious for
gas combustion exhaust aftertreatment as water concentrations
may reach well over 10% by volume.[16] Over the last decades,
the development of methane oxidation catalysts has faced a
weak progress as compared to, e.g., catalysts for abatement of
nitrogen oxides emissions.[17] Among the strategies for improv-
ing methane conversion one finds, on the one hand, various
catalyst designs including alloying palladium with
platinum[18,19,20] and use of reducible supports[18,21,22] and, on the
other hand, utilization of gas composition changes[18,23,24].
Despite these efforts, it is clear that new fundamental under-
standing is necessary to advance the technology.[25] To this end,
we have used in situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) and synchrotron-based operando
energy-dispersive X-ray absorption spectroscopy (ED-XAS)
under pulsed oxygen (O2) and water (H2O) flow conditions to
address the impact of water on the ability of supported PdO
particles to interact with CH4 and O2 as well as catalyse the CH4

oxidation reaction. We show that water hampers the catalyst
redox dynamics leading to decreased catalytic activity for CH4

oxidation likely through alternating the operating mechanism.
To achieve practical relevance, realistic palladium-based

catalysts were prepared by industrially recognized methods.
Four different catalysts with 1.7–1.8 wt.% Pd dispersed onto
alumina (γ-Al2O3) and highly siliceous MFI zeolite (ZSM-5, SiO2/
Al2O3=2000) supports were prepared by incipient wetness
impregnation using nitrate and non-nitrate palladium precursor
solutions as to deliberately achieve for both supports high and
low Pd dispersion, respectively. Apart from the resulting
physicochemical properties described hereunder, the precursors
are not expected to lead to other differences of significance for
catalyst efficiency. The physicochemical properties of the
catalysts were characterized by X-ray fluorescence (XRF), nitro-
gen sorption (BET), carbon monoxide (CO) chemisorption, X- ray
diffraction (XRD), transmission electron microscopy (TEM) and
in situ DRIFTS with CO adsorption as detailed in Supporting
Information and summarized in Table 1. The catalysts are
denoted PdAlD57%, PdAlD14%, PdZD21% and PdZD5.2% where Al
stands for alumina, Z for ZSM-5 and subscripts the obtained Pd
dispersion. The Pd dispersion, mean Pd particle size and total
Pd surface area were all determined from the CO uptake
together with individual stoichiometric factors (FS) for CO
adsorption assuming hemispherical particles and a Pd site area
of 7.87 Å.[2,26] The FS describes how CO binds to the surface
palladium atoms and considers the relative proportions of
linear, bridge and threefold hollow bonded CO[27–29] obtained
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from Voigt fitting and deconvolution of CO absorption infrared
vibrational spectra[14,30] (Figure 1e–h) assuming negligible differ-
ences in the carbonyl extinction coefficients.[31] The CO uptake
numbers correspond well to the carbonyl spectra. The PdAlD57%
catalyst takes up most CO and shows a pre-eminent build-up of
carbonyls. The mean Pd particle size is 2.0, 8.0, 5.4 and 22 nm
for the PdAlD57%, PdAlD14%, PdZD21% and PdZD5.2% catalysts,
respectively. The average particle sizes are supported by the
TEM images (Figure 1a–d) showing as prepared PdO particles
and their particle-size distribution (inserts), which is rather
broad for the low-dispersed samples. Further, using the Sherrer
equation at full width at half maximum (FWHM) values of the
PdO(101) reflection at 2θ=34° in the XRD patterns (Figure 1i),
reveals PdO particle sizes slightly larger than the average sizes
for the PdAlD14% and PdZD5.2% samples, which is reasonable
given the necessary condition of long-range order for clear
diffraction. For the same reason, the highly dispersed samples
give no clear diffraction.

We start off the discussion on water inhibition by compar-
ing the general catalytic behaviour of the catalysts and tie this
to previous literature. The two well-dispersed catalysts show
higher catalytic activity in terms of methane conversion during
dry conditions (cf. t=0–0.5 h in Figure 2a) primarily thanks to
the presence of a larger number of active sites as compared to
the low-dispersed counterparts. The water sensitivity of sup-
ported palladium catalysts depends on palladium particle size[15]

but is also much dependent on the choice of support
material.[16,32,33] As can be seen, when 10% H2O is introduced
(t=0.5 h) to the lean CH4/O2 mixture, the methane conversion
drops for both γ-Al2O3 and the hydrophobic ZSM-5 supported
palladium, present as PdO particles under prevailing
conditions.[34–36] The drop is considerably more severe for the
alumina catalysts, signifying a higher sensitivity towards water
in line with previous works.[6] When water is removed from the
feed (t=24.5 h), the conversion is rapidly restored nearly in full
for the ZSM-5 catalysts whereas for the alumina catalysts it is
only partially recovered. These observations suggest that for
zeolite catalysts, the conversion is determined primarily by
competitive adsorption of the main reactants and water on the
active sites such that when dry condition is reintroduced, the
catalytic activity is quickly restored as opposed to the alumina
catalysts for which the initial activity can be re-established only
by high-temperature treatment in dry conditions (not shown).
We mention that for palladium-alumina systems, the Pd particle
size should not exceed about 2 nm as to balance palladium

utilization and water inhibition.[15] The different response to
water is further visualized by the DRIFTS spectra for lean CH4

oxidation in dry-wet-dry conditions shown in Figure 2 for the
alumina (panel b and d) and zeolite (panel c and e) catalysts. On
the alumina catalyst, spill-over of hydrogen-containing species
form hydroxyl ad- species with various configurations presum-
ably close to the PdO particles already at the start with dry
conditions. When water is introduced, a considerable build-up
of surface hydroxyls occurs also on the extended alumina
surface (spectators) giving rise to highly intense IR bands due to
various hydroxyl species. The bands at 3770, 3732, 3694, 3555
and 3501 cm� 1 correspond to terminal OH to octacoordinated
Al on (100) surface,[37,38] bridged OH to pentacoordinated Al on
(111) surface,[37,38] bridged OH to octacoordinated Al on (110)
surface,[38–40] triple-bridged OH to octacoordinated Al on (100)
surface[37,38] and perturbed terminal OH,[41,42] respectively. We
mention that hydroxyls on PdO cannot be resolved with
certainty in this measurement, however, highly active sites,
likely present at the rim of the PdO particles, are clearly
inhibited.[14,15,43] The hydroxyls on the extended alumina surface
may function as a reservoir that supply hydroxyl ad-species to
otherwise active sites impeding the reaction for sustained times
after water is removed from the feed. A deeper discussion of
rim sites and routes for hydroxyl formation is presented in
previous systematic studies.[14,15] The zeolite catalyst responds in
stark contrast to the alumina catalyst in that hydroxyl formation
could hardly be detected neither in dry nor wet conditions. This
is an important explanation for the higher water tolerance and
rapid recovery from wet conditions of zeolite supported PdO
catalysts. Still, the zeolite systems are affected by presence of
water and, hence, water impacts on crucial surface processes
also on those PdO particles.

To shine light on how water impacts the ability of alumina
and zeolite supported PdO particles to interact with CH4 and O2,
and catalyse the CH4 oxidation, we have qualitatively correlated
Pd chemical state to methane turn-over frequency (CH4-TOF) by
use of operando ED-XAS according to established practice at
beamline ID24 at the European Synchrotron Radiation Facility,
Grenoble, France.[44] The CH4-TOF is calculated based on the
number of palladium sites determined from the individual CO
uptake numbers and FS in line with previous works.[14] The
higher CH4-TOFs for the zeolite catalysts compared to alumina
catalysts is owing to the use of CH4-TOF reflecting site activity.
From a system perspective, using CH4 conversion (per Pd
loading) as a measure on catalytic activity, the highly dispersed

Table 1. Summary of catalyst characteristics including Pd loading, specific surface area (SSA), CO uptake by chemisorption at 35 °C, stoichiometric factor (FS),
i. e., surface Pd:CO ratio at CO saturation at 35 °C, palladium dispersion (DPd), palladium surface area (APd), palladium particle size (dPd), palladium oxide
particle size (dPdO).

Sample ID Pd load[a]

[wt.%]
SSA
[m2 g� 1]

CO uptake
[μmol g� 1]

FS
[b] DPd

[%]
Pd area
[m2 g� 1]

dPd
[nm]

dPdO
[nm]

PdAlD57% 1.7�0.1 142�0.3 43�0.5 2.1 57 4.3 2.0 –
PdAlD14% 1.8�0.1 131�0.4 11�0.2 2.2 14 1.1 8.0 18
PdZD21% 1.8�0.1 387�0.7 18�0.3 2.0 21 1.7 5.4 –
PdZD5.2% 1.7�0.1 368�0.7 4.1�0.3 2.0 5.2 0.39 22 37

[a] Determined by XRF. [b] Obtained from deconvoluted IR spectra (see Figure 1)
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Figure 1. Transmission electron microscopy images with palladium particle size distribution as inserts and in situ CO infrared absorption spectra deconvoluted
into linear, bridge and three-fold hollow CO binding configurations for the PdZD21% (a and e) PdZ5.2% (b and f), PdAlD57% (c and g) and PdAlD14% (d and h)
samples, and X-ray diffraction patterns for all samples (i).
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alumina catalyst would appear most efficient in dry conditions
as seen in Figure 2a. However, we stress that the following
discussion and conclusions are not dependent on choice of
measure of catalytic activity. Rather we show that for all these
catalysts, water addition is of major importance and the
behaviour of each catalyst can be judged on its own through
the systematic use of the following gas composition sequences.

Imposing perturbed reaction conditions, i. e., O2 pulses to a CH4/
He mixture (reference measurement), O2 pulses to a CH4/H2O/
He mixture and H2O pulses to a lean CH4/O2/He mixture using a
portable water generator,[45] the redox dynamics of the particles
could be followed in operando. In Figure 3, the variations in
CH4-TOF and Pd K-edge white-line intensity (WLI) are shown for
all catalysts under the mentioned perturbed conditions at

Figure 2. Methane conversion as a function of time during oxidation of 0.1% CH4 with 2% O2 over the PdZD21%, PdZ5.2%, PdAlD57% and PdAlD14% at 400 °C in the
absence (0–0.5 and 24.5–25 h) and presence (0.5–24.5 h) of 10% H2O in the feed (panel a) and color maps (red=high intensity, blue= low intensity) and
selected spectra of in situ DRIFTS measurements for PdAlD57% (panel a and d) and PdZD21% (panel c and e) catalysts during oxidation of 0.1% CH4 with 2% O2

adding/removing 2% H2O from the feed at 300 °C.
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360 °C. Upon introducing an O2 pulse to the dry methane feed,
the CH4-TOF increases for all catalysts due to the onset of total
methane oxidation. Simultaneously, the WLI increases for all
catalysts. The oxidation kinetics includes a rapid surface
oxidation evidenced by the nearly stepwise increase in WLI at
first, followed by a slower deep oxidation reflected by the
asymptotic increase in WLI in line with previous results.[36] As a
function of time on stream, the more dispersed catalysts reach
higher WLIs. When O2 is switched off, both CH4-TOF and WLI
drop for all samples reflecting a rapid extinction of the methane
oxidation reaction and fast reduction of the PdO particles.
Moving to the case with O2 pulses to the wet methane feed one
first notices that although the CH4-TOFs and WLIs respond
qualitatively similar to the corresponding dry cases, the TOFs
are expectedly generally lower and the WLIs increase more
slowly. The maximum WLIs are not reached until the second O2

pulse has been effective. Thus, water slows down the oxidation
of the palladium particles (this is clear also from the O2� H2

cycling where the WLI increases more slowly in wet conditions
(panel d)). When removing oxygen from the feed, the WLIs
barely decrease, except for the well-dispersed alumina sample,
which is in stark contrast to measurements in dry conditions.
This suggests that only the smallest PdO particles are reduced
by CH4 in presence of water. During the oxygen-free periods,
the measured CH4-TOF is due to the methane steam reforming
producing hydrogen (H2) and carbon dioxide (CO2) as main
products, which indicates that also the reverse water-gas shift
reaction takes place. Finally, delving deeper into how water

impacts the PdO particles, the experiment with H2O pulses to a
lean CH4/O2 mixture clearly shows that the CH4-TOF decreases
upon water addition for all catalysts but their corresponding
WLI is (nearly) unchanged. Hence, water addition seems to
preserve the palladium oxidation state while active sites
become blocked for methane dissociation and lattice oxygens
turn inactive for the methane oxidation (otherwise a decrease
in WLI would be expected).

It is generally accepted that CH4 oxidation on palladium
oxide in oxygen excess conditions follows a Mars-van Krevelen
mechanism and that water has a detrimental impact on the
CH4-TOF as seen above.[13,33,46] Yet, no clear consensus on the
mechanistic consequences of water has been reached, which
may be due to the rich variation in catalyst systems and used
analytical and theoretical tools. For supported palladium
catalysts, Cullis et al. suggested that water transforms the active
palladium oxide phase into an inactive palladium hydroxide
phase.[47] Despite the low decomposition temperature of 250 °C
for Pd(OH)2, which is lower than most temperatures used to
study CH4 oxidation, this explanation was used on speculative
basis in many following studies.[9,48] Not until recently, Barret
et al. showed its possible existence for supported catalysts at
elevated temperatures using XAS measurements.[49] However,
the formation of palladium hydroxide is likely limited to the
surface region, in fact the amount of Pd(OH)2 was shown to
correlate with the Pd dispersion, and as such may be
experimentally difficult to separate from hydroxyl, or other, ad-
species.[49] Here, we consider the formation of a true Pd(OH)2

Figure 3. Operando ED-XAS measurements of Pd K edge WLI for the PdZD21%, PdZ5.2%, PdAlD57% and PdAlD14% samples at 360 °C during O2 pulses to a CH4/He
mixture (a and d), O2 pulses to a CH4/H2O/He mixture (b and e), H2O pulses to a CH4/O2/He mixture (c and f) and for the PdAlD57% during O2� H2 cycling in dry
and wet conditions (g).
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phase unlikely. Not only is the temperature higher than its
decomposition temperature, no significant difference between
the Pd K XAFS spectra for oxidized catalysts in dry and wet
conditions could be seen. Instead, we attribute the water
inhibition of lean methane oxidation to the formation of
hydroxyl ad-species on the PdO particles. Calculations show
that water can accumulate as hydroxyl ad-species on the active
sites on the PdO(101) ideal surface at temperatures relevant for
this study thereby blocking their catalytic function.[50] The
corresponding experimental evidence has not yet been pre-
sented. However, in a recent study by Li et al. ambient-pressure
X-ray photoelectron spectroscopy was used to show that water
addition to a Pd foil at 350–600 °C leads to build-up of surface
hydroxyls (and not palladium hydroxide) that block the
methane dissociation and delay formation of active PdO.[51] Our
results for realistic supported catalysts are in many respects
analogous. Water addition impacts the dissociation of both CH4

and O2, i. e., hampers the redox dynamics of the palladium
particles, and seems to prevent lattice oxygens to take part in
the methane oxidation reaction. Hence, we propose that the
methane oxidation can no longer proceed by the Mars-van
Krevelen mechanism but instead follow a Langmuir-Hinshel-
wood type of mechanism that becomes slower because of
significant blockage of active sites and reaction with less active
chemisorbed oxygen.[52] This knowledge is key in the search for
new improved PdO-based catalyst concepts with clear implica-
tions on future technologies for low-temperature methane
oxidation applications.
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