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Thermoelectric windows: A thermoelectric generator is embedded into a window glass
that can generate 300 Watts of power at a temperature difference of 20°C, achieving a
new breakthrough in green building technology, as described in the Full Paper by Prof.
Muhammad M. Hussain and colleagues at the King Abdullah University of Science and
Technology on page 292. Forty percent of global energy consumption is related to
room heating and cooling. Therefore, thermoelectric generators integrated into
building materials can generate thermoelectricity based upon the temperature
difference between the outside temperature and inside building temperature. One
major challenge is to have a thermopile that is thick enough (at the least 5 mm in
alignment with standard glass thickness). The micrometer-sized thermoelectric powders
were therefore ball milled into nanostrucutured materials and then hot pressed into a
mold to form 5 mm thermopiles before inserting into the window glass to make
themorelectric windows.
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Aromatic palyether PEC
separator Li-ion batteries. Porous separators based on
blends of aromatic polyethers and
polyethylene oxide (PEO) are obtained,
showing much improved thermal shrinkage
and wettability behavior compared to the

commercial separator.
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Sample Coal hard results: Rapid pyrolysis of coal—
vent  Water slurries (CWs) and parent coals are

3 i performed in a drop-style high-frequency
furnace. The results show that, as the
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:§ pyrolysis temperature increases, the char
B o2 B pyrolysis yields differ between CWS and
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More than a window: Until now thermoelectric
generators have been built on a single side of
a substrate, therefore requiring the two
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from the temperature gradient between the
solar-heated outdoors and the relatively cold
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Evidence of the Formation of Surface Palladium Carbide
during the Catalytic Combustion of Lean Methane/Air

Mixtures

Adi Setiawan,” Eric M. Kennedy,” Bogdan Z. Dlugogorski,” Adesoji A. Adesina,"
Olga Tkachenko,” and Michael Stockenhuber*!?!

The catalytic combustion of <1% methane in air over palla-
dium-based catalysts is investigated. The influence of operat-
ing parameters and pretreatment conditions on the activity
and stability of the catalysts is studied. X-ray photoelectron
spectroscopy analysis of Pd/Al,O; indicates the emergence of
Pd carbide, even under lean conditions (0.6 % methane) and
at temperatures as low as 180°C. Significant differences were
observed in the light-off temperatures and extent of coke

Introduction

Methane is a gas with a GHG potential which is 23 times
greater than that of CO,!" and under certain circumstances
the oxidation of methane to CO, is considered a viable
option to reduce net greenhouse gas emissions, especially
when the concentration of methane is well below its lower
explosion limit of 5%. Catalytic oxidation of methane is one
of the most promising technologies to mitigate methane
emissions as it can operate under a wide range of methane
concentrations and at low reaction temperatures. The rela-
tively low temperature of catalytic combustion for lean meth-
ane streams is an important advantage over other combus-
tion technologies because of its potential to achieve a signifi-
cant reduction in energy usage due to minimal heat losses
from the process, significantly reduced requirements for the
addition of fuel to the process as well as limited reaction of
most contaminants with the solid catalyst. High conversion
at high space velocities can be achieved, which, in turn, re-
duces the reactor size compared to high temperature com-
bustion technology.

Palladium catalysts are well known to be highly active cat-
alytic materials for the total combustion of methane. These
catalysts exhibit high activity for oxidation of alkanes at low
temperatures, especially when supported on high surface
area oxides such as y-alumina. The high specific surface area
of the support enables high metal dispersion which, in turn,
results in high catalytic activity.”?) A wide range of research
has been performed in recent years to investigate the oxida-
tion behaviour and catalytic properties of metal oxides® and
noble-metal-based catalysts, with a number of comprehensive
reviews published in this area.>* Recently, supported palla-
dium catalysts were investigated experimentally in a laborato-
ry-scale monolithic reactor study and also by simulation,*®
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deposition, depending on whether the catalysts were condi-
tioned under oxidizing or reducing conditions. The oxidized
palladium catalysts were reduced by methane under reaction
conditions and exhibited similar activity compared to cata-
lysts which were activated under hydrogen. Time-on-stream
experiments reveal that the stability of the Pd/Al,O; catalyst
reduced in hydrogen was only marginally improved com-
pared to catalysts calcined in air.

with the aim of developing more cost effective and efficient
catalytic combustion technologies.[!

It is generally agreed that catalyst pretreatment plays an
important role in controlling the activity and durability of
catalysts. Under oxygen-rich conditions, for palladium cata-
lysts, it is suggested that PdO is formed and this phase repre-
sents the active phase for methane oxidation.”! Other investi-
gators claim that reduced Pd was an important active site for
the catalytic combustion reaction,”” whereas others have
suggested that the surface structure of the Pd-based catalysts
changes with time-on-stream under fuel-rich conditions."”

Although the coking of transition-metal catalysts was re-
ported during the combustion of methane at higher concen-
trations!"'? and reaction temperatures,'? we have observed
the formation of significant quantities of carbonaceous mate-
rial under highly oxygen-rich conditions which, to our knowl-
edge, has not been previously reported. Furthermore, we
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have observed that methane can be activated at tempera-
tures as low as 180°C, which could have important conse-
quences for the development of technologies for the low
temperature catalytic combustion of methane.

The dependency of light-off curves and overall catalytic
activity depends on the pretreatment history of catalysts and
the deactivation behaviour needs further investigation in
order to improve the performance of the catalytic system.
Moreover, the chemical nature of carbon deposits, identified
as Pd carbide!™ formed under reaction conditions is under
debate.!¥

In this study, we examined the effect of pretreatment con-
ditions on the activity of a catalyst based on palladium sup-
ported on aluminium for combustion of air mixtures contain-
ing low concentrations of methane (0.2-0.8 % ). We observed
the formation of carbonaceous deposits and were able to cor-
relate coke deposition with catalyst activation procedures.
We also examined catalyst deactivation during time-on-
stream methane combustion experiments undertaken in con-
ditions where the level of methane conversion was over
90%.

Results and Discussion
Catalytic activity

Pretreatment procedures were varied for the 1.2 wt% Pd/
Al)O; catalysts in order to examine the effect of oxygen and
hydrogen pretreatment on the catalytic activity. The methane
conversion curves obtained from these samples are plotted in
Figure 1. At lower temperatures (below 280°C), the catalyst
activated in air shows a higher conversion level compared to
the sample reduced in hydrogen. At temperatures higher
than T, (temperature at 50% conversion), the activity of
both samples was essentially the same. In addition, the cal-
cined-reduced sample demonstrates the same activity during

100

80

60

40 1

Methane conversion /%

20 1

0 T T T T T T T T 1
180 200 220 240 260 280 300 320 340 360

Temperature /°C

Figure 1. Methane conversion over 1.2 wt% Pd/Al,O; catalysts activated in
air-He—H, (calcined-reduced) and activated in air (calcined). Inlet mixture:
6000 ppm CH, in air, 250 mg catalyst, GHSV=33000 h™'. x =calcined
sample, [J =calcined-reduced sample.
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heating and cooling cycles, that is, showing no hysteresis (see
Figure A.2 of the Supporting Information).

The surface area of a 1.2 wt % Pd/Al,O; catalyst decreased
after reaction, suggesting pore-blocking of the support (see
Table 1). Consistent with our carbon balance analysis, we

Table 1. BET Surface area.

Sample

Surface area [m’ g™']

alumina, 99%

0.1 wt. % Pd/Al,O;, fresh
1.2 wt. % Pd/Al,Os, fresh
1.2 wt. % Pd/Al,O;, used

63.7
61.1
58.6
47.5

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

suggest that methane is reducing the Pd species under our re-
action conditions and forming carbonaceous deposits. The
existence of these deposits has been substantiated using X-
ray photoelectron spectroscopy (XPS) analysis (see below).
At higher temperatures (once the Pd is reduced), these de-
posits are removed as indicated by the observation of
a carbon balance in excess of 100% at elevated tempera-
tures.

It is suggested that a low-oxidation-state palladium species
is formed at higher temperatures, which is the active phase
for complete oxidation. The oxidized Pd can activate meth-
ane as indicated by the high conversion at temperatures
below 350°C. The presence of PdO at lower temperatures
has been reported in the published literature where it was
suggested that the oxidized PdO phase is more active com-
pared to its reduced form.'”! Without a separate reduction
step, PdO starts reacting with methane at 7,=180°C where-
as, over a hydrogen-reduced Pd/AlL,O; catalyst, a similar con-
version is achievable only at temperatures >220°C.I"!

Figure 2 shows the methane conversion and carbon-bal-
ance changes of methane-oxidation experiments over Pd/

~ ¢
80t %

60+

40+

20—_:+ . )

Methane conversion, carbon balance/%

Time /min

Figure 2. Carbon balance and methane conversion as a function of time
during methane oxidation over 1.2 wt% Pd/Al,O; catalysts at 180°C. The
sample was pretreated in air at 500°C for 1 h. Inlet mixture: 5000 ppm CH,
in air, 250 mg catalyst, GHSV=33000 h™'. ll = methane conversion;
[J=-carbon balance.
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Catalytic Combustion of Methane

Al,O; catalyst at a reaction temperature of 180°C in which
the feed is 5000 ppm CH, in air. To illustrate the differences
in carbon balance at low and high temperatures the analyzed
concentrations are compared in Figure A3 of the supplemen-
tary section. These data support the argument that CH, is ad-
sorbed and reacts on the catalyst to form carbonaceous spe-
cies at lower temperatures consistent with the observed defi-
cit in the mass balance. Along with a decrease in methane
conversion, the carbon balance increases with time on
stream, and approaches 100% at 180°C. This indicates that,
after 40 min on stream, maximum coverage with coke is ob-
served. The formation of coke is quite surprising, because
only 0.5% methane was present in the air and it is evident
that methane is being activated at a very low temperature.
The amount of coke deposited at 180°C corresponds to ap-
proximately 1x10°molcg™' of catalyst, compared with
a loading of surface Pd species (based on Pd3ds, photoelec-
trons) of 4x107° molp,g~" of catalyst. Thus, only a fraction of
accessible Pd is covered by coke and, consequently, only
a fraction was involved in methane activation at low temper-
atures. To determine the fate of the carbon species deposited,
spent catalyst was heated in zero-air from 400°C to 800°C;
CO, was detected in the outlet of the reactor, suggesting the
existence of coke on the catalyst. The CO, was quantified
and the balance with the deposited carbon was approximate-
ly 96 % (relative), suggesting that all the carbon could be re-
moved by heating in air at 400°C. The existence of carbon
deposits was further substantiated by thermal gravimetric
analysis (TGA) and total organic carbon analysis (TOC).
Carbon deposition on Pd catalysts with methane has been re-
ported before at low temperatures by Dropsch and Baerns,
but only under higher methane concentrations (20% CH,
balanced He).!"!

It is interesting to note that, at higher temperatures
(350°C), we observed only minor catalyst deactivation of
palladium supported on alumina catalyst in the time on
stream experiment. There was only a 5% drop in methane
conversion from 100 % conversion observed over a period of
35 h for the catalyst calcined in air (Figure 3, inlet methane =
6000 ppm). It should be noted that the catalyst was operating
at close to 100 % conversion. However, a significant level of
deactivation was observed at lower space velocities and tem-
peratures during time-on-stream experiments using the Pd
catalyst (see Figure A4 in the Supporting Information). It
was explained that the deactivation with time on stream is
due to transformation of active sites (PdO) into less active
sites, Pd(OH),,['*!" which can be a result of poisoning of the
active sites by H,O produced by the reaction. By purging the
deactivated catalyst in a dry carrier gas stream above 500 °C,
the initial catalytic activity was at least partially restored.

We also observed hydrogen in the product stream of this
reactivation process, confirming the reverse decomposition
of PA(OH), into a PdO phase. This is in agreement with
what has been reported by Roth etal. and Castellazzi
et al181

Methane conversion as a function of reaction temperature
at different values of gas hourly space velocity (GHSV) as

Energy Technol. 2014, 2, 243 —249
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Figure 3. Evaluation of time-on-stream behavior at 350°C over 1.2 wt. % Pd/
Al,O; catalysts, feed =6000 ppm CH, in air with a space velocity of

33000 h™'. []= catalyst was activated in air and subsequently reduced in hy-
drogen (300°C); x =calcined in air (500°C).
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Figure 4. Methane conversion over Pd/Al,O; catalysts as a function of tem-
perature at various space velocities. Feed: 8000 ppm CH, in air. Activated in
air at 500°C for 1 h, purged with He for 30 min at 300°C and reduced in H,
at 300°C for 2 h. x =50000 h™'; 4=80000 h™'; []=200000 h™".

shown in Figure 4 indicates that the Pd-based catalysts
remain active, even at very high space velocities. The light-
off temperature (7T, the temperature in which noticeable ox-
idation occurs) at a gas velocity of 50000 h™' was 240°C,
whereas, at higher space velocities and at the same tempera-
ture, there is no significant methane conversion. At
50000 h™!, maximum conversion was achieved at the reaction
temperature of 330°C, whereas the air-methane mixture at
a GHSV of 80000 h™! requires temperatures of up to 350°C
for complete combustion. In addition, when the space veloci-
ty was increased up to 200000 h™!, the level of highest con-
version of methane was achieved at 370°C. In the tempera-
ture range between 280°C and 320°C, an almost linear de-
pendency of the conversion with space velocity was ob-
served, similar to what others have reported in methane oxi-
dation over magnesium- and manganese-supported catalysts
in plug flow reactors.”*?!! The methane combustion outside
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this temperature range is likely to become mass or heat
transfer controlled.™

The effect of palladium loading on the catalytic combus-
tion was investigated using 0.1 wt% and 1.2 wt% Pd sup-
ported on gamma alumina catalysts (see the Supporting In-
formation, Figure A.5). In this experiment, the inlet methane
concentration was set at 6000 ppm and the flow rate and
GHSV were maintained at 33000 h™". It was found by Cullis
and Willatt that the loading of precious metal on the support
contributes significantly to catalyst activity at much higher
CH, concentration.”” The light-off temperature of a feed-
stock containing 0.6 % methane in air is much lower over
1.2 wt% Pd compared to the 0.1 wt % Pd/Al,O; catalyst (see
the Supporting Information). Low conversion of methane
over 0.1% loading was observed at 300°C; however, on
using 1.2 wt% Pd/Al,O; catalyst at this temperature, 80 %
methane was converted to CO,. Estimation of the turnover
number suggested a significant difference in activity between
the catalysts, 4x107%s™" at 250°C for 1.2% Pd (GHSV=
200000h™") and 9.5x107%s™ for 0.1% Pd (GHSV=
10000 h™"). Conversion over both catalysts was below 5%.
This difference in activity is consistent with previous stud-
ies!""?! and suggests a variation of the chemical properties of
the active sites which is influenced by the loading and parti-
cle size. Even at the low methane concentrations used in this
study, a clear trend of increased activity with catalyst loading
is observed. Interestingly, the sample with lower palladium
loading also shows rapid deactivation at temperatures higher
than 450°C. Over this catalyst, 100 % oxidation could not be
achieved at temperatures as high as 650°C.

The nature of the sites active in methane combustion

In general, the specific surface areas of all samples were in
the range of 50-60 m?g ! as listed in Table 1. An increase in
the palladium loading decreased the surface area of the cata-
lyst slightly. The used 1.2 wt % Pd/Al,O; catalyst has a Bruna-
uer-Emmet-Teller (BET) surface area of 47.5 m*g ' whereas
the fresh sample exhibits a surface area of 58.6 m?g™!, dis-
closing a 19% loss of surface area of the Pd/ALOj; catalyst
during methane oxidation.

XRD patterns of palladium-based catalysts, in comparison
with y-8 alumina, reveal minute Pd or PdO reflections (iden-
tified by slightly increased in-
tensities and widths of reflec-

M. Stockenhuber et al.

This is consistent with the XRD result. For Pd/Al,O; reduced
in H,, the dispersion decreases to 9% and the average parti-
cle diameter to 12.2 nm. This lower dispersion level is likely
due to sintering of Pd in the hydrogen atmosphere, which is
substantiated by TEM measurements as reported in the Sup-
porting Information. The images of the palladium samples
suggest that the palladium particle size of the reduced
sample is larger than the calcined Pd/Al,O; (see Figure A.6,
A.7 of Supporting Information).

Figure 5a displays Pd3d spectra of Pd/Al,O; catalyst cal-
cined in air and subsequently reduced in hydrogen. Based on
the peak shape of the Pd3d peak, the presence of two Pd

Pd 3ds2

Pd 3ds,,

Intensity

348 346 344 342 340 338 336 334 332 330
Binding energy /eV

Figure 5. XPS spectra of Pd3d core level region of Pd/Al,O; catalysts, (a) cal-
cined-reduced sample, (b) calcined sample, (c) coked sample.

species in the reduced (H,-treated) catalyst can be suggested.
Fitting the Pd3ds, peak to a Gaussian Lorentzian curve re-
sults in two different photoelectron binding energies (BE) of
335.0eV (Pd3ds, core level) and 336.3eV (Pd3ds, core
level). In Table 2, the species, atom percentage, and Pd/Al
ratio are summarized. The chemical species exhibiting the
peak at 336.3 eV is identified as Pd**.*¥ The BE peak posi-
tion at 335.0 eV of the second peak of the reduced sample
suggests formation of Pd° (metallic palladium clusters), simi-
lar to the XPS results reported by Tompos and co-workers.!
As illustrated in Figure 5b, for calcined Pd/Al,O;, the peaks
are more intense and slightly broader (Pd3ds,) and fitting an

tions from the support) consis-
tent with the low metal-loading
and the highly dispersed nature
of the palladium particles on
the support. H,-chemisorption

analysis suggested a dispersion
level of 68 % for the palladium
calcined in air (see Supporting
Information). Based on this
measurement, it is estimated
that the average size of active
palladium particles is 1.6 nm.

Table 2. XPS peak position and surface composition of Pd/Al,O; catalysts.
Sample Peak position Species and atom Atomic surface ratio
Pd3ds), [eV] percentage Pd/Al
calcined-reduced Pd/Al,O, 335.0 (Pd% 59% 0.0046
336.3 (Pd>) 41%
calcined Pd/Al,0, 336.6 (Pd?*) 100% 0.0055
coked Pd/Al,O, 334.9 (Pd%) 40% 0.0047
335.9 (Pd*) 36%
336.9 (Pd>") 24%
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additional peak did not result in significant decrease of Chi?
of the overall fit. Thus, only a single peak was fitted for
Pd3d;, and Pd3ds,, at BEs of 341.9 eV and 336.6 eV, respec-
tively. It is inferred that, after activation in air, only one Pd
species exists on the surface.

In Figure 5c¢, the X-ray photoelectron spectrum of a coked
sample reveals three different species at 334.9 eV, 3359 eV,
and 336.9 eV (Pd3ds, core level), suggesting reaction of Pd**
upon low-temperature treatment of the oxidized Pd sample
with methane and resulting in the formation of an additional
Pd** species and a Pd” species. This coked sample was acti-
vated in air only.

It may be noted that the binding energy of the Pd3ds;,
peak identified as Pd*" changed from 336.6 eV to 336.9 eV
compared to the precursor sample, that is, the sample cal-
cined in air. This BE change can be related to the formation
of carbonaceous compound in the vicinity of the Pd*" species
or changes in the particle size. The Pd3ds, peak at 335.9 eV
can be attributed to PdC,, which has been reported previous-
1.l The values of BE in the present study are observed to
be at a slightly higher energies than corresponding literature
values. BE changes in small noble metal particles are not
only a result of the oxidation state but also the surrounding
atoms (due to changes in the Madelung potential and relaxa-
tion).””?! Meanwhile, the peak at BE of 334.9 eV is consis-
tent with Pd’ peak position reported in the literature.?>*!
This is a very low temperature for reduction of Pd** to Pd’
with methane.”**"! We suggest the discrepancy with the liter-
ature may be a result of the decomposition of highly active
carbide species that have formed at low temperatures
(180°C).

The particle diameter of 1.2 nm and 1.8 nm that were de-
termined in the present study are within the range of signifi-
cant differences of nanoparticles compared to bulk species.”!!
The difference in BE of the carbide peak compared to the
literature®! is more likely the result of the smaller particle
size or the stoichiometry of PdC, formed on nanoparticles
compared to the single crystal studies. The stoichiometry of
the carbide species is also expected to have an influence on
the photoelectron lines, which might explain the small differ-
ences between the present findings and the literature. Evi-
dence of a carbide species was also found in the C1s spectra
(see Figure 6).

The spectra of the C1s core level region of used Pd/Al,O;
catalysts are shown in Figure 6. The peak shape and width of
the Cls peak suggests that carbon is present in the form of
multiple species (coked sample). For clean samples (without
coking), a single peak at 284.6 eV can be observed, which is
identified as adventitious carbon. For the coked sample, sig-
nificant peak broadening and a shoulder peak at 281.5eV
was observed. Thus, two peaks were fitted using the same
peak shape as above (30:70 Gaussian-Lorentzian) one peak
corresponding to adventitious carbon at a BE of 284.6 eV
and a peak at BE=281.5 ¢V.***? The peak at 281.5 eV most
likely originates from the formation of carbide-like species.
We cannot exclude the possibility of aluminium carbide for-
mation, but suggest aluminium carbide formation to be un-
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Figure 6. XPS spectra of C1s core level region of used Pd/Al,O; catalysts;
(a) without coking, (b) coked sample.

likely, due to a constant FWHM of the Al2p line for the
coked and uncoked sample which suggests absence of any
aluminium phases other than oxide. In contrast, a Pd3ds,
peak at 335.9 eV was observed in the coked samples, provid-
ing further evidence for the formation of a PdC, phases (see
above). The peak position at 281.5 eV is, however, found at
slightly lower binding energies than Pd carbide and Al car-
bides.* The C1s peak formed from CF,Cl, on Pd catalysts
was reported® (suggested to be carbide) to be at 282.9 eV,
whereas carbon monoxide decomposition over Pd/alumina
led to a carbide Cls peak at 282 eV.”! This illustrates that
significant changes in the BE of carbide species have been
reported in the literature and may reflect changes in particle
size and also stoichiometry of the carbide phase when com-
pared to data reported in the literature. Pd carbide formation
from methane was also inferred from XRD measurements of
Pd/Al,O; catalysts,*® supporting our assertion of the forma-
tion of a carbide species in the present study. Furthermore,
we observed an additional peak with a shift of approximate
—1.0eV of the Pd3ds, BE (Pd*"), which is consistent with
an increase of the electron density surrounding Pd** result-
ing from the formation of carbide. The C1s peak at 281.5 eV
could also originate from graphitic species on alumina but
the Pd3d;, peak at 335.9 ¢V is evidence for the formation of
an additional species formed on the surface. The low binding
energy of the Cls species suggests that the carbon is nega-
tively charged or bound to an electropositive species such as
Pd. More importantly, the presence of an additional Cls
peak strongly supports the findings from the reactor studies
in which carbon deposition was inferred as the carbon bal-
ance and the conversion data presented in Figure 1 and
Figure 2. Note that increasing the temperature of the coked
sample to 320°C results in a decrease of the intensity of the
C1s peak at 281.7 eV (not shown), suggesting decomposition
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of the carbide species which is consistent with the formation
of CO, upon heating to 400 °C.

Conclusions

Catalysts based on palladium supported on alumina were
prepared and activated under controlled conditions. Pd/
Al)O; catalysts calcined in air and then reduced in hydrogen
exhibit a lower catalytic activity at low temperatures com-
pared to those activated in air only. Interestingly, even under
very lean conditions, methane is converted at 180°C and
carbon is formed on palladium catalysts. Upon increasing the
reaction temperature, the catalysts are reduced by methane
and exhibit similar activity to catalysts reduced with hydro-
gen. Based on XPS analysis, it is concluded that the carbon
formed at 180°C is most likely present in the form of a Pd-
carbide species. Heating the coked sample to 320°C in air
converts the carbide species to CO,.

Experimental Section

Catalyst Preparation: Catalysts containing 0.1-1.2 wt% Pd were
prepared by wet impregnation of an alumina (gamma and delta
Al,O3, Chem-Supply) support with a Pd(NOs;), solution (10 wt %
in 10wt% nitric acid, Sigma-Aldrich). The dried catalyst
(110°C) was ground, pressed and sieved to 250-400 um. The
solid was then calcined in air at 500°C (40 mLmin™') for 1 h in
a tubular fixed-bed reactor and purged with helium
(40 mLmin™") for 30 min. The sample was then reduced in
99.99% H, at 300°C (20 mLmin') for approximately 2 h and
the activation was completed by purging with helium while
bringing the temperature to the desired reaction value (calcined—
reduced sample). Some Pd/Al,O; catalyst samples were activated
at 500°C for 1h in air in order to investigate the effect of pre-
treatment conditions on the catalyst activity (calcined sample).
Catalytic activity measurements: The catalytic measurements
were performed using a tubular stainless steel micro reactor. The
composition of the reaction mixtures was varied in the range of
0.2-0.8% of CH,, balanced with air at various flow rates. The
inlet and outlet mixture compositions were analyzed using a gas
chromatograph equipped with a thermal conductivity detector
(TCD) and concentric packed column (Alltech CTR-1). Methane
(99.95%) and compressed air flows were adjusted by means of
mass flow controllers. Reactor feed and effluent streams were in-
jected on the GC column through a Valco 6-port injection valve.
In all experiments, helium was used as a GC carrier gas. Injec-
tions were repeated three times and the standard deviation of
the conversion was £3 %. No methane conversion was detected
when the feed was heated up to 650°C in the absence of catalyst.
Details of the experimental setup are shown in Supporting Infor-
mation (SI) Figure A.1.

Characterization of catalysts: The surface area of fresh and used
catalysts were determined by nitrogen adsorption at 77 K using
a Gemini 11 2370 surface area analyser using the BET method.
Powder X-Ray diffraction patterns of fresh and used catalysts
were examined using CuK, radiation with a Philips X'Pert dif-
fractometer. Diffractrograms were collected in the 26 angle
range from 2° to 90° with 0.008° 20 step resolution. For surface
analysis, ex situ XPS was carried out using AIK, radiation. The
emitted photoelectrons were analyzed using a PHOIBOS 100
hemispherical analyser manufactured by SPECS GmbH. Used
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samples were collected immediately after terminating the reac-
tion by cooling in helium and the catalyst was then stored in
a sealed container. The sample was mounted on an XPS sample
holder using indium tape. The exposure time of samples in air
was minimized in order to reduce the likelihood of water adsorp-
tion or oxidation of the carbon deposited on the catalyst. The
energy scale was shifted relative to the adventitious carbon peak
at 284.6 eV. The shift was cross-checked with the position of O 1s
from AlLO;, which is found at 531 eV. For measuring the metal
dispersion of the catalysts, pulse chemisorption experiments uti-
lizing a mixture of 10% H, in N, were performed at 109.1°C
using Micromeritics 2910 AutoChem (Micromeritics Instruments
Corp., USA). TEM images of the sample were taken with
a JEOL 2100 TEM.

The elemental composition of the catalyst was determined by in-
ductively coupled plasma optical emission spectrometry (ICP-
OES) using a Varian 715 ES spectrometer. Prior to analysis, the
sample was dissolved in a solution of 4.5mL HNO; (65%);
45 mL HCI (37%); 3 mL HBF, (50%) and 600 pL. Tm internal
standard (1000 ppmv) as added as an internal standard. All sam-
ples were then digested using a Milestone Start D Microwave
Unit for a minimum time of 2 h. No sample contamination of ni-
trate was observed (detection limit of 30 ppm, based on the
solid).
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