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Abstract
Near ambient pressure x-ray photoelectron spectroscopy (NAP-XPS) was used to study the
chemical states of a range of alumina-supported monometallic Pd and bimetallic Pd–Pt
nanocatalysts, under methane oxidation conditions. It has been suggested before that for optimal
complete methane oxidation, palladium needs to be in an oxidised state. These experiments,
combining NAP-XPS with a broad range of characterisation techniques, demonstrate a clear
link between Pt presence, Pd oxidation, and catalyst activity under stoichiometric reaction
conditions. Under oxygen-rich conditions this behaviour is less clear, as all of the palladium
tends to be oxidised, but there are still benefits to the addition of Pt in place of Pd for complete
oxidation of methane.

Supplementary material for this article is available online

Keywords: methane oxidation, ambient-pressure XPS, palladium, heterogeneous catalysis,
platinum

(Some figures may appear in colour only in the online journal)

1. Introduction

Natural gas engines continue to offer a viable green alternative
to traditional petrol and diesel engines, as they produce sig-
nificantly lower quantities of carbon dioxide. Unfortunately,

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

unburnt methane persists in the exhaust feed and poses a
potential problem as a greenhouse gas. In addition, continually
tightening regulations require reduction in methane emissions
from petrol engine vehicles across all classes. This necessitates
improved exhaust treatment catalysts to convert the remaining
methane to cleaner products such as CO2 and H2O.

CH4 + 2O2 → 2H2O+CO2. (1)

Platinum group metals (PGM) are widely used as catalysts
for a variety of reactions. Both Pd and Pt have been used
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for complete and partial methane oxidation, whereby Pd is
understood to be the more active metal for the reaction [1–5].
Studies conducted to better understand the active state of Pd
methane oxidation catalysts generally agree that a mixture of
metal and oxide is necessary for optimum performance [6–9].
For both metals a strong particle size effect has been demon-
strated [10]. A combined experimental and theoretical study
of palladium single crystal surfaces showed that both metallic
palladium and palladium oxide were preferable to thin layers
of oxide over a metallic bulk [11].

A key issue in the use of palladium (oxide) as a catalyst
for methane combustion is that the catalyst is deactivated by
water [12–15]. This is made worse by the reaction itself, which
produces water.

Previous experiments have shown Pd(OH)2 forming in
preference to PdO under methane oxidation conditions on alu-
mina, although the opposite preference was found on tin oxide.
The suggestion presented was that this is due to hydroxyls
forming more easily on alumina, which can then provide them
to the Pd [16]. Variation in support can have a substantial effect
on the deactivation in wet conditions. This has been attributed
to the varying hydrophobicity of the supports, which can pre-
vent the build-up of hydroxyls on the support surface [17].
Alumina supported catalysts have been doped in an attempt
to reduce the inhibition effects of water. Alyani et al doped
the Pd/Al2O3 catalyst with ceria, and demonstrated that this
reduces the amount of water which adsorbs on the surface [18].
Zeolites have shown promise as a support, due to the poten-
tial for tuning the hydrophilic/hydrophobic nature by vary-
ing the silica/alumina ratio. Losch et al produced an effective
Pd/zeolite catalyst for methane combustion in wet conditions
using this approach [19].

Murata et al showed how changing the support can alter
the Pd nanoparticle structure, with the best supports (such as
alumina and ceria) preserving the nanoparticle in a metallic
core and oxidised shell structure [20]. The same group had
previously reported how the optimal palladium particle size
varied with different supports [21].

Another suggestion for limiting the water deactivation
effects was to use bimetallic Pd–Pt catalysts instead of pure
palladium [22, 23]. The addition of platinum has also been
shown to be beneficial for long term catalytic stability [24–29]
and enhancing the resistance to sulfur poisoning, which is a
significant problem for exhaust catalysts [30, 31]. In addition,
platinum is a significantly less expensive metal than palladium
(by more than 60% based on recent values) gram for gram. As
such, replacing even small amounts of palladium with plat-
inum can be hugely beneficial, when catalysts are produced on
a large scale. Recently, Martin et al used in-situ x-ray absorp-
tion spectroscopy (XAS) to show that activity is optimised
when PdO is formed on the surface of bimetallic Pd–Pt nano-
particles [32]. This study also found that, for samples prepared
at 500 ◦C (as those presented here), Pt is still present at the
surface. A related study demonstrated a significant increase
in PdO with increasing oxygen concentrations in the gas feed
[33]. Whilst the deactivation effects are seen, there is not yet
a complete understanding of the effects platinum has on palla-
dium under these conditions. Goodman et al demonstrated that

Pd–Pt catalysts with no PdO phase were significantly worse
than Pd catalysts in terms of initial reaction rate, but did not
significantly suffer from deactivation by water [34]. Velin et al
studied surface hydroxyl formation and suggested the forma-
tion of hydroxyls at the PdO-Al2O3 boundary was responsible
for the decrease in activity in wet conditions [17].

Clearly, as heterogeneous catalysis is fundamentally a
surface process, more quantitative information about the
chemical composition near the surface is essential for a
better understanding of these catalysts at the atomic level.
Recent developments in near-ambient pressure x-ray pho-
toelectron spectroscopy (NAP-XPS) have enabled surface-
specific quantitative, chemical analysis under gas atmospheres
of a fewmbar, thereby bridging the ‘pressure gap’ between tra-
ditional vacuum-based surface science measurements and the
pressures of catalytic reactors. NAP-XPS can therefore help to
determine oxidation states and identify active surface species
under reaction conditions and thus significantly contribute to
addressing the role of Pt in methane oxidation catalysis.

Recently, our group used NAP-XPS to study the surface
composition of Pd/Al2O3 catalysts under partial methane oxid-
ation conditions [35].We could show a correlation between the
oxidation of palladium and the production of CO, followed by
reduction of the palladium occurring during H2 production.

In the present study we investigate bi-metallic Pd–Pt cata-
lysts for complete oxidation of methane. Whilst many stud-
ies claim that an oxidised palladium surface yields the highest
activity for complete methane oxidation there is little evidence
from our in situ studies to support this conclusion. By perform-
ingNAP-XPS studies of a series of Pd–Pt/Al2O3 catalysts with
different Pd:Pt ratios, we observe significant changes in the
oxidation state of palladium depending on the reaction condi-
tions and the concentration of platinum.

2. Experimental

2.1. Sample preparation

A range of Pd–Pt/Al2O3 samples were prepared by incipient
wetness impregnation, using Pd(NO3)2 and Pt(NO3)2 precurs-
ors [36]. The solutions were combined and added to γ-Al2O3.
The resulting mixtures were dried for 4 h at 120 ◦C, then cal-
cined in air for 2 h at 500 ◦C. For the synchrotron studies,
1 g of the catalyst powders was mixed with 3 g of water and
0.1 g of Disperal P3. The mixtures were drop cast onto silicon
wafers (Si(100) with a 100 nm layer of gold on the reverse
side), whichwere heated after deposition to leave a dry catalyst
layer. Excess powder was removed from the wafer, to leave
a thin layer of sample. Platinum and palladium loadings are
referred to throughout as weight percentages relative to alu-
mina support. A full list of compositions produced, along with
the particle sizes as determined by CO chemisorption experi-
ments, is presented in table 1.

2.2. Initial sample characterisation

The catalyst surface composition was initially characterised
using a Thermo Escalab 250 laboratory XPS instrument with
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Table 1. PGM particle sizing of all bimetallic and monometallic catalysts after treatment at 500 ◦C and 900 ◦C. Treatments performed for
2 h in a static air ager. 900 ◦C treated samples were previously treated at 500 ◦C for 2 h. The change in size as determined by CO
chemisorption is also shown. Quoted particle sizes are average particle diameters as determined by CO chemisorption measurements. TEM
particle sizes quoted as average diameter with standard deviation. Composition values based on amounts of precursor solution used. Active
sites values are as determined by CO chemisorption. Note, unless stated, activity measurements and NAP-XPS experiments were performed
with catalysts calcined at 500 ◦C.

Size (nm) TEM size

Composition wt.% At. ratio Pd:Pt 500 ◦C 900 ◦C Change (nm) 500 ◦C Active sites (mol g−1)

1.0Pd — 5.0 8.5 3.5 — 7.84× 10−6

2.5Pd — 15.4 12.3 −3.1 — 6.39× 10−6

4.0Pd — 19.1 18.2 −0.9 — 8.23× 10−6

5.0Pd — 14.7 28.0 13.3 12 ± 5 1.34× 10−5

4.0Pd–1.0Pt 7.33:1.00 14.4 29.1 14.7 9 ± 5 1.25× 10−5

2.5Pd–2.0Pt 2.29:1.00 10.6 35.6 25.0 — 1.34× 10−5

2.5Pd–2.5Pt 1.83:1.00 10.5 52.7 42.2 6 ± 5 1.46× 10−5

2.5Pd–3.0Pt 1.53:1.00 9.0 38.6 29.6 — 1.83× 10−5

1.0Pd–4.0Pt 0.46:1.00 4.0 50.2 46.2 1.3 ± 0.4 3.13× 10−5

1.0Pt — 2.4 28.6 26.3 — 9.22× 10−6

2.5Pt — 2.4 44.2 41.8 — 2.26× 10−5

4.0Pt — 2.6 29.9 27.3 — 3.35× 10−5

5.0Pt — 2.6 75.9 73.3 1.2 ± 0.5 4.19× 10−5

a monochromatised Al Kα source (hv= 1486.6 eV). The
catalyst powders were mounted onto carbon tape, and a flood
gun was utilised for charge compensation.

Surface area, particle size, active sites and dispersion are
calculated from CO chemisorption experiments, performed on
a Micromeritics Autochem II 2920. 0.4 g of each sample was
used, and initially reduced in H2 at 300 ◦C for 30 min. The
sample was cooled, and CO pulsed, with the amount of CO
adsorbed measured, and used to determine the active surface
area of the sample. From this, and knowledge of the amount
of platinum group metal(s) (PGM) present, the dispersion and
particle size were determined. This method assumes particles
are hemispherical and equal in size, and as such it is only used
as a general estimate to show trends.

Additional particle size measurements were conducted
using a JEM 2800 transmission electron microscope at 200 kV
and 40 µm C2 aperture. Samples were ground between two
glass slides and dusted onto holey carbon coated copper TEM
grid. Dark-field (Z-contrast) imaging was performed in scan-
ning mode using an off-axis annular detector, with compos-
itional analysis performed by x-ray emission detection in
scanning mode. Particle size analysis performed on at least 60
different particles from a single image.

Most activity testing was conducted with catalysts cal-
cined at 500 ◦C using a batch flow reactor. Catalyst powders
were pressed into pellets, crushed and sieved between 250
and 355 µm. 0.4 g of the catalyst pellets were placed into the
reactor bed and 0.1% of methane was flowed, with either 0.2%
oxygen, 1% oxygen, 12% oxygen, 0.2% oxygen and 10%
water, or 12% oxygen and 10% water (balanced with nitrogen
to a total pressure of 1 mbar in all cases), with the temperat-
ure ramped from 150 ◦C up to a maximum of 590 ◦C at a rate
of 15 ◦C min−1. Gas composition analysis is conducted by
FTIR, and methane conversion was measured by the change
in concentration of methane in the output gas stream. Product
selectivity was determined by measuring the concentration of

carbon dioxide, water, carbon monoxide and hydrogen. Values
for T20, T50 and T90 (the temperatures at which 20%, 50%
and 90% conversion are reached respectively) are included
for all catalytic tests in the supporting information (available
online at stacks.iop.org/JPD/54/174006/mmedia) in table S1.
Turnover frequencies of catalysts are determined at 250 ◦C and
350 ◦C under dry and wet conditions respectively. The meth-
ane conversion at that temperature is multiplied by the flow
rate of methane through the reactor to determine the molar
conversion rate of methane at that temperature. This conver-
sion is then divided by the molar amount of active sites, as
determined by CO chemisorption, to give the turnover fre-
quency (TOF).

Support and nanoparticle phases were studied by powder
x-ray diffraction (XRD), using a Bruker D8 Advance. Cu Kα
radiation, 10◦–130◦ 2θ, step size of 0.044◦, tube voltage and
current of 40 kV and 40 mA respectively.

2.3. Synchrotron experiments

2.3.1. NAP-XPS synchrotron experiments. For the near-
ambient pressure XPS measurements only catalysts treated at
500 ◦C were used. NAP-XPS data were recorded at the B07
VerSoX beamline of Diamond Light Source, unless otherwise
stated [37]. The spectra presented here were recorded with a
photon energy of 1350 eV, an exit slit gap of 50 µm, and a
pass energy of 20 eV. The samples were initially character-
ised at room temperature in vacuum (<10−6 mbar, labelled
as ‘UHV’) to verify the oxidation state of the metals before
the reaction. The chamber was then filled with the reactant
gases, the ratios of which varied in different experiments. The
gas ratios used are summarised in table 2. Initial experiments
were performed with a mixture of methane and oxygen (‘dry
stoic.’; ratio 1:2; total pressure 0.33 mbar) or methane, oxygen
and water (‘wet stoic.’; ratio 1:2:2; total pressure 0.55 mbar
and ‘very wet stoic.’; ratio 1:2:100; total pressure 5.2 mbar).
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Table 2. Gas conditions used in the NAP-XPS experiments,
including the relative gas ratios and the total pressures used. The
methane partial pressure was kept the same, 0.11mbar, in all
experiments; the partial pressures of oxygen and water were
adjusted accordingly to achieve the desired gas ratios. Activity refers
to gas compositions that were also used during catalytic activity
tests. For activity tests, methane is present at 1000 ppm, with
nitrogen used to achieve 1 bar total pressure for all compositions.

Gas Condition CH4 O2 H2O NAP (mbar) Activity

Dry stoichiometric 1 2 — 0.33 Yes
Wet stoichiometric 1 2 2 0.55 No
SLS wet stoichiometric 1 2 15–28a 1.20 No
Very wet stoichiometric 1 2 100 5.20 Yes
Dry oxygen rich 1 120 — 2.90 Yes
Wet oxygen rich 1 120 100 5.20 Yes
a SLS refers to experiments performed at Swiss Light Source, where the
water partial pressure varied between samples.

The ‘dry’ and ‘very wet’ stoichiometric conditions match the
gas ratios which are used for catalytic activity tests. Addi-
tional experiments were carried out inmore oxygen-rich feeds,
which used a mixture of methane and oxygen (‘dry rich’; ratio
1:120; total pressure 2.9 mbar) or methane, oxygen and water
(‘wet rich’; ratio 1:120:100; total pressure 5.2 mbar). These
experiments provided NAP-XPS data for gas ratios which
activity data had been collected for.

Additional NAP-XPS experiments were performed on the
AP-XPS endstation of the X07DB In Situ Spectroscopy beam-
line at Swiss Light Source [38, 39]. All spectra from this beam-
time were recorded at 900 eV. Total gas pressure of approx.
1.2 mbar was achieved, with a gas ratio of methane, oxygen
and water of approx. 1:2:20.

Spectra were typically recorded at 50 ◦C intervals from
177 ◦C to 477 ◦C. The selected temperatures varied between
samples depending on where significant activity changes
occurred. A mass spectrometer located in the differential
pumping system allowed for monitoring of reaction products.

2.3.2. XPS data analysis. In order to compensate for
charging-related energy shifts, the energy axes of all spec-
tra were calibrated with respect to the main Al 2p peak at
74.6 eV. Normalisation and background removal was applied
at the low binding-energy side of each spectrum. Where dif-
ferential sample charging was observed, multiple Al 2p peaks
were fitted, and the same line shape was used to fit the rel-
evant palladium spectra, as our group has previously reported
[35]. Palladium spectra were fitted based on Pd 3d5/2 peaks at
335.0 (Pd(0)) and 336.5 (Pd(II)) eV respectively. Peak pos-
itions were restricted to binding energies within ±0.2 eV of
the above values in order to ensure consistency across all data
sets. In some cases this leads to non-perfect fits of the exper-
imental data. An example of the fitting procedure is shown in
figures S1 and S2 of the supporting information. An example
survey spectrum is shown in figure S7, showing minimal con-
tamination. Platinum spectra are not shown for any NAP-XPS
experiments. The most intense Pt peaks (4f) appear at 71.0 and
72.4 eV, strongly overlapping with the most intense Al peak

(2p) which is at 74.6 eV and broader. Al is present in signific-
antly higher quantity than Pt for the powder catalysts. In theory
these peaks could be fitted with the Al 2p spectra, but the errors
this would introduce are too large for the results to bemeaning-
ful. Pt 4d peaks (4d5/2 at 315, 4d3/2 at 332 eV) could be used,
but due to the low cross section, large peak width and low con-
centration of Pt in the samples these peaks were never resolved
well enough to yield useful information. In order to study the
link between the oxidation states of Pd and Pt in bimetallic
systems we prepared layered Pd–Pt model systems and stud-
ied them separately in vacuum.

The values of Pd(II)% as quoted in the text are shown for all
samples and conditions in table S2 of the supporting informa-
tion, with additional data from Swiss Light Source presented
in figure S3.

3. Results and discussion

Transmission electron microscopy measurements with elec-
tron dispersive x-ray spectroscopy (TEM-EDX) are shown
in figure 1. Additional EDX data are shown in the support-
ing information in figures S4 and S5. XRD data for select
catalysts, confirming the phases of the support and nano-
particles, are shown in figure S6. Catalyst composition val-
ues are referred to throughout based on the weight (wt.) %
of Pd and Pt. The corresponding atom (at.) % are shown in
table 1, and show that even for a 2.5Pd–2.5Pt (wt. %) catalyst,
the atomic ratio of Pd:Pt is 1.83:1, i.e. for all bimetallic cata-
lysts presented and discussed in detail, Pd is the major PGM
component. These images show that calcination at 500 ◦C pro-
duces bimetallic nanoparticles. This is true for both studied
compositions (4.0Pd–1.0Pt and 2.5Pd–2.5Pt). There is no clear
structuring to the particles (i.e. core–shell), with both metals
present throughout the particles. From our experiments, the
higher temperature calcination does not affect particle com-
position, but does still lead to an increase in particle size.
Particle size analysis was performed with further TEM ima-
ging, along with CO chemisorption measurements. These data
are summarised in table 1.

FromCO chemisorption, it is clear that there is a significant
difference in particle sizes for catalysts of different compos-
itions. A full list of average sizes is shown in table 1; after
calcination at 500 ◦C they vary between 2.6 nm for 5.0Pt and
19.1 nm for 4.0Pd. The lower particle size for Pt compared to
Pd can partially, but not fully, be attributed to the lower atomic
loading of Pt (by a factor 1.83), as compositions were based on
weight loading. A decrease in average may be expected for the
bimetallic samples, as platinum forms smaller particles than
palladium. The particle sizes for the higher loadings of mono-
metallic palladium, 2.5Pd, 4.0Pd, and 5.0Pd, are all in a similar
range, 14.7–19.1 nm. The distribution of sizes for this range
of loading is within the error margin of the CO chemisorp-
tion method, so there is not a clear trend. There is, however,
a significant change in average size for the low loading 1.0Pd
monometallic samples, with average particle size of 5.0 nm.
Platinum particles are largely equal in size, 2.5 nm ± 0.1 nm,
despite variation in loading. Calcination at 900 ◦C increases

4



J. Phys. D: Appl. Phys. 54 (2021) 174006 A Large et al

(a) TEM image and EDX maps for 4.0Pd-1.0Pt catalyst.

(b) TEM image and EDX maps for 2.5Pd-2.5Pt catalyst.

Figure 1. EDX maps for (clockwise from top left) Palladium,
Platinum, and Pd–Pt overlaid with aluminium (blue) for various
catalysts. Dark field TEM images (bottom left) for each catalyst. All
scale bars 50 nm.

particle sizes for all compositions, in particular monometal-
lic Pt. Now, an overall trend of increasing size with increased
loading is observed (with outliers at 2.5/4.0Pt) and a higher
Pt content generally leads to larger particles, in contrast to
the observations after treatment at 500 ◦C. Due to this large
increase in particle size for calcination at 900 ◦C, only cata-
lysts calcined at 500 ◦C were used for the activity and NAP-
XPS measurements presented below.

Catalytic activity plots for a series of mono- and bi-
metallic catalysts are presented in figure 2, under both oxygen-
rich and stoichiometric conditions, with and without water.
Under both stoichiometric and oxygen rich dry conditions, the
5.0 wt.% Pd catalyst (‘5.0Pd’) shows activity at the lowest
temperature. The activity curves for 5.0Pd and 4.0Pd–1.0Pt

Figure 2. Complete methane oxidation light off curves under
various conditions: (a) CH4:O2:H2O = 1:120(:100) and
(b) CH4:O2:H2O = 1:2(:100) for a range of monometallic and
bimetallic catalysts calcined at 500 ◦C.

under oxygen-rich conditions show shoulders at 200 ◦C and
220 ◦C, respectively, which are also observed for lower mono-
metallic Pd loadings. As these are reproducible and the activ-
ity is stable over time at these temperatures, they indic-
ate a reversible transformation (chemical or structural) of
the catalyst at the onset of the reaction. Under stoichiomet-
ric wet conditions, the 4.0 wt.% Pd + 1.0 wt.% Pt cata-
lyst (‘4.0Pd–1.0Pt’) is active at lower temperatures than the
5.0Pd. The deactivation, measured by the difference in T50
between dry and wet conditions, is consistently higher for
5.0Pd (110 ◦C and 100 ◦C respectively) than for 4.0Pd–1.0Pt
(98 ◦C and 84 ◦C respectively). These values continually
decrease as the catalyst composition becomes more Pt-rich.
At the same time T50 rises, i.e. the overall activity decreases

5
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Figure 3. Turnover frequency (TOF) values for bimetallic and monometallic catalysts under stoichiometric (CH4:O2:H2O = 1:2(:100)) and
oxygen excess (CH4:O2:H2O = 1:120(:100)) methane oxidation conditions. The TOF was calculated using the activity at 250 ◦C for dry
and 350 ◦C for wet conditions. All bimetallic catalysts have a total of 5 wt.% of Pd + Pt, so the ‘bimetallic’ 5 wt.% Pd catalyst contains no
platinum. All catalysts were pretreated at a temperature 500 ◦C.

due to a reduced number of the active palladium sites. Nev-
ertheless, there is a clear benefit to the addition of platinum
under wet conditions, in both stoichiometric and oxygen-rich
conditions.

Turnover frequencies, extracted from the activity meas-
urements at 250 ◦C (dry) and 350 ◦C (wet) are presen-
ted in figure 3. TOF values are generally comparable to
those reported for similar catalysts, ranging from 1× 10−3 to
5× 10−2 s−1 [4]. Under dry conditions—both stoichiometric
and oxygen excess—an increase in Pd:Pt ratio gave a higher
turnover frequency. Under wet conditions however there was
significant variation, as the 4.0Pd–1.0Pt catalyst had a higher
TOF than both the 2.5Pd–2.5Pt and 5.0Pd catalysts. Under
stoichiometric wet conditions, the 2.5Pd–2.5Pt had a higher
TOF than 5.0Pd, but a lower TOF under oxygen excess wet
conditions. For monometallic palladium catalysts, the TOF
values follow the same order as the average particle sizes:
5.0Pd< 2.5Pd< 4.0Pd, in line with earlier findings by Price
et al for partial methane oxidation [35]. This trend was par-
tially maintained under wet conditions, but with all catalysts
having a lower turnover frequency, and 2.5Pd now showing a
lower TOF than 5.0Pd.

When comparing monometallic and bimetallic catalysts
with the same Pd loading, 2.5Pd had a higher TOF in both dry
and wet (oxygen excess) conditions than 2.5Pd–2.5Pt, with a
much larger difference under dry conditions. 4.0Pd however,
had a lower TOF than 4.0Pd–1.0Pt, with a larger difference
under wet conditions.

Near-ambient pressure XPS data for three catalysts, 5.0Pd,
4.0Pd–1.0Pt and 2.5Pd–2.5Pt, are presented in figure 4. All

of these experiments were conducted under stoichiometric
dry (0.11 mbar CH4 + 0.22mbar O2) or wet (0.11mbar
CH4 + 0.22 mbar O2 + 0.22 mbar H2O) conditions. At the
start of each experiment, measurements were conducted in
vacuum (below 1× 10−7 mbar) at room temperature. These
spectra show approximately 35%–40% Pd(II) for both the
5.0Pd and 4.0Pd–1.0Pt catalysts. The 2.5Pd–2.5Pt however is
significantly more oxidised, with 87% Pd(II). This is consist-
ent with various previous studies which suggests that Pt addi-
tion can be beneficial in preserving an oxidised state of palla-
dium [22–24, 26]. Additionally, smaller Pd particles are more
readily oxidised to PdO under reaction conditions [9]. With
increasing temperature, in dry and wet conditions, significant
changes in Pd(II) are observed for all catalysts.

The changes in oxidation state are summarised in figure 5,
which overlays the fraction of Pd(II) (referred to here as
Pd(II)%) as derived from NAP-XPS with the catalytic activity
plots shown previously. In figures 5(a)–(c) this data is shown
for 5.0Pd, 4.0Pd–1.0Pt, and 2.5Pd–2.5Pt catalysts respect-
ively, under a total of 5 conditions per catalyst.

Under dry and low water stoichiometric conditions, the
4.0Pd–1.0Pt sample is more oxidised than the 5.0Pd sample
at most relevant reaction temperatures. Both dry experiments
show a significant drop in the percentage of Pd(II) during
the reaction, for 5.0Pd this is from 85% Pd(II) at 177 ◦C
(pre-reaction) down to 37% Pd(II) at 327 ◦C (near 100%
conversion). After full conversion is reached, there is a sig-
nificant re-oxidation, with 5.0Pd reaching 96% Pd(II) by
427 ◦C. This effect is reduced under wet (1:2:2) conditions,
with the reduction not seen at all under very wet (1:2:100)
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(a) 5.0Pd, Dry (b) 4.0Pd-1.0Pt, Dry (c) 2.5Pd-2.5Pt, Dry

(d) 5.0Pd, Wet (e) 4.0Pd-1.0Pt, Wet (f) 2.5Pd-2.5Pt, Wet

Figure 4. XPS spectra for a selection of Al2O3 supported catalysts, under stoichiometric dry (0.11mbar CH4 + 0.22mbar O2;
CH4:O2:H2O= 1:2:0) or wet (0.11mbar CH4 + 0.22mbar O2 + 0.22mbar H2O; CH4:O2:H2O= 1:2:2) conditions. All catalysts were
pretreated at a temperature 500 ◦C.

conditions. In general, wetter conditions lead to a lesser degree
of oxidation at all temperatures, though between 327 ◦C and
377 ◦C there is only a minor difference. When measurements
were carried out under verywet conditions at 477 ◦C, i.e. signi-
ficantly above the point where 100% conversion was reached,
the palladium is fully oxidised again. All NAP-XPS data recor-
ded for the 5.0Pd sample indicate that, under any gas con-
dition, the palladium will eventually be fully oxidised once
a high enough temperature is reached. For 4.0Pd–1.0Pt how-
ever, all conditions seem to lead to a plateau in the palladium
oxidation state, the level of which depends on the gas com-
position. In the case of oxygen rich gas feeds this plateau is
at 100%. Under stoichiometric conditions the level decreases
from ≈90% to ≈60% with increasing water content.

The data for the 2.5Pd–2.5Pt sample show a less clear
relationship between reaction conditions and palladium

oxidation state. At all temperatures, under dry conditions, the
more oxygen rich gas feed leads to a less oxidised sample,
which is contrary to expectations, however this effect is clearly
seen in the comparison of the original Pd 3d data (see figure
S8 of supporting information). This trend is reversed in a wet
reaction mixture. The increase of water in the gas feed has a
largely insignificant effect up to 377 ◦C, after which there are
significant changes, which do not follow an obvious trend.

When looking at oxygen rich wet conditions, the 4.0Pd–
1.0Pt sample is active at lower temperatures than the 5.0Pd.
This comes at a point where it is comparatively less oxid-
ised (86% compared to 100%). At higher temperatures, where
both catalysts are equally oxidised, the 5.0Pd is slightly more
active. This is easily rationalised as when the nature of Pd
in both is the same, the catalyst with a higher loading will
perform better. This experiment suggests that the optimal
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(a) 5 wt.% Pd

(b) 4 wt.% Pd + 1 wt.% Pt (c) 2.5 wt.% Pd + 2.5 wt.% Pt

Figure 5. Overlaid catalytic testing data with Pd(II)% as determined by NAP-XPS for a selection of Al2O3 supported catalysts. Data
recorded under oxygen excess (CH4:O2:H2O= 1:120(:100)) and stoichiometric (CH4:O2:H2O= 1:2(:100) or 1:2(:2)) methane oxidation
conditions. The data point at 327 ◦C for 5.0Pd under 1:2:100 conditions is omitted, due to a technical issue with that measurement. The data
point presented at 477 ◦C for 2.5Pd–2.5Pt under 1:120:100 conditions is recorded on a different spot to the other measurements in those
conditions. All catalysts were pretreated at a temperature 500 ◦C.

oxidation state of palladium for methane oxidation is not
100% Pd(II), but that there is a benefit from a partial pres-
ence of Pd(0). The dry oxygen rich conditions are largely con-
sistent with expectations. Both 5.0Pd and 4.0Pd–1.0Pt being
fully oxidised throughout most of the temperature range is
consistent with the consistently weaker performance of the
4.0Pd–1.0Pt catalyst—as is expected from having a lower Pd
loading.

Figure 6 shows laboratory XPS spectra for 5.0Pd, 2.5Pd–
2.5Pt, and 5.0Pt catalysts, after calcination at 500 ◦C. The
bimetallic sample shows no shift in the Pt 4d signal but a signi-
ficant shift of+0.7 eV in the Pd 3d signal compared to the pure
Pt and Pd samples, respectively. Although these spectra were
recorded before the samples were exposed to reaction condi-
tions, they indicate that Pd is more likely to oxidise than Pt in
the bimetallic catalyst.
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Figure 6. Pd 3d and Pt 4d region XPS data for monometallic 2.5Pd and 2.5Pt and bimetallic 2.5Pd–2.5Pt catalysts supported on Al2O3. All
catalysts were calcined at 500 ◦C. Recorded with photon energy 1486.6 eV under UHV conditions at room temperature. Dashed lines are
used to mark approximate peak positions.

4. Conclusions

Previous studies have shown that the support plays an
important role in reducing the detrimental effects of water
on Pd catalysts for methane oxidation [17, 19, 20]. In
this study we have explored how the modification of the
metal itself, namely the addition of platinum, a metal which
on its own is a less active catalyst than palladium, can
improve the catalytic activity of Pd catalysts under wet
conditions.

From this study, there is a clear benefit to the addition of
platinum to Pd/Al2O3 methane oxidation catalysts under stoi-
chiometric conditions. Whilst at full conversion all catalysts
were similarly oxidised—and as such the catalysts with higher
Pd loadings perform best—there are significant differences at
low temperatures. These differences in palladium oxidation
state correlate well with increased activity/decreased deactiv-
ation. From TEM and EDX analysis, it is clear that the Pd–Pt
are both present in the majority of particles, even after treat-
ment at only 500 ◦C.

Analysis of turnover frequencies showed that under dry
conditions (stoichiometric or oxygen excess), a Pd-rich Pd–Pt
catalyst is preferable to Pt-rich or catalysts with equal amounts
of bothmetals. This is consistent with previous experiments on
Pd–Pt catalysts for methane oxidation, which have generally
indicated that Pd should be present in a higher quantity than
Pt [22, 23, 26].

Under dry conditions, catalysts with a higher Pd:Pt ratio
also benefit more from a higher oxygen:methane ratio. Under
wet conditions, however, a lower oxygen:methane ratio is
beneficial to both bimetallic catalysts, but detrimental to the

5.0Pdmonometallic. In dry or wet (oxygen excess) conditions,
4.0Pd had a higher TOF than 4.0Pd–1.0Pt, with a much lar-
ger difference in the dry condition. There is minimal differ-
ence between 2.5Pd–2.5Pt and 2.5Pd inwet conditions, though
in dry conditions the TOF of 2.5Pd is much higher than the
bimetallic catalyst. The fact that we observe a lower level of
oxidised Pd in the dry oxygen-rich gas feed is unexpected
and difficult to explain. A possible explanation is a kinetic-
ally hindered structural effect, such as fast encapsulation of
particles by an oxide shell at low temperatures, which would
prevent the core of the particle from oxidizing. It is worth not-
ing that most earlier studies of similar systems do not change
the CH4:O2 ratio and would therefore not have observed this
effect [27–29].

In very oxygen-rich reaction mixtures there is a less clear
benefit to the addition of Pt. Despite this, the tested 4.0Pd–
1.0Pt catalyst lights off before the 5.0Pd catalyst under wet
oxygen rich conditions, correlating with a relatively lower
amount of Pd(II). It has previously been stated that a mixture
of metallic and oxidised palladium is best for methane oxid-
ation, and our experiments are largely in agreement with the
optimal presence of Pd(II) being significant, but below 100%
[40]. Equally, whilst a small addition of Pt is beneficial, as
in 4.0Pd–1.0Pt, addition of larger amounts of Pt shows min-
imal benefit, largely due to the fact that Pd is removed. UHV
XPS studies of powder catalyst systems showed a relative
positive shift in palladium in a Pd–Pt catalyst compared to
the Pd catalyst, suggesting that an increased oxidation state
of Pd may be supported by the presence of Pt. However,
under reaction conditions we do not consistently observe a
higher level of Pd oxidation in bimetallic systems over pure
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Pd. This leads to the conclusion that the origin of the super-
ior properties of bimetallic Pd–Pt catalysts is more likely
structural, i.e. related to particle size, shape, and/or surface
composition, than electronic, i.e. related to the Pd oxidation
state.
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