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Abstract Near ambient-pressure X-ray photoelectron
spectroscopy (NAP-XPS) is used to study the chemi-
cal state of methane oxidation catalysts in-situ. AloO3—
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supported Pd catalysts are prepared with different par-
ticle sizes ranging from 4 nm to 10 nm. These cata-
lysts were exposed to conditions similar to those used
in the partial oxidation of methane (POM) to syn-gas
and simultaneously monitored by NAP-XPS and mass
spectrometry. NAP-XPS data show changes in the ox-
idation state of the palladium as the temperature in-
creases, from metallic Pd? to PdO, and back to Pd°.
Mass spectrometry shows an increase in CO produc-
tion whilst the Pd is in the oxide phase, and the metal
is reduced back under presence of newly formed Hs.
A particle size effect is observed, such that CH4 con-
version starts at lower temperatures with larger sized
particles from 6 nm to 10 nm. We find that all nanopar-
ticles begin CHy conversion at lower temperatures than
polycrystalline Pd foil.

Keywords Pd catalyst - Methane oxidation - Alumina
Support - X-ray Photoelectron Spectroscopy

1 Introduction

Instead of flaring off large quantities of unused
natural gas around the world, it could be used in
a more environmentally friendly way as fuel for
automotive engines. Natural gas vehicles (NGVs)
operate under lean conditions with low methane
concentrations (500-1000 ppm) and working tem-
peratures typically under 823 K (550°C). The
beneficial outcome of these working conditions is that
relatively ”clean” products are produced (COq, Hy, HO)
in comparison to other fossil fuels producing harmful
nitrogen and sulphur containing compounds. In NGVs;
NO, and SO, exhaust emissions are greatly reduced
[1-3]. The challenge lies with the storage and transport
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of gases, and the conversion into a more useful, trans-
portable product. The C-H bonds in aliphatic hydrocar-
bons have high dissociation energies (439.3 kJ mol~! in
CH4) and the absence of functional groups leaves the
molecule with zero polarity and no sites for either nu-
cleophilic or electrophilic attack. This makes small hy-
drocarbons, such as methane, very difficult to oxidise
without a catalyst at low temperatures [4].

The partial oxidation of methane (POM) uses an
oxygen-deficient mixture to produce carbon monoxide
and hydrogen:

CH, + ;02 — CO + 2H,

This CO/Hs mixture (commonly known as “syn-gas”)
is a useful precursor for methanol synthesis. Methanol
is a versatile, clean-burning liquid that is used in many
applications, including in the production of animal feed,
hydrogen storage and as a precursor for the octane-
enhancing additive methyl-tertiary-butyl ether (MTBA)
[5]. Moreover, methanol in itself has the potential to be-
come a large-scale renewable alternative to fossil fuels
[6]. Tt is produced by the hydrogenation of CO at 773 -
923 K commercially using a Cu/Zn0O/Al;O3 catalyst
[7):

Syn-gas is not currently produced on a large scale
by partial methane oxidation, but instead by steam-
reforming, where methane reacts with water, over a
nickel-based catalyst, at high temperatures (>1000 K)
and pressures [8]:

CH, + H,0 — CO + 31,

Although this is a high-yielding reaction, the condi-
tions at which it operates are expensive and unsustain-
able in the long term. Therefore it is of great importance
to find a viable catalyst to enable large-scale POM for
syn-gas production at lower temperatures and atmo-
spheric pressures. POM reaction conditions are gener-
ally leaner and more cost effective than those of steam
reforming. It has previously been reported that the syn-
gas yield and selectivity is optimised with temperatures
above 650 K [9,10] (a 90% yield is observed at 1050 K
with a variety of transition metal-based catalysts [11]).
For both methane oxidation and steam-reforming, a
catalyst is yet to be developed that can activate this
reaction at sustainable and more cost effective, lower
temperatures and pressures.

Platinum group metals are widely used as the ba-
sis for catalysts for a number of different applications
[12]. In particular, Pd and Pt are used for methane
activation reactions, in the form of supported nanopar-
ticles. The mechanism by which they operate is still rel-
atively unknown. It has been established that a change

in oxidation state of the metal occurs, but in the case
of palladium-based catalysts, it is unclear as to which
state is the active species. Burch and co-workers re-
ported that for a Pd catalyst the fully oxidized surface
is the optimum state [13], but more recently Yang et
al discovered that a mixed phase of PdO and PdO,
(where 0 < z < 1) is the most active state for methane
combustion [14]. For the Pd(111) surface, it has been
reported that a 2D surface oxide, Pd5Oy4, forms after
exposure to oxygen at high temperatures [15].

X-ray photoelectron spectroscopy (XPS) is a use-
ful, surface sensitive technique for identifying the sur-
face chemical state and composition of solids. In order
to avoid unintentionally measuring contaminants rather
than the species of interest, these experiments are gen-
erally performed in an ultra-high vacuum (UHV). How-
ever, in catalysis, UHV is not a representative con-
dition and a catalyst under UHV conditions may be-
have differently compared to reaction conditions. Near
ambient-pressure (NAP-) XPS helps to bridge
this gap, with pressures up to 100 Torr (130 mbar)
now possible [16]. The differential pumping of NAP-
XPS systems gradually reduces the pressure in the anal-
ysis chamber down to UHV at the analyser [17], and so
it is possible to collect information about the chemical
state of the surface of the catalyst in-situ, under specific
close-to-real-world reaction conditions.

2 Experimental
2.1 Sample Preparation

Several samples of 5 wt% 7-Aly O3 supported Pd nanopar-
ticles were prepared by the co-precipitation method [18],
using a Pd(NOg3)s precursor (8.34% assay, Alfa-Aesar).
A solution of dodecenyl succinic anhydride (DSA) in
THF was added to a base solution of aqueous NayCOs3.
Aqueous palladium nitrate was added to the flask drop-
wise in molar excess and v-AloO3 was added as the
support material. The resulting slurry was filtered un-
der suction, prior to drying in the oven for 2 hours
at 380 K and calcination treatment. The nanoparticles
were crushed and calcined for 2 h in air at a range of
temperatures between 300° C to 700° C (573 K - 973 K)
in order to achieve a range of particle sizes (see Table 1).
Catalysts A (4 nm), B (5 nm), C (6 nm), D (7 nm)
and E (10 nm) were chosen as the samples used for these
experiments, to give a representative size range. 1 g of
Pd/Al;O3 nanoparticles and 0.1 g of P3 (to improve ad-
hesion) was added to 3 g HyO. A p-doped silicon wafer
(1 cm?) was fixed to a hot plate and the nanoparticles
were deposited onto the wafer using a spray gun. Each
spray lasted for five seconds and the silicon wafers were
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weighed before and after. The water evaporated off to
leave a dry, homogeneous layer of Pd/Al,O3 nanopar-
ticles.

2.2 Sample Characterisation

Laboratory-based XPS was used to determine the el-
emental composition of the catalysts. The Pd/Al;O3
nanoparticles were mounted onto adhesive carbon tape
and inserted into a Thermo Escalab 250 photoelectron
spectrometer, which is equipped with a monochroma-
tised Al K-a source (hv = 1486.6 V) with a large spot
to maximise count rate, a flood gun, and an electro-
magnetic lens. The nanoparticles were probed to iden-
tify surface elemental composition at room tempera-
ture and ultra-high vacuum (base pressure 10~® mbar).
Overview spectra determined the levels of contamina-
tion and high-resolution spectra obtained in the Pd 3d,
O 1s, Al 2p and regions confirmed the relative presence
and oxidation state of each element. Spectra taken in
the Pd 3d region suggest the nanoparticles are in their
oxidised state, with Pd 3ds,, peaks at 336 eV repre-
sentative of a PdO species. This is to be expected as
alumina has Lewis acid sites on the surface, rendering
the metal electron-deficient and increasing the oxida-
tion state [19]. The electron-deficient Pd?* species is
then free to bond with oxygen atoms from the air, re-
sulting in PdO.

Transmission electron microscopy (TEM) was used
to determine the mean particle size of each synthesised
sample (Figure 1 of Supporting Information). The sam-
ples were each ground between two glass slides and
dusted onto a holey carbon coated copper grid prior to
examination in a Tecnai F20 transmission electron mi-
croscope. The samples were analysed using 200 kV and
30 um C2 aperture at a variety of magnifications rang-
ing from 5 nm to 100 nm. Approximately 100 nanopar-
ticles in each sample were measured at different magni-
fications and in different areas to gain a representative
mean particle size.

The metal surface area and % metal dispersion were
measured using a Micromeritics AutoChem II 2920 anal-
yser. Pulses of CO were passed through 0.1 g of catalyst
sample at 308K and the adsorbed CO was determined
by a thermal conductivity detector. A reduction step
prior to the CO pulses ensured that all the pal-
ladium had been reduced to a metallic state. The
surface area of palladium in each catalyst is given by:

Area of Pd = molecules of CO adsorbed
molecules per m?

The percentage metal dispersion is calculated using;:

MD(%) = £ x 100

where Ng is the number of atoms on the surface and
N7 is the total number of atoms in the sample. The
results are shown in Table 1.

The reactivity of Pd/Al;O3 catalysts A (4 nm), B
(5 nm), D (7 nm) and E (10 nm) was tested using a
batch flow reactor (Johnson Matthey, Figure 2 of Sup-
porting Information). Each catalyst was pressed into a
pellet, crushed and sieved at 250-355 ym. Under a con-
stant flow of air, 0.4 g of each catalyst was exposed
to 1000 ppm of methane and various concentrations of
pure Oy (1%, 5%, 12%) as the temperature was ramped
from 400 K to 800 K (ramp rate 10 K/min). The y-axis
(% CHy conversion) is calculated based on the amount
of CO and CO; observed as a function of temperature.
The data show that there is very little difference be-
tween the light-off temperatures when different sized
nanoparticles and [CHy] : O3] ratios are used in these
concentrations, with the exception of 10 nm nanopar-
ticles which begin methane conversion at almost 100 K
lower. Catalyst E is the only catalyst to reach 100%
conversion before 800 K, suggesting they are the most
active nanoparticles.

2.3 Synchrotron Experiments

Near ambient-pressure X-ray photoelectron spectroscopy
studies were carried out at beam line 9.3.2 of the Ad-
vanced Light Source (ALS), National Lawrence Berke-
ley Laboratory, USA [20]. The endstation is equipped
with a Scienta 4000 HiPP analyser with a custom de-
signed differential pumping system that allows pres-
sures of up to 1 Torr in the analysis chamber, enabling
in-situ data collection. A mass spectrometer is placed in
the first differential pumping stage, which was used to
quantify the gas composition during the reaction. The
samples were individually mounted onto a UHV com-
patible sample holder connected to thermocouple wires
for controlled heating.

Each sample was fully characterised by XPS in UHV
at 450 K, a temperature at which the sample is much
less affected by charging than at room temperature
(Figure 3 of Supporting Information), before being ex-
posed to a 240 mTorr gaseous mixture of oxygen and
methane ([CHy] : Og] = 2). The temperature of the
sample was increased in steps of 50 K or 100 K between
400 K to 700 K. In-situ high-resolution XPS measure-
ments were taken at constant temperature during this
temperature ramp. Pd 3d, Al 2p and C 1s spectra were
obtained using the same incident photon energy of hv
= 450 eV, with the binding energies being calibrated
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[ Catalyst [ Calcination (K) | Mean drgy (nm) [ o (nm) [ MSA (m?/g) [ MD (%) |

A (4nm) | 573 (300°C) 4.06 1.23 0.29 1.30
B (5nom) | 773 (500°C) 1.91 1.54 0.15 0.69
C (6nm) | 873 (600°C) 6.16 1.56 0.13 0.57
D (7om) | 973 (700°C) 7.12 1.86 0.18 0.80
E (10nm) | 873 (600°C)* 9.63 1.98 - -

Table 1 List of samples prepared. The mean diameter of Pd/Al;O3 nanoparticles calcined to different temperatures as
determined by TEM, metal surface area (MSA) and % metal dispersion (MD) as determined from CO chemisorption. (* Batch
prepared in a previous study; used here to complete the particle size range.)

to the literature value for Al 2p (74.5 eV). QMS data
were collected throughout the XPS measurements.

The NAP-XP spectra obtained were normalised and
a Shirley background [21] was subtracted. The differ-
ence in binding energy between the literature
value of the Al 2p peak (74.5 €V [22]) and the
experimental value was determined and applied
to correct the binding energy scale of the corre-
sponding Pd 3d and C 1s spectra. This is based
on the assumption that, both Pd and C, sitting
on the Al,O3 support are affected by the same
charging shifts. Although not proving to be a problem
for data collection, the lack of sample conductivity oc-
casionally broadens the Al 2p peak. The extent to which
these peaks broaden is taken into account when fitting
the corresponding Pd 3d peaks. In some cases, where
sample charging was inhomogeneous, the Al 2p
peak is split into two. Each Pd 3d peak (both %
and % spins-orbit peaks of metallic Pd and Pd
oxides) is therefore also split into two totalling
eight fitted peaks in one spectrum, which is ev-
ident in Figures 1 and 5. In these cases the BE
correction was applied to the higher BE peaks of
each doublet, therefore the peaks around 332 eV
are charging-induced ”satellites”. The intensity
ratio of the two Al 2p peaks is used to split the
Pd 3d peaks of each species. The Pd 3d peaks
were fitted using fit functions which were cus-
tomized for each spectrum on the basis of the
parameters from the corresponding Al 2p fit,
notably peak broadening and splitting. The fit
function was designed around the pseudo Voigt
function:

I(BE) =
H{m~ WJr(lfm) - exp [7 (5%}5)2}}

where BE is the binding energy, P the peak position,
H is the peak height, 7 the FWHM, and m is the
Gaussian-Lorentzian mixing parameter (usually constant
at 0.1). The FWHM and mixing parameters are
dependent on the corresponding Al 2p spectrum

and vary from spectrum to spectrum. The sepa-
ration between the spin-orbit components Pd 3d;,,
(low binding energy, 335-337 eV) and Pd 3d3/,
(high binding energy, 340-342 eV) is always kept
fixed at 5 eV (£ 0.3 €V), as are the relative peak
height ratios kept fixed at 1.5 [23,24]. More in-
formation on the fitting procedure, including ex-
amples, can be found in the Supporting Infor-
mation.

Mass spectrometry data were recorded in-situ in or-
der to help quantify methane to syn-gas conversion at
different constant temperatures (during the XPS data
acquisition) and while cooling down from > 700 K in a
0.33 mbar (240 mTorr) mixture of CHy and Oo
([CHy] : O2] = 2). Methane conversion was calculated
as the percentage of the partial pressures of each gas ob-
served with respect to the partial pressure of methane
at 350 K where no reaction is observed. For example
the conversion to CO is:

partial pressure of CO at T
partial pressure of CH4 at 350 K

Conv(CO)r = x 100 %

No correction factors were used to calculate the conver-
sion of each gas.

3 Results

Particle size effects are observed in the near ambient-
pressure XP spectra and mass spectrometry data. NAP-
XPS in the Pd 3d region is most useful to monitor
the chemical state of the metal and therefore the na-
ture of the catalytically active oxide. Figures 1-5 show
the in-situ data for Catalysts A-E respectively: near
ambient-pressure XPS in the Pd 3d region, and the
corresponding reactant to product conversion as cal-
culated from mass spectrometry data. High resolution
in-situ XPS was taken at 50 K intervals between 500 K
and 700 K, under 0.33 mbar (240 mTorr) of CH4 4+ Oy
([CH4] : [O2] = 2).

The peaks at lower binding energies (335.04+0.2 eV)
are characteristic of metallic Pd (Pd®) with PdO,, species
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Fig. 1 Catalyst A (Pd/Al>Ogs nanoparticles of average size
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conversion, calculated from mass spectroscopy data (bottom),
recorded in the temperature range from 450 K to 720 K un-
der 240 mTorr O2:CHy pressure (1:2). ”Heating”: mass spec-
trometry at constant temperature during NAP-XPS measure-
ments; ”Cooling”: recorded during continuous cooling from
720 K to 450 K. Binding energies are corrected to correspond-
ing Al 2p spectra at 74.5 eV.
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conversion, calculated from mass spectroscopy data (bottom),
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der 240 mTorr O2:CHy pressure (1:2). ”Heating”: mass spec-
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ments; ”Cooling”: recorded during continuous cooling from
750 K to 450 K. Binding energies are corrected to correspond-
ing Al 2p spectra at 74.5 eV.



R. Price et al.

335.7eV
1
337.0eV i 335.3eV
1 1

— S e e

— T T
- Rawdata — Pd g, - Pd g, -- Pdbxgd4- Pdox 4,

— Overall fit 1 %
1.4 Pd3d PN

CH,4/0, =2

1.2

o
=)

o
)

Intensity (a.u.)

o
o

0.4

0.2

7
AT
.= RN
8 IR _.500K]
0.0 b4 —
I B EETT B §
345 340 335 330
Binding Energy (eV)
T %, T T T T i
O, -#+Heating —— Cooling
“., |CHs =+=Heating — Cooling
60 % |CO Heating Cooling
1CO, -+ Heating Cooling
H, -+ Heating Cooling
H,0 wHeating —— Cooling
50 5
‘
§ 40
I
[
>
=
9]
o
I 30
o
ES
20
10
M
! az i S

450 500 550 600 650 700 750
Temperature (K)

Fig. 3 Catalyst C (Pd/Al2O3 nanoparticles of average size
6 nm). NAP-XP spectra in the Pd 3d region (top) and CHy4
conversion, calculated from mass spectroscopy data (bottom),
recorded in the temperature range from 450 K to 720 K un-
der 240 mTorr O2:CHy pressure (1:2). ”Heating”: mass spec-
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ments; ”Cooling”: recorded during continuous cooling from
720 K to 450 K. Binding energies are corrected to correspond-
ing Al 2p spectra at 74.5 eV.
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Fig. 4 Catalyst D (Pd/Al>Ogs nanoparticles of average size
7 nm). NAP-XP spectra in the Pd 3d region (top) and CHy4
conversion, calculated from mass spectroscopy data (bottom),
recorded in the temperature range from 450 K to 700 K un-
der 240 mTorr O2:CHy pressure (1:2). ”Heating”: mass spec-
trometry at constant temperature during NAP-XPS measure-
ments; ”Cooling”: recorded during continuous cooling from
700 K to 450 K. Binding energies are corrected to correspond-
ing Al 2p spectra at 74.5 eV.
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trometry at constant temperature during NAP-XPS measure-
ments; ”Cooling”: recorded during continuous cooling from
720 K to 450 K. Binding energies are corrected to correspond-
ing Al 2p spectra at 74.5 eV.

appearing slightly higher at 336 - 337 eV. Due to the
catalyst preparation method and storage (i.e. exposure
to air), Pd shows some degree of oxidation for all sam-
ples at 500 K, but metallic Pd peaks at 335.0 £ 0.2 eV
are dominant at these lower temperatures. As the tem-
perature is increased to 600 K and again to 650 K, an
XPS signal characteristic of a PdO,, species at 336.0 -
336.2 eV becomes dominant for most particle sizes. The
CH,4 conversion plots associated with the NAP-XPS
measurements in Figures 1-5, calculated from mass spec-
trometry data, indicate an increase in syn-gas produc-
tion around these temperatures. Our activity studies
have shown that under similar conditions CH,4 begins
conversion to POM products between 550 K and 600 K
(see Supporting Information). In addition, metallic Pd
(335.0 £ 0.2 eV) also has a strong contribution in the
XP spectra, and the data show that a mixture of both
Pd metal and Pd oxide is needed to continue the reac-
tion, after the oxide has initially been formed. At tem-
peratures above 700 K the oxide species is reduced to
metallic Pd and the product formation of CO and Hy
slows down.

The AP-XPS data in Figures 1-5 also show
that at 700 K the oxide species is almost fully
reduced to metallic Pd. This is reflected in the
CH, conversion plots which indicate a slowing
down of CO and H, formation. It could be ar-
gued that for Catalyst E (10 nm, Figure 5) the
reaction rate does not slow at 700 K and this
could be because a larger ratio of metallic Pd to
oxide Pd is present than for other catalysts (see
Table 2), further supporting the hypothesis that
metallic Pd is key for continuing the reaction.

The CH,4 conversion plots in the lower panels
of Figures 1-5 show that complete oxidation of
methane to CO; and H>O occurs at low temper-
atures. The selectivity of these catalysts changes
towards partial oxidation to syn-gas at temper-
atures above 570 K. There is also a distinct dif-
ference between catalysts of different sizes with
respect to the temperature at which CO and H»
are produced. Catalyst E (Figure 5, 10 nm) produces
CO and Hy at the lowest temperature (570 K) and,
with the exception of Catalyst A (Figure 1, 4 nm), the
catalytic activity with respect to syn-gas production
decreases with decreasing particle size (Figure 6). The
XPS data for Catalyst A (Figure 1) show a prominent
peak at 337.1 eV at 550 K and 600 K, characteristic
of a divalent Pd species (Pd?T) [25]. This peak corre-
sponds to the temperature at which POM products are
starting to form according to the mass spectrometry
data, suggesting PdO is the active phase of the cata-
lyst. A slight hysteresis is observed, but the process is
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[ Catalyst [ Pd 3d 5,5, Pd area [ Pd 3d 5,5, PdO area [ Pd : PdO ratio ]

A (4nm) 0.5264 0.2804 1.8771
B (5nm) 0.4853 0.1873 2.5909
C (6nm) 0.4683 0.3044 1.5384
D (7nm) 0.2654 0.1632 1.6269
E (10nm) 1.4498 0.5556 2.6090

Table 2 Areas of Pd 3d 5,5 metallic Pd and Pd oxide peaks for Catalysts A-E at 700 K.

generally reversible on cooling down. Note, the modes
of recording the mass spectrometry data were different:
the temperature was increased in steps of 50 K and held
constant for about 30 min while the NAP-XP spectra
were recorded, after the experiments at the highest tem-
perature (700 K - 750 K) had been completed, the sam-
ple was allowed to cool down while recording mass the
reactant and product partial pressure.The NAP-XPS
data in Figure 2 for Catalyst B (5 nm) are slightly dif-
ferent from Catalyst A as the peak at 337.1 eV is not
observed. At 600 K, a peak at 336.5 eV appears in the
NAP-XP spectrum, which shifts downwards in binding
energy with an increase in temperature. Syn-gas (CO
and Hy) production, as shown in the conversion plot
in Figure 2, does not occur until 700 K, suggesting the
absence of the high binding energy peak (337.0 £2 eV)
is reflective in the activity of Catalyst B.

In the CHy4 conversion data in Figure 1 for Cat-
alyst A (4 nm) it can be observed that the increase
in CO pressure begins just under 600 K. Hs is pro-
duced around 650 K, which can explain why the peak
at 334.9 eV reappears as the oxide has been reduced
back to Pd’. In comparing Catalysts C and D (Fig-
ures 3, 6 nm, and 4, 7 nm, respectively), there is a
significant temperature dependence at which point the
metallic Pd oxidises to the PdO, species and the re-
verse reduction. The XPS data shown in Figure 3 for
Catalyst C (6 nm) show the presence of a higher bind-
ing energy peak at 337.0 eV (PdO) slowly increasing
from 550 K to 650 K, whereas the spectra for Cata-
lyst D (7 nm, Figure 4) show a quick conversion from
336.9 eV to 336.0 eV between 550 K and 600 K. The
peak at 336.9 eV in Figure 4 can be attributed to PdO.
Its downward shift to 336.0 eV at 600 K could suggest
a subsurface oxygen species, a surface 2D oxide such as
Pd504 [26] or even a PAC species [27]. A large peak
is observed in the C 1s spectra at 285 eV (see
Figure 6 in Supporting Information). This could
be indicative of a PdC surface species, however
adventitious carbon from impurities and the re-
actant gas CH,; would also appear at this bind-
ing energy. Therefore it is impossible to identify
whether a surface PdC species is present. C 1s
peaks around 292 eV (appearing at 600 K) and
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Fig. 6 Temperature of CO and Hs initial production vs.
particle size.

at 290 eV (appearing at 650 K) are assigned to
gaseous CO,; and CO, respectively, by compari-
son with spectra of the gas phase under reaction
conditions (see Figure 7 in Supporting Informa-
tion). The Pd appears predominately reduced again by
650 K, when the selectivity shifts towards partial oxida-
tion. This can be correlated to the mass spectrometry
data, which show that Hy formation occurs at a lower
temperature with Catalyst C (650 K) than with Cata-
lyst D (677 K). XPS data for all catalysts show the re-
duced species is favoured at 700 K, which is supported
by mass spectrometry showing an increase in Hy for-
mation at much higher temperatures, between 700 K
and 750 K. Pd/Al,O3 nanoparticles with an average
diameter of 10 nm (Catalyst E, Figure 5) also exhibit
a PdO species (337.2eV) that, on heating, reduces to
a PdO, or a subsurface-O species (336.5 €V). This re-
duction and downward shift in the NAP-XP spectrum
occurs between 550 K and 600 K, which coincides with
the initial formation of CO as the CH4 conversion plot,
shown in Figure 5, suggests.

4 Discussion and Conclusions
These studies show that the catalytic activity, in terms

of the temperature at which CHy conversion to CO
and Hy begins, increases with increasing particle size
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for Pd/Al,O3 nanoparticles over a range of particle
sizes (5-10 nm). Nanoparticles with an average diameter
above 10 nm were not available in this study. Therefore,
it is not clear whether there is an optimum particle size
or a continuous trend. Pd single crystals and polycrys-
talline foils have been used as model catalysts in similar
AP-XPS studies before [28,29] however, and show an
onset of CO production at higher temperatures. Figure
7 shows the relative COy production of polycrystalline
Pd foil compared with Pd/Al;O3 nanoparticles when
exposed to an oxygen-rich CHy environment ([O] : [CHy4]
= 5). In comparison to supported metallic nanoparti-
cles, the catalytic activity of polycrystalline Pd foil is
insignificant. This would suggest that there is a
volcano-type distribution of particle size as a
function of activity, with an optimum size at
some point between 10 nm and the grain size
of the polycrystalline foil (> 1pm). Other studies
using Pd/Al;O3 catalysts have also found activity in-
creases with increasing particle size [30,31], explained
by differences in electronic structure of nanoparticles <
3 nm that form stronger interactions with the reactant
molecules [32]. Similar trends have been reported in
the literature [33,34] for palladium catalysts, in which
there is an optimum or critical nanoparticle size for en-
hanced reactivity when testing a range of particle sizes.
Semagina and co-workers [34] tested a size range of Pd
nanoparticles from 6 nm to 14 nm and Pd black, and
found that a significant increase in turnover frequency
was observed with nanoparticles of 11 to 14 nm, but
decreased with a Pd black catalyst in the microme-
ter range. It has also been previously reported that
smaller particles have stronger metal-support interac-
tions, which can render them less reactive with the re-
actant molecules because the palladium content on the
surface decreases [35], and conversely, a weaker metal-
support interaction makes the catalyst more active [3,
19].

The need for fundamental knowledge of how cat-
alytic nanoparticles behave in-situ is becoming increas-
ingly important. Model catalysts such as polycrystalline
foils and single crystals cannot be used to study size
effects and metal-support interactions of industrial cat-
alysts. The NAP-XP spectra and mass spectrometry
data shown in Figure 7, are indicative that a poly-
crystalline Pd foil behaves differently from supported
nanoparticles under catalytic reaction conditions. At
700 K, a sharp PdO peak at 336.1 eV in the Pd foil
spectrum is consistent with the rise in CO5 formation
shown in Figure 7. The peaks in the spectra for the
nanoparticles are much broader, suggesting a mixture
of both oxide and metal, contributing to a rise in cat-
alytic activity at lower temperatures. By 800 K, the
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Pd foil is further reduced (334.8 eV) [28], whereas
the nanoparticles are still predominately in their oxide
state (335.9 eV) at this temperature. It could be argued
that reactant pressures of around 1 mbar are not repre-
sentative of industrial catalysis conditions, as syn-gas is
currently produced in a large scale reactor at 5-40 bar
[36]. However, NAP conditions are considerably more
realistic than ultra-high vacuum and reproduce the re-
action yields achieved under industrial conditions.

The exact oxidation state of Pd during the reac-
tion cannot be confirmed by XPS measurements alone.
PdO, species have binding energies between 335.5 eV
to 337.0 eV [12,25,27]; therefore the exact nature of
the oxide is not clear. It could be subsurface oxygen,
bulk or surface PdO oxide, or a surface 2D oxide such
as Pd504. These peaks could also indicate a carbon
build-up on the Pd surface from the cracking of the re-
actants and products in the gas phase [37]. The particle
size may have a direct impact on the nature of PdO,,
as smaller nanoparticles have increased metal-support
interactions, which can in turn affect their thermal sta-
bility [38]. This would therefore lead to an increase
in binding energy of the Pd 3ds/; peak of the PdO,
species in smaller particles (< 5 nm). It is probable that
more than one oxidation state is present in the oxidised
metal, as the fitted XPS peaks are still quite broad over
this range and the increasing concentration of newly
formed Hjy is simultaneously reducing Pd. Despite this
uncertainty in the exact nature of the oxidation state,
in-situ XPS shows distinct changes in chemical state of
the Pd surface as a function of temperature and a clear
correlation with the catalytic activity.

5 Summary

A particle size effect has been observed in Pd/Al;O3
nanoparticles catalysing the partial oxidation of methane
to syn-gas (CO and Hs). In general, CH4 conversion to
POM products occurs at lower temperatures for larger
particles from 5 nm to 10 nm. NAP-XPS data show the
appearance of a metal oxide species around 550 - 650 K
for all particle sizes, whilst mass spectrometry indicates
the start of syn-gas production during these tempera-
tures. As Hy is produced, the oxide species on the Pd
surface reduces to metallic Pd by 700 K, slowing down
the production of CO. This suggests the formation of
the oxide species is the driving force in initial product
formation. A mixture of PdO and metallic Pd is
needed to maintain the reaction as we observe
an increase in intensity of the Pd metal NAP-
XPS peaks (335 eV) at the same temperatures
at which product formation increases, as shown

by mass spectroscopy. A full reduction of the oxide
to metal is detrimental to the catalytic process.
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