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Catalysts with platinum dispersed on alumina, ceria and mixed alumina-ceria have been prepared by incipient wetness impreg-
nation, characterized with transmission electron microscopy and X-ray diffraction, and evaluated for total oxidation of methane
under both stationary and transient gas compositions (oxygen pulsing). Further, in situ diffuse reflectance Fourier transformed
infrared spectroscopy has been used to monitor the evolution of surface species during precise transient gas composition changes
using high-speed gas switching valves. The results show that platinum interacts sufficiently strong with all the supports so as
to form small platinum particles. The smallest sizes are observed for the Pt/Ce sample. The alumina containing samples show,
in contrast to the Pt/Ce sample, a decreased methane conversion with the increasing oxygen concentration and a clear kinetic
bistability between increasing and decreasing oxygen concentrations. The bistable kinetics is likely connected to oxidation and
reduction of platinum occurring at different stoichiometric gas mixtures depending on the history of the system, for which an
oxidation of the platinum particles effectively inhibits the dissociative adsorption of methane leading to low reaction rate. It is
shown for the alumina containing samples that the adverse effects of oxygen excess can be circumvented by the use of periodic
operation so that the the average methane conversion is improved. Further, Pt/Ce sample seems to exhibit additional active sites
at the platinum-ceria interface explaining the generally higher conversion of methane for this sample.

1 Introduction

The transport sector within the European Union is responsi-
ble for around a quarter of the emissions of greenhouse gases,
where road transportation causes about one fifth of the total
emissions of carbon dioxide (CO2)1. This has become a driv-
ing force for introducing alternative fuels while phasing out
conventional diesel and petrol. At present natural gas is in-
creasingly used as an alternative fuel. As natural gas consists
mainly of methane (CH4), technologies developed for com-
bustion of natural gas can in the longer perspective also uti-
lize so-called biomethane produced from renewable biological
sources.

Natural gas is considered as a clean fuel. The low sulfur
content results in low emissions of sulfur oxides2 and the for-
mation of particulate matter and NOx emissions is lower in
lean-burn natural gas engines than in diesel engines.3 Further,
the high H/C ratio of methane yields significantly more useful
energy per emitted CO2 as compared to conventional transport
fuels. Yet, the global warming potential over a 20 year pe-
riod has been reported to be 72 times higher for methane than
for CO2

4, which stresses the importance of avoiding methane
slip. In this connection, efficient exhaust aftertreatment by cat-
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alysts designed for total oxidation of methane is the preferred
technology to minimize the emission levels of non-combusted
methane. Oxidation of methane is however challenging, es-
pecially at the low temperatures representative for modern en-
gines, because methane is the least reactive hydrocarbon5. To
facilitate use of (bio)methane as a fuel, catalysts with high
ability to dissociate and oxidize methane need to be devel-
oped.

The rate-limiting step in the catalytic oxidation of methane
is activation and splitting of the first C-H bond, i.e. disso-
ciative adsorption, which is associated with a high energy
barrier6. Oxide supported palladium has been found to be
the most active catalyst for methane oxidation under oxidiz-
ing conditions7,8. Unfortunately, palladium based catalysts
are prone to poisoning by sulfur species and may suffer from
water inhibition7–9. The platinum counterparts are signifi-
cantly more tolerant towards both sulfur and water8 but suffer
instead from oxygen self-poisoning5,10. Under net-reducing
conditions, however, platinum catalysts have been reported
to be more active5,7,11. Self-poisoning can be circumvented
by employing alternating exhaust gas composition, often re-
ferred to as periodic operation or transient control, which is a
known strategy for enhancement of catalytic activity in such
cases12,13. Thereby, for example by cycling between net-
oxidizing and net-reducing reaction conditions, the effect of
oxygen poisoning can be suppressed12–15, which leads to im-
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proved overall activity for oxidation of methane. Another ap-
proach to promote methane oxidation over alumina and ceria
supported platinum is to add SO2 to the feed. For Pt/Al2O3
this results in enhanced activity for methane oxidation16 while
for Pt/CeO2 the methane oxidation is first temporary enhanced
and then inhibited for prolonged sulfur exposure.16,17

Considering the support material, the traditional important
role is to provide a high and stable surface area onto which the
noble metals can be dispersed to form nm-sized particles18.
The support should also interact with the noble metal par-
ticles sufficiently strong as to stabilize the particles against
sintering.18 For these reasons alumina is commonly used as
the support material in technical catalysts18. Furthermore, the
performance of the noble metal depends on the choice of sup-
port material. Besides influencing properties such as the oxi-
dation state, strong interactions can also give rise to new ac-
tive sites at the interface between the noble metal and the sup-
port.15,16,19,20 In the case of methane oxidation over ceria sup-
ported platinum such interfacial sites have been considered to
play an important role15,16,20. Besides, cerium is well known
to have the ability to readily change oxidation state (Ce3+ ↔
Ce4+) thereby functioning as an oxygen buffer21. Therefore
ceria-doped alumina supports, that benefit from the properties
of both alumina and ceria, have been developed22.

In the present study the influence of the gas phase stoichom-
etry and periodic operation on the oxidation of methane over
platinum supported on alumina, alumina doped with ceria and
ceria is investigated. Specific attention is paid on mechanis-
tic understanding of the reaction under transient conditions by
flow-reactor experiments combined with in situ Fourier trans-
formed infrared spectroscopy measurements.

2 Experimental section

2.1 Catalyst preparation and characterization

Catalysts with 4 wt.-% Pt supported on alumina (Pt/Al), alu-
mina doped with ceria (Pt/AlCe) and ceria (Pt/Ce) were pre-
pared by incipient wetness impregnation17. The support ma-
terial being either alumina (Puralox SBa 200, Sasol), alumina
doped with 20 wt.-% ceria (Puralox SBa-200 Ce-20, Sasol) or
ceria (99.5 H.S.A. 514, Rhône-Poulenc) was dispersed in an
aqueous solution of tetraaminplatinum(II)nitrate (2.92 wt.%
(NH3)4Pt(NO3)2, Johnson Matthey) as the platinum precursor.
The pH of the solution was then adjusted to 11 by addition of
diluted ammonia solution. The slurry was continuously stirred
for 20 minutes, frozen in liquid nitrogen and then freeze-dried
for 12 h. The samples were calcined in air at 550◦C for 1
h, with a heating rate of 5◦C/min from room temperature to
550◦C. Monolith substrates (L=15 mm, ∅=12 mm) were cut
out from a honeycomb cordierite structure with 400 cpsi and
coated with 200 mg of the final powder catalyst (80% catalyst
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Fig. 1 Normalized powder X-ray diffractograms of a) Pt/Al, b)
Pt/AlCe and c) Pt/Ce. The diffractorgrams for the pure support
materials are included as reference. TEM images of d) Pt/Al, e)
Pt/AlCe and f) Pt/Ce. Scale bars measure 10 nm.

powder and 20% binder material) through a dip-coating pro-
cess, see e.g. ref.16. Böhmite (Disperal P2, Sasol) was used as
the binder for the alumina containing samples and cerium ac-
etate sol (23 wt.-% CeO2 (ACT), Nyacol Nano Technologies)
was used for the Pt/Ce sample. The monolith samples were
finally calcined in air at 600◦C for 2 h.

The BET surface area of the powder samples was mea-
sured using N2 physisorption (Micromeritics, Tristar). The
specific surface area of the Pt/Al, Pt/AlCe and Pt/Ce samples
was measured to be 169, 189 and 131 m2/g, respectively. The
platinum particle size for the powder samples was studied by
transmission electron microscopy (TEM), using an FEI Tec-
nai G2 TEM. Further characterization of the powder catalysts
was performed by X-ray diffraction (XRD), using a Bruker
XRD D8 Advance instrument with monochromatic CuKα1 ra-
diation, covering a 2θ range of 20-60◦. The step size and the
step time was 0.029◦ and 1 s, respectively. The sample rota-
tion speed during the XRD measurement was 60 rpm.
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2.2 Equipment for catalytic studies and in situ character-
ization

2.2.1 Continuous gas-flow reactor system. The con-
tinuous gas-flow reactor consists of a horizontal quartz tube
(L=600 mm, ∅=15 mm) surrounded by a metal coil for resis-
tive heating. A layer of quartz wool, which is covered by alu-
minum foil, insulates the coil. The monolith catalyst was posi-
tioned between two blank cordierite monoliths functioning as
heat radiation shields that reduce axial temperature gradients
within the sample23. The gas temperature is measured with a
thermocouple (type K, Pentronic) 15 mm upstream the sam-
ple and is controlled by a PID regulator (Eurotherm 3508). A
second thermocouple of the same type is used to measure the
temperature in the middle of the monolith sample. The feed
gas composition is controlled by a set of mass flow controllers
(Bronkhorst LOW-∆P-FLOW) and introduced to the reactor
via air actuated high-speed gas valves (Valco, VICI), which
allow fast changes of the feed gas composition. In all experi-
ments argon was used as the balancing gas. The total flow was
kept constant at 500 ml/min corresponding to a space veloc-
ity (GHSV) of 15000 h−1 and a residence time of 0.2 s. The
reactor outlet gas phase components were analysed by mass
spectrometry (Prisma, Pfeiffer) following the mass to charge
ratio 2 (H2), 15 (CH4), 18 (H2O), 28 (CO), 32 (O2), 40 (Ar),
44 (CO2).

2.2.2 Combined in situ Fourier transformed infrared
spectrometer and mass spectrometer system. Time re-
solved in situ Fourier transformed infrared spectroscopy ex-
periments were performed in the diffuse reflectance mode
(DRIFT), using a Bio-Rad FTS6000 spectrometer equiped
with a high-temperature reaction cell (Harrick Scientific,
Praying Mantis) with KBr windows and an MCT detector. The
sample temperature was measured by a thermocouple (type k)
and controlled with a PID regulator (Eurotherm 2416). Gases
were introduced to the reactor cell through a set of mass
flow controllers (Bronkhorst LOW-∆P-FLOW). An air actu-
ated high-speed gas valve (Valco, VICI) was used to enable
precise transients. The outlet stream was analysed by mass
spectrometry (Blazers QuadStar 420) following the m/z 2(H2),
15 (CH4), 18 (H2O), 28 (CO), 32 (O2), 40 (Ar), 44 (CO2).

2.3 Experimental procedures

2.3.1 Catalytic studies in continuous gas-flow reactor.
Steady-state experiments at 350, 400 and 500◦C were per-
formed to examine how the oxidation of methane is influenced
by the oxygen-to-methane ratio in the feed, here defined by the
stoichiometric number S=[O2]/2[CH4] of the feed gas. In each
experiment the monolith sample was pretreated in 0.7% O2
and 0.1% CH4 for one hour at the temperature to be studied.
The experiment was then started by keeping the methane con-

centration constant at 0.1 % while stepwise changing the oxy-
gen concentration so that the S-value was changed according
to the sequence: 3.5, 3, 1.5, 1 0.75, 0.5, 0.25, 0.125, 0, 0.125,
0.25, 0.5, 0.75, 1, 1.5, 3 and 3.5. To achieve steady outlet con-
ditions each feed composition was kept constant for 30 min
except for the Pt/CeO2 sample at 500◦C where the steps were
60 min long. Furthermore, isothermal oxygen pulse-response
experiments were performed at 400◦C for the three samples.
In each experiment the sample was pretreated with 0.3% O2
and 0.1% CH4 at 400◦C for 1 h. The experiment was then
started by repeatedly switching off/on the O2 feed for 10 min
while following system response.

2.3.2 In situ DRIFTS/MS experiments. In the infrared
spectroscopy measurements the wavenumber region 1000-
4000 cm−1 was investigated with a spectral resolution of 0.5
cm−1. The reference spectrum for background subtraction
was collected in the reaction mixture by the end of the pre-
treatment, i.e., 0.3% O2 and 0.1% CH4 for 30 min at 400◦C
using a total flow of 100 ml/min. Spectra were collected every
ten second. Isothermal oxygen pulse-response experiments
were performed by repeatedly switching off/on the oxygen for
5 min, keeping the total flow constant at 100 ml/min, while
following the system response. Isothermal CO exposure ex-
periments were performed by subsequently after the pretreat-
ment introduce 100 ppm CO to the reaction cell, also at con-
stant 100 ml/min total flow.

3 Results

3.1 Analysis of X-ray diffractograms and TEM micro-
graphs

In Figure 1 the results from the XRD and TEM analysis of
the as prepared Pt/Al, Pt/AlCe and Pt/Ce samples are shown.
Also, the X-ray diffractograms for the pristine support materi-
als are included as reference. The diffractograms for the Pt/Al
(panel a) and Pt/AlCe (panel b) samples show two sharp peaks
at 2θ= 39.8 and 46.2◦, which can be assigned to (111) and
(200) reflections from metallic Pt, respectively (JCPDS 04-
0802). By using the Scherrer equation and the half width of
the measured peaks at 2θ=39.8 and 46.2◦, the average diame-
ter of the Pt particles is calculated to be 40 and 27 nm, respec-
tively. The diffractogram from the Pt/Ce sample is dominated
by peaks characteristic for the fluorite structure of CeO2. The
only exception is the tiny peak at 2θ= 39.8◦ representing Pt
(111).

Moving to the analysis of the TEM images, it is clear that
in these images the majority of the Pt particles for the alumina
and ceria supported samples are below 2 nm in diameter. In a
previous study16, analysis of the Pt particle size distributions
for Pt/Al and Pt/Ce samples synthesized with the same prepa-
ration method as here showed that 99% of the Pt particles were
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Fig. 2 Steady-state conversion of 0.1% methane over Pt/Al (left panels), Pt/AlCe (middle panels) and Pt/Ce (right panels) monolith catalysts
for different feed gas compositions, defined by the stoichiometric number; [O2]/2[CH4], at 350 (top panels), 400 (middle panels) and 500◦C
(bottom panels). The red and blue lines denote increasing and decreasing oxygen concentration, respectively. The points in parentheses denote
the steps where steady-state conditions were not fully achieved during the designed step-time interval.

below 3 nm for Pt/Al (with only a few larger particles up to 20
nm in diameter) and most of the Pt particles were 1-3 nm for
Pt/Ce. The presence of ceria in the samples complicates plat-
inum imaging due to low contrast between ceria and platinum
and thus the statistics was based on a lower number of parti-
cles, however, still adequate. In the present TEM images, the
smallest Pt particles are observed for the Pt/Ce sample. Some
larger Pt particles were also discerned although not visible in
the images shown here.

3.2 Continuous gasflow reactor experiments

3.2.1 Isothermal steady-state flow-reactor exper-
iments. Figure 2 shows the steady-state conversion of
methane over the Pt/Al (left panels), Pt/AlCe (middle panels)
and Pt/Ce (right panels) samples versus the stoichiometric
number of the feed at 350 (top panels), 400 (middle panels)
and 500◦C (bottom panels). The red and blue lines indicate
increasing and decreasing S-value, respectively. At the start
of the experiment, i.e., at S=3.5, for Pt/Al at 350◦C, no
conversion of methane is observed. With decreasing the
S-value (blue line), the conversion remains negligible until
S=0.25 is reached where the methane conversion increases
slightly. Further decreasing the S-value, the conversion
reaches 25% at S=0.125 and then drops to zero at S=0 as no
oxygen is supplied. Proceeding the experiment by increasing
the S-value (red line), the conversion increases again and

reaches 32% at S=0.5. Thereafter, an increase in the S-value
leads to a decreased methane conversion, which drops to
zero for S=1. Generally, similar trends are observed for
Pt/Al at 400 and 500 ◦C although the methane conversion
increases with increased temperature and the conversion
profiles for both the decreasing and increasing S-branches
are broadened towards higher S-values as the temperature
is increased. One significant difference, however, is that at
500◦C the lowest methane conversion is 40% and not zero as
for the lower temperatures. At 400◦C, the highest observed
methane conversion for decreasing and increasing S-value
is 45 and 47%, respectively. The corresponding values for
the experiment at 500◦C are 97 and 86%. The increase in
activity with temperature is apparent also for the Pt/AlCe
and Pt/Ce catalysts. Higher ceria content of the catalyst
generally results in higher methane conversion, e.g., at 400◦C
the maximum conversion for Pt/Al, Pt/AlCe and Pt/Ce is
47, 67 and 100%, respectively. The Pt/Ce sample shows a
considerable activity also at high S-values even at 350◦C. For
the Pt/Al and Pt/AlCe samples a clear hysteresis in methane
conversion between increasing and decreasing the S-value is
observed. This behavior is not clear for the Pt/Ce sample.

3.2.2 Isothermal pulse-response flow-reactor experi-
ments. Figure 3 shows the outlet concentrations of CH4, O2,
CO, CO2 and H2 during oxidation of methane over the Pt/Al
(top two panels), Pt/AlCe (middle two panels) and Pt/Ce cat-
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alysts (bottom two panels) at 400◦C during periodic variation
of the feed stoichiometry between S=1.5 and 0. The results
for the Pt/Al catalyst show that by the end of the oxygen-free
phase (t = 10 min), the outlet concentration of methane reaches
980 ppm corresponding to a methane conversion of 2%. At
the introduction of the oxygen at t=10 min, the outlet methane
concentration decreases to 480 ppm (52% conversion) and in-
creases to 900 ppm (10% conversion) soon after and remains
constant during the lean phase. At the introduction of the rich
phase (t=20 min), the outlet methane concentration sharply de-
creases to 640 ppm (36% conversion) and gradually increases
with the time on stream during the rich period. By doping alu-
mina with ceria, the methane conversion generally increases
for the ceria containing supports and the effect of oxygen puls-
ing becomes more prominent thus increasing the average con-
version of methane.

A sudden increase in methane conversion is clearly observ-
able at the switches of feed composition for all catalysts ex-
cept Pt/CeO2 at the lean/rich switch, for it has already reached
nearly full conversion during the lean phase. Considering the
reaction products, it seems that the total oxidation is promoted
with higher ceria content of the catalyst during the lean phases
and partial oxidation is more facilitated during the rich phases.

3.3 In situ DRIFT spectroscopy experiments

The DRIFTS results for the isothermal oxygen pulse-response
experiments for Pt/Al (left panels), Pt/AlCe (middle panels)
and Pt/Ce (right panels) at 400◦C are shown in Figure 4. The
top panels show the color coded intensities (red corresponds
to high intensity) of the IR spectra in the interval 1000-4000
cm−1 versus time and the inserts show a magnification of the
1750-2100 cm−1 region for an oxygen-free phase. The bot-
tom panels show the time evolution of the integrated IR band
centered around 2350 cm−1 corresponding to gaseous carbon
dioxide (ν̃CO2

gas ). By representing the data in color maps the
dynamics of the evolution of IR absorption bands during the
different phases of the experiment is clearly displayed.

For the Pt/Al sample, it is clear that CO starts to form almost
a minute after the switch to the oxygen-free phase, e.g., at t=13
min. Looking closely to the CO profile, it can be seen that ad-
sorbed CO on the Pt surface, first gives rise to IR bands at
higher wavenumbers and the appearance of absorption bands
at lower wavenumbers is delayed. Moreover, the CO bands
disappear rapidly at the switch to the lean phases. The color
map for the Pt/AlCe sample in Figure 4 shows slightly differ-
ent behaviour, as the delay in formation of the CO bands at
low wavenumbers is more pronounced. Pt/Ce as a more com-
plex system, exhibits a more interesting dynamics. Similar to
the Pt/AlCe sample, a pronounced delay in the formation of
CO absorption bands at low wavenumbers is observed. Inter-
estingly, the CO species that form earlier on the surface, disap-
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Fig. 3 Reactor outlet gas concentrations during transient oxidation
of 1000 ppm methane over the Pt/Al, Pt/AlCe and Pt/Ce monolith
catalysts during periodic variation of the feed gas composition
between S=1.5 (3000 ppm O2) for 10 min and S=0 (0 ppm O2) for
10 min at an inlet gas temperature of 400◦C.
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Fig. 4 Transient oxidation of 0.1% methane over the Pt/Al (left panels), Pt/AlCe (middle panels) and Pt/Ce (right panels) powder catalysts
during periodic variation of the feed gas composition between S=1.5 (0.3% O2) for 5 min and S=0 (0% O2) for 5 min at 400◦C. The top
panels show the color coded intensities (red corresponds to high intensity) of the IR bands (log 1/R, arbitrary units) in the region 1000-4000
cm−1 versus time. The bottom panels show the IR peak area for gaseous carbon dioxide versus time.

pear later after the switch to the lean phases. Some changes are
also observed in the carbonate region, i.e. 1000-1700 cm−1

for the Pt/Ce sample. These species start to form slightly
earlier than the CO species and it also takes longer time for
them to decline after the switch to lean phases. The double
band for gaseous CO2 centered around 2350 cm−1, is gener-
ally stronger during the lean phases. The progress in the CO2
IR band (integrated peak area) over time is plotted in the bot-
tom panels in Figure 4. The CO2 band shows a sharp increase
at the switches from rich to lean phases followed by a gradual
decrease over the lean phases for the Pt/Al sample. However,
switching to the rich phases is accompanied by a temporary
decrease and increase in CO2 production, after which the CO2
signal follows a continuous decline until the end of the rich
phase. Considering the results for the Pt/AlCe sample shown
in Figure 4 the same overall trend for CO2 production is ob-
served as as for the Pt/Al sample. However, the CO2 produc-
tion over the Pt/Ce sample is different as seen in Figure 4. At
the switches from rich to lean conditions, the CO2 production
increases rapidly and reaches a steady level until the switch
to the rich phase takes place and the CO2 production drops
and reaches a steady-state minimum level. To better under-
stand the changes that the formed surface species undergo, a

number of IR spectra are shown in Figure 5(a-c). The spectra
chosen to be shown in this figure are the ones revealing notice-
able changes of the position/intensity of the IR bands during
the cycle. The major changes in the IR spectra in Figure 5(a-
c) take place during the rich phase, where CO peaks start to
appear within the 1700-2200 cm−1 region. For Pt/Al, switch-
ing to the rich phase is accompanied by formation of a peak at
2036 cm−1 (t= 32.9 min) representing linearly bonded CO on
platinum (ν̃CO

lin )24. As the rich phase proceeds this peak simul-
taneously shifts towards lower wavenumbers (2024 cm−1 at
t=36.7 min) and becomes more intense. A closer look, shows a
shoulder next to the (ν̃CO

lin ) peak at lower wavenumbers, which
changes similarly to the main (ν̃CO

lin ) peak in peak-shift and
intensity. By switching to the lean phase at t=37.3 min, the
peak position moves back to higher wavenumbers and gradu-
ally diminishes during the lean phase. The absorption bands
within the 1810-1880 cm−1 region is characteristic for forma-
tion of bridge-bonded CO on platinum during the lean phase.
However, the Pt/AlCe sample in Figure 5(b), shows three dis-
tinct IR bands within the linearly adsorbed CO region. In the
beginning of the rich phase an IR band representative of lin-
early bonded CO to Pt starts to appear at 2058 cm−1 (t=33.1
min), which slightly shifts towards 2047 cm−1 (t=33.7 min)
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Fig. 5 Evolution of IR bands in the wavenumber region 1000-4000 cm−1 for (a) Pt/Al, (b) Pt/AlCe and (c) Pt/Ce catalysts exposed to 0.1%
methane while changing the oxygen concentration from 3000 ppm (S=1.5) to 0% (S=0) (red lines) and then back to 3000 ppm (blue lines) at
an inlet gas temperature of 400◦C. The insert numbers indicate the time (min) in the dynamic experiment where the spectra were recorded.

and becomes more intense until the end of the rich phase. Re-
suming the experiment by exposing the catalyst to lean con-
ditions, a blue-shift is observed concomitant with a decline in
intensity. The other two IR bands in the CO absorption region
are observed at 2085 and 1976 cm−1 during the rich phase.
Three CO peaks are also observed within the linearly bonded
CO region for the Pt/Ce sample in Figure 5(c). The sharpest
one, which forms at 2028 cm−1, in contrast to the trend for
the other two catalysts, experiences a blue-shift to 2045 cm
−1 at t=36.7 min simultaneously as the peak increases in in-
tensity during the rich phase. With the beginning of the lean
phase, the band undergoes a red-shift together with decreas-
ing intensity of the peak. At t=36.7 min the shoulder at 1982
cm−1 is associated with CO adsorbed on platinum interacting
with Ce3+ ions at the metal/support interface25. The weak
peak forming around 1750 cm−1 indicates the presence of
CO adsorbed through both carbon and oxygen, so-called tilted
CO26. This adsorbed state suggests involvement of the sup-
port. Cerium cations are reported to affect how CO is adsorbed

by affecting the back-bonding through the metal26. The OCO
stretching vibrations of carbonate and formate species on the
surface of the support give rise to peaks in the 1000-1700
cm−1 region15,27. As seen in Figure 5(c), the peaks in this
region become more intense during the rich phase and less in-
tense upon the switch to lean phase. These IR bands that are
changing in intensity depending on the stoichiometric number
are assigned on a low-to-high wavenumber order in Table 1.

3.3.1 Isothermal CO exposure experiments. Figure
6(a-c) show the DRIFTS results for the isothermal CO expo-
sure experiments after removal of methane and oxygen from
the feed. With the time on stream, a red-shift of the linearly
bonded CO peak is observed for the Pt/Al and Pt/AlCe sam-
ples followed by a blue-shift back to the initial peak position.
However, for the Pt/Ce sample, only a blue-shift is observed
during the CO exposure. The formation of bridge-bonded CO
upon CO exposure is revealed by the increase in the IR band
intensity within the 1700-1800 cm−1 range, and formation of
carbonate species can be followed within the 1000-1700 cm−1
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Table 1 Assignments of IR absorption bands within the 1000-1700
cm−1 region.

Wavenumber Species
cm−1

1052 Unidentate carbonate28

1078 Methoxy species on reduced ceria (Ce+3 sites)27

1218 Bidentate carbonate29

1310 Inorganic carboxylate29, Bidentate carbonate30

1365 Bulk carbonate30

1396 Unidentate carbonate29, Bulk carbonate30

1424 Bulk carbonate30

1454 Unidentate carbonate29, Bulk carbonate30

1550 Inorganic carboxylate29

region.

4 Discussion

For all samples the preparation procedure results in Pt parti-
cles that are smaller than about 2 nm and the smallest parti-
cles are observed for the Pt/Ce sample (cf. Figure1d-f). A
few larger Pt particles are present in the alumina containing
samples, which give rise to the two sharp diffraction peaks
observed at 2θ= 39.8 and 46.2◦ in Figure 1a and b. The par-
ticles below about 2 nm are difficult to resolve by XRD, even
with modern step-scanning techniques.31 It has been reported
that ceria can promote noble metal dispersion22,32 and Pt sup-
ported on ceria exhibits stronger metal-support interactions
than Pt supported on alumina.33Thus it is expected that the
platinum in the ceria containing catalysts is at least as highly
dispersed as in the Pt/Al sample. For all samples, most of the
Pt particles are sufficiently small to obey various phenomena,
e.g., edge effects, electron transfer and spill-over processes be-
tween the Pt and the support material, that may affect the cat-
alytic properties.34 Considering the support materials it can
be seen that the XRD pattern for pure alumina-ceria mainly
follows the corresponding pattern from the pure ceria support
with some influence from the alumina, which is noticeable as
a peak shift compared to pristine alumina and ceria supports at
2θ= 47◦. This suggests that the properties of both alumina and
ceria should be considered when interpreting the results for the
Pt/AlCe catalyst. Concerning catalytic activity, the present re-
sults clearly show that the Pt/Ce catalyst is significantly more
active for methane oxidation than the Pt/Al and Pt/AlCe sam-
ples (cf. Figures 2 and 3). The superior activity of Pt supported
on ceria compared to alumina has been reported in previous
studies15,35. For high S-values at 400◦C under steady-state
conditions (cf. Figure 2) and during the dynamic conditions
used here (Figure 3), the Pt/AlCe sample seems to be slightly

more active than the Pt/Al counterpart. This suggests that in-
clusion of ceria in alumina based support materials may be
used to enhance the activity for methane oxidation, at least in
applications with unsteady gas compositions. In the remaining
discussion we will first comment on the observed hysteresis
before we analyze in detail the influence of unsteady feed gas
conditions and role of the support material in the oxidation of
methane.

Hysteresis phenomena are common in many catalytic sys-
tems. Generally, the mechanism behind hysteresis behavior
depends on the system at hand and the governing parameter,
e.g., reactant pressure and temperature. A well known exam-
ple is the bistable kinetics of CO oxidation on platinum ob-
served when, e.g., increasing and decreasing of the relative
reactant ratio β=pCO/(pCO+pO2 ). The kinetic bistability is in
this case caused primarily by the different sticking probabili-
ties of CO and oxygen on the Pt surface in combination with a
high reaction rate36. However, the literature on bistable kinet-
ics in methane oxidation on platinum is more rare. Related to
hysteresis, step-wise changes in methane conversion as a func-
tion of oxygen pressure have been observed previously.7,11,37

Burch et al. observed a hysteresis in methane conversion
between heating and cooling in temperature programmed re-
action (TPReaction) experiments in both stoichiometric and
oxygen deficit gas mixtures. The hysteresis was attributed to
a favorable adsorbate composition that once established upon
heating the catalyst, can be maintained during the cooling5.
In the present study the hysteresis is observed when chang-
ing the S-value at (nearly) isothermal conditions (cf. Figure
2). The maximum measured catalyst temperature rise was
around 10◦C and the adiabatic temperature rise is calculated to
be around 34◦C for the actual methane conversion. Although
still not straightforward, this type of experiment may be easier
to interpret as primarily only oxygen adsorption is impacted
(of course this has a corresponding impact on coupled pro-
cesses) as compared to the TPReaction experiment where the
rate of all temperature dependent surface processes changes
exponentially. By employing kinetic Monte Carlos simula-
tions of methane oxidation on platinum, Zhdanov et al.10 pre-
dicted a similar hysteresis behavior as observed here for the
alumina samples at 350 and 400◦C (cf. Figure 2). The model
shows a sharp transition from a state with low activity to a
highly active state, which was attributed to a shift from a sur-
face entirely covered by platinum oxide to a surface covered
by chemisorbed oxygen. Validation of these predictions would
require in situ structural characterization techniques, however,
the results seem plausible. Especially when considering the
results of previous in situ ED-XANES spectroscopy studies
on methane oxidation over Pt/alumina during transient oxygen
supply, where it was shown that oxide formation on platinum
drastically lowers the activity for methane oxidation14,38. The
idea of platinum oxidation/reduction as the mechanism behind
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Fig. 6 Evolution of IR bands in the wavenumber region 1200-2500 cm−1 for (a) Pt/Al, (b) Pt/AlCe and (c) Pt/Ce catalysts exposed to 0.05%
CO after initial pretreatment in 0.1% methane and 0.3% oxygen for 30 min at an inlet gas temperature of 400◦C.

the hysteresis may also explain the more complicated behav-
ior at 500◦C, for which no clear hysteresis is observed, as at
this high temperature platinum oxides are less stable39. Fur-
thermore no clear hysteresis is observed for the Pt/Ce sample.
This may be due to the more strong interaction between plat-
inum and ceria imposing an oxidized character of the gener-
ally smaller Pt particles that cannot be reduced by methane.
The generally high activity for the Pt/Ce sample is likely due
to other effects originating from the strong interaction between
platinum and ceria, which will be discussed below.

The hysteresis phenomena suggest that the methane oxida-
tion reaction can be enhanced by applying periodic operation.
The results presented in Figure 3 clearly show that this is the
case for the Pt/Al and Pt/AlCe samples. For these samples a
temporary high methane conversion is achieved both when the
oxygen feed is switched on and off. This is in accordance with
previous studies on methane oxidation over Pt/alumina14,38.
At the introduction of oxygen, the temporary high methane
conversion is similar for the two samples although the Pt/AlCe
sample is generally slightly more active. However, when oxy-
gen is switched off the temporary high methane conversion for
Pt/Al is mainly due to dissociation of methane as only minor
amounts of CO2 are formed. Contrary, for the Pt/AlCe sample
a clear production of CO2 is seen for this period. This sug-
gests that the dynamic oxygen storage capacity of the Pt/AlCe
system is not sufficiently high to prevent the oxygen poisoning
of the platinum upon introduction of the excess oxygen con-
ditions but is neither negligible since CO2 is formed after the
oxygen is switched off. For the Pt/Ce system no clear benefit
of dynamic operation can be seen in the present experiments
as the sample is highly active at the studied temperature. For
lower temperatures, however, it is likely that dynamic opera-
tion can be used to enhance the activity for methane oxidation
also for this system. Furthermore, during dynamic operation

conditions, the oxidation of methane alternates between total
and partial oxidation. This is most clear for the ceria con-
taining samples. For stoichiometric partial oxidation, the ex-
pected concentration of hydrogen should be twice that of car-
bon monoxide. Interestingly, for the Pt/Ce catalyst the formed
hydrogen largely exceed the stoichiometric formation of CO.
Both water-gas shift (WGS) and methane steam reforming re-
actions may occur during rich phases and these reactions can
be can be further enhanced by ceria.40,41 However, the low for-
mation of CO2 in the present experiments seems not to fully
support a significant hydrogen formation due to the WGS re-
action. Concerning the Pt/Al sample Becker et al.14,15 studied
in similar experiments the white line area of the time-resolved
ED-XANES spectra as a measure of the surface O/Pt ratio dur-
ing the rich phase. It turned out that the O/Pt ratio was fairly
constant, which implies that platinum oxide species are likely
not the main source for oxygen during rich phases. Instead
the oxygen source for partial methane oxidation during the
rich phases has been proposed to be either water formed dur-
ing the previous lean phases or surface carbonates/hydroxyl
species14.

To better understand the surface processes occurring on the
different systems during dynamic operation we turn to the in
situ DRIFT spectroscopy experiments. Before continuing the
discussion we first comment on the actual temperature in the
Harrick reaction cell. It has been shown that the set-point tem-
perature and the actual temperature in the IR sampling volume
of the bed may differ significantly, especially at high temper-
atures42. However, in the present study this is not critical
since we do not use the IR data for direct comparison with
kinetic data as measured in the flow-reactor at 400◦C. Rather
the DRIFT spectroscopy experiments are qualitative and used
for discussion of occurring surface processes. The general be-
havior in these experiments corresponds well with the flow-
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reactor results discussed above. During dynamic operation
temporary high activity is seen at the switches for the alumina
containing samples (cf. lower panels in Figure 4) and dur-
ing transition from oxygen excess to oxygen-free conditions
the Pt/AlCe catalyst forms more CO2 than the Pt/Al sample.
Also, during this transition, the coverage of CO adsorbed on
the platinum particles increases on all samples reflecting the
change from total oxidation to partial oxidation of methane.
In the case of Pt/Ce several absorption bands related to car-
bonates on ceria develop as well. Following the increase of
linearly bonded CO on Pt at around 2050 cm−1, an initial red-
shift is observed (cf. Figure 5) after which the band broadens
towards lower wavenumbers. Furthermore, it is apparent that
this broadening is more delayed with increasing ceria content
of the support material. Simultaneously, increase of bridge-
bonded CO on Pt at around 1850 cm−1 can be observed, at
least for the Pt/Al sample. Upon introduction of oxygen, the
CO adsorbed on platinum vanishes abruptly for the Pt/Al and
Pt/AlCe samples due to the fast CO oxidation reaction. How-
ever, for the Pt/Ce catalyst the disappearance of adsorbed CO
is significantly slower and seems to be related to the disap-
pearance of the carbonates. This may suggest that carbonate
species formed on bare ceria in the vicinity of the platinum
particles transform into carbonyls on platinum, for example
on Pt sites in close contact with ceria, which then reacts with
oxygen. Such phenomena have been discussed previously for
the same type of catalyst during the reversed WGS reaction43.
Also, upon introduction of oxygen, carbonates on ceria may
be destabilized resulting in desorprtion of CO2

44. Both these
effects can explain the more pronounced overshoot in CO2 for-
mation in the dynamic experiment displayed in Figure 3. In
the remaining discussion we focus on the evolution of the car-
bonyl bands and how these may reflect the different processes
occurring on the catalysts during periodic operation.

Adsorption of CO on platinum oxide results in an IR ab-
sorption band at around 2110 cm−1 45–47 while adsorption on
metallic platinum gives rise to IR absorption bands at lower
wavenumbers. During CO oxidation over a Pt/alumina cata-
lyst under dynamic oxygen feed39, it has been shown that in
the high active state the platinum particles are partially oxi-
dised. Upon switching off the oxygen supply, CO starts to
accumulate on the platinum particles, which become reduced.
During this process a red-shift of the linearly adsorbed CO on
platinum is initially observed and as the CO saturation cover-
age is approached on the metallic platinum a blue-shift is ob-
served. Considering carefully the results presented in Figure
5, it is clear that the linearly bonded CO on platinum for the
alumina containing catalysts follows this behavior, i.e., first
undergoes a red-shift followed by a blue-shift although not so
well pronounced. The magnitude of the red-shift is about 5
and 10 cm−1 for the Pt/Al and Pt/AlCe samples, respectively.
It is more clear in the CO adsorption experiment in Figure 6

as CO is included in the feed in this experiment. In this case
the red-shift is 10 and 20 cm−1 for the Pt/Al and Pt/AlCe sam-
ples, respectively. The red-shifts presented here are somewhat
lower as compared to the previous study39, which likely are
due to the significantly lower oxygen concentration used here.
Despite this the trends in the evolution of the linearly adsorbed
CO on Pt support that low methane conversion over the Pt/Al
and Pt/AlCe catalysts in presence of excess oxygen is due to
a low dissociation rate of methane on oxidised platinum par-
ticles. Interestingly, for the Pt/Ce sample, the IR band for the
linearly adsorbed CO as the coverage of CO increases during
the oxygen-free period in the dynamic experiment shows no
shift and in the the CO adsorption experiment an blue-shift
only is seen. The absence of a red-shift may reflect that the
chemical state of the Pt in the platinum particles is not signifi-
cantly changed during the the adsorption of CO or that carbon
monoxide adsorbs on sites that do not change considerably.
The blue-shift may be due to a gradual increase in the popu-
lation of platinum sites in close contact with the support, i.e.,
slightly oxidised platinum sites.

The initial peak positions for the ν̃CO
lin (Pt) in the CO expo-

sure experiments are 2040, 2060 and 2023 cm−1 for Pt/Al,
Pt/AlCe and Pt/Ce, respectively (cf. Figure 6). During CO
saturation the ν̃CO

lin (Pt) broadens and shoulders develop. The
different peak positions and shoulders suggest that different
types of CO adsorption sites present on the different cata-
lysts become populated. The fundamental reasons may be
several, e.g., size and morphology of the platinum particles,
and interactions between the platinum and the respective sup-
port. Thus, we cannot unambiguously deconvolve the ν̃CO

lin (Pt)
band for precise assignments. However, some general com-
ments can be made. IR absorption in the region 2060-2090 is
often considered to correspond to CO adsorbed on extended
surfaces (facets)48 while absorption in lower wavenumber re-
gions has been assigned to CO adsorbed on under-coordinated
sites (edges and corners)48,49 or sites in the platinum-support
interface50. Our results agree with the idea that with increas-
ing ceria content the interaction between platinum and the
support becomes stronger which leads to smaller Pt particles
where the abundance of under-coordinated sites is expected to
be higher. These sites may be of particular importance for the
methane oxidation.

5 Concluding remarks

The present study shows the importance of the support ma-
terial in the total oxidation of methane over supported plat-
inum catalysts. The results show that platinum interacts suf-
ficiently strong with alumina, alumina-ceria and ceria to form
nanoparticles of the platinum particles around 2 nm in diam-
eter or below. The smallest Pt particles are observed for the
Pt/Ce sample. For the alumina-containing samples, in con-
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trast to the Pt/Ce sample, the oxidation of methane decreases
with increasing oxygen concentration in the feed. Further-
more, for the former samples, a clear kinetic bistability be-
tween increasing and decreasing oxygen concentration of the
feed is observed. This bistability is connected with oxidation
and reduction of platinum proceeding for different feed sto-
ichiometry depending on the history of the catalyst system.
The oxidation of platinum results in suppressed reaction rate
for methane oxidation by hindering the dissociative adsorption
of methane. For the alumina-containing samples, the nega-
tive impact of oxygen can be circumvented by use of peri-
odic operation which results in increased average conversion
of methane. The Pt/Ce catalyst is considerably less sensitive to
oxygen than the alumina-based catalysts. Our results support
the presence of under-coordinated sites and boundary sites in
platinum-ceria systems that may be of particular importance
in the oxidation of methane.
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and Wärtsilä Finland Oy.

References
1 European Commission Directorate-General for Energy and Transport

(DG TREN), http://ec.europa.eu/energy, 2010.
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