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ABSTRACT: Catalytic activities of 1% Pt/Cr,O; and 1% Pt/y-Al,O; have been studied in total methane oxidation under lean
conditions. The catalysts were characterized by DRS, XPS, and HRTEM. Low-conversion catalytic tests performed at 310 °C
revealed a TOF (h™") value 28 times larger for 1% Pt/Cr,O5 in comparison with 1% Pt/y-AL,O5. The difference in TOF (h™")
and the differences in T, observed through the light-off curves (352 °C on 1% Pt/Cr,05 and 460 °C on 1% Pt/y-ALO;) are
explained on the basis of strong differences in the methane oxidation rate dependences of the pre-exponential factor in the
Arrhenius type equations. XPS analysis of 1% Pt/Cr,O; revealed the presence of stable Pt’—Pt*" catalytic sites of dipolar nature
at the Pt/Cr,O; interface. These sites are capable of increasing the probability of CH, polarization, resulting in an increase of
the strength and oriented collisions between the molecules and the catalyst surface, lowering the C—H bond energy, facilitating
the abstraction of the first hydrogen in the adsorbed methane: the rate-determining step of methane oxidation. The high
stability of the Pt’—Pt*" sites has been associated with the electronic interactions between platinum and n-type semiconductor
Cr,0; at their interface.

1. INTRODUCTION
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tional diesel or gasoline engines, due to their efficiency, low-
temperature fuel combustion under excess oxygen, and the
utilization of natural gas and biogas. The use of methane in
energy conversion processes is expected to increase in coming
years due to its high abundance as natural gas. Additionally,
methane (CH,) can also be produced from biological feedstocks
in the form of biogas.'~* Natural gas and biogas are considered
attractive combustion fuels because they contain low levels of
nitrogen and sulfur related pollutants and the amount of formed
CO, per produced quantity of combustion heat is relatively
low.”

Natural gas and biogas essentially consist of methane, which is
the most stable hydrocarbon. The complete oxidation of
methane follows the reaction

CH, + 20, — CO, + 2H,0

which is strongly exothermic, having AH,,, = —891 kJ/ mol.”
However, the reaction has a substantial activation energy. The
abstraction of the first H atom, commonly considered as the
limiting step, requires 430 kJ/mol.® While the reaction is
spontaneous at 1000 °C,” the temperature can be reduced
substantially by the use of an oxidation catalyst.

As has been mentioned earlier, the emission of CH, (a strong
greenhouse gas) is the main hindrance for the utilization of
natural gas or biogas as fuel. For reducing the emission of such
greenhouse gases, gas engine generators are frequently coupled
with integrated after-treatment options such as selective catalytic
reduction (SCR) and oxidation catalysts. However, the main
challenge for that is to find suitable catalysts, which can ensure a
total oxidation of CH, in lean and cold exhausts at acceptable
rates, for a prolonged period.

Several metals such as platinum,'*™*® palladium, and
copper™ or their combinations”'~** have been studied as
methane oxidation catalysts, with palladium recognized as the
most active."*>*® However, Pd-based catalysts are sensitive
toward sulfur poisoning. Even a small amount of sulfur
containing species in the exhaust can deactivate such catalysts
due to the formation of stable palladium sulfates.””** On the
other hand, Pt is known to be one of the most active metals for
hydrocarbon oxidation, with activity comparable to Pd.
Moreover, platinum is more sulfur tolerant than palladium,””*’
although its methane oxidation activity strongly depends on the
composition of the reactant gas mixture. For example, the
oxidation of methane over Pt/Al,Oj; is inhibited under oxygen
excess.” %

In the kinetic regime, methane oxidation is limited by the
dissociative adsorption of methane.>® On the other hand, the
sticking probability of methane on noble metal surfaces is low.>”
In addition, its dissociation strongly depends on the surface
coverage of reaction intermediates. In general, the oxidation
process of methane is seen to follow the Mars—van Krevelen
reduction—oxidation pathways,38 where the rate-determining
step is the abstraction of the first hydrogen on adsorbed methane
molecule and the oxygen chemisorption steps are not kinetically
significant.">” Burch et al. speculated the possibility of a more
efficient activation of the C—H bond for dissociation via
heterolytic splitting, through the polarization of CH, molecule
by platinum surface, covered partially by oxygen.*® On the other
hand, a higher methane oxidation rate over the Pt[111]-(2 X 2)-
O surface compared with the Pt[111] surface has been noted by
Kondo et al."” A few years later, Beck et al. observed that the
total oxidation of methane over 1% Pt/y-Al,Oj catalyst depends
strongly on the size of Pt nanoparticles, obtaining a bell-shaped
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turnover frequency (TOF) versus mean size curve for the
supported particles.”’ While the maximum TOF was observed
for the Pt particles of ~2 nm average size, the catalyst contained
comparable amounts of partially oxidized and metallic platinum
species. Although the high activity of those Pt-supported
catalysts has been associated with different parameters like the
size of Pt particles, specific crystallographic planes, etc., the
results clearly indicate a probable activation of the C—H bond
over the platinum surface containing Pt’—Pt** sites, which can
polarize the CH, molecule, decreasing the C—H bond energy
and facilitating its cleavage.

In the present work, we investigate the possibility of
developing such dipolar catalytic sites to improve the methane
dissociation and thus the methane oxidation activity of Pt
supported metal oxide catalysts. As the electron transfer process
between the supported metal and supporting metal oxide is
known to play an important role in the production of metal ions
of different valence states, and hence on the catalytic activity of
supported catalysts,"* we analyzed the valence state of platinum
supported on n-type semiconductor Cr,O;, to correlate the
effect of the support on the development of stable and active
Pt"—Pt** polar sites, on the catalytic activity of Pt-supported
Cr,0; on the total oxidation of methane. The structural and
electronic properties of the catalysts were studied using X-ray
photoelectron spectroscopy (XPS), UV—vis diffuse reflectance
spectroscopy (DRS), and high-resolution transmission elec-
tronic microscopy (HR-TEM). The catalytic behavior of the
composites in methane oxidation in the 25—500 °C temperature
range has been correlated with its physicochemical properties,
considering the interactions of active and nonactive species such
as Pt%, Pt**, and Pt*" with oxygen and CH,, along with the
interactions between platinum and the Cr,O; support.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Commercial Cr,O; powder
(Sigma-Aldrich, 99.99%, particle size: retained by SO ym sieve)
and y-Al,O; powder (Merck 99.99%, particle size: 0.063—0.200
mm) were used to prepare Pt supported catalysts. The catalysts
were prepared by impregnating Cr,O; or y-Al,O; powder with
an aqueous solution of platinum hexachloride (H,PtCls-6H,0,
Aldrich, 99.99%) of appropriate concentration to obtain
nominal 1 wt % Pt/metal-oxide mixtures. The suspension was
magnetically stirred at room temperature for 1 h; afterward, the
catalyst was recovered by filtration and washed thoroughly to
remove chlorine, and other unreacted species (if any), dried at
120 °C overnight, and calcined under air flow (100 mL min~")
in a tubular furnace at 600 °C for 4 h. A linear heating ramp of 10
°C min™" was utilized to reach the maximum temperature. After
cooling down to room temperature, the catalysts, designated as
1% Pt/Cr,0; and 1% Pt/y-Al,O;, were stored under dry
conditions. Cr,O; and y-Al,O; samples without platinum ion
impregnation were prepared in the same way to serve as the
references.

2.2, Catalyst Characterization. A Belsorp Mini II
sorptometer was used to measure the N, adsorption—
desorption isotherms of the catalysts. The specific surface area
(Sg) of the samples was estimated from their N, physisorptions
at 77 K, using BET analysis. The samples (0.5 g each) were
degassed at 400 °C for 2 h before recording their adsorption—
desorption isotherms. After cooling to room temperature (25
°C), the isotherms were recorded in the pressure range 0.0—6.6
kPa. The technique of back extrapolation of the linear portion of
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the isotherms to zero equilibrium pressure was used to
determine the saturation uptake.

The diffuse reflectance spectra (DRS) of the catalysts before
and after six methane oxidation cycles were measured on dry-
pressed disks (~15 mm diameter) using a Shimadzu UV—vis
spectrophotometer equipped with an integrating sphere and
BaSO, as a standard reflectance sample. The crystallinity and
structural phase of the samples were verified through powder X-
ray diffraction (XRD), using the Cu Ka radiation (4 = 1.5406 A)
of a Bruker D8 Discover diffractometer.

The X-ray photoelectron spectra (XPS) were recorded on the
catalysts before and after six methane oxidation cycles, using an
Escalab 200R electron spectrometer equipped with a hemi-
spherical analyzer, operating in a constant pass energy mode.
Monochromatic Mg Ka emission (hv = 1253.6 eV) from the X-
ray tube operating at 10 mA and 12 kV was utilized for recording
XPS spectra of the samples. Different energy regions of interest
of the photoelectrons were scanned a number of times in order
to get good signal-to-noise ratios. The intensities of the emission
peaks were estimated by determining the integral of each peak
after subtracting an S-shaped background and fitting the
experimental peak to Lorentzian/Gaussian curves (80% L/
20% G). The peak positions of the elements were corrected
utilizing the position of the C 1s peak coming from adventitious
carbon that appeared at 284.9 & 0.2 eV.

High-resolution transmission electron microscopic (HR-
TEM) images of the 1% Pt/Cr,O; catalysts before and after
six methane oxidation cycles were obtained in a JEM-
ARM200CF, JEOL, microscope (lattice resolution 78 pm,
acceleration voltage 200 kV). The samples for microscopic
observations were prepared by dispersing the powder catalysts in
ethanol and drop casting on carbon coated copper grids. The
size distribution histogram of the platinum nanoparticles was
prepared by measuring the size of 150—200 particles for each
sample.

Assuming a spherical shape of the formed Pt nanoparticles,
their mean size (dp,) was calculated using eq 1

dp, = TV;/ZS; (nm) (1)

where V; and §; are the volume and surface area of the ith
particle, respectively.
The Pt dispersion value Dy, is defined as shown in eq 2

_ Number of surface Pt atoms
Dy, =

)

For 1% Pt/Cr,0; and 1% Pt/y-Al,O;, the number of Pt atoms
per gram of catalyst was about 3.08 X 10".

The number of surface Pt atoms was calculated assuming that
the dispersion value Dy, can be calculated from the surface area
and mean Pt particle size according to eq 3"

Dy, = 6-Vp/ ap,-dp,

Number of Pt atoms

(3)

where Vp, = Pt atomic volume and ap, = average surface area
occupied by one Pt atom.
The values of Vp, and ap, were calculated as

1021
Vo = Mp——-N, = 0.015 nm*
P
ap, = 1 X 10"*/6 = 0.08 nm”

where My, = Pt molecular mass (195.05 g mol™"), p = density of
Pt (21.45 g cm™*), N, = the Avogadro number (6.023 X 10>
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atoms mol™"), and ¢ = the concentration of the Pt atoms on the
metallic surface (1.25 X 10'S cm™2).

2.3. Catalytic Tests. All of the catalytic tests were performed
at 1 atm, in a continuous flow tubular quartz reactor of 10 mm
inner diameter, placed inside a programmable furnace with
internally mounted thermocouple. Reactant gases were fed from
independent mass flow controllers. Methane oxidation tests over
the catalysts were performed under a 100 cm® min™" flow rate of
feed gas, constituting 0.2 vol % CH,, 10 vol % O,, and balance
N,. The catalyst loading (W) in the reactor was 200 mg diluted
with 1 g of low surface area quartz (<1 m* g™') to prevent heat
transfer limitations, and the contact time (W/F°) was 373 g of
catalyst h/mol of CH,. The reactor outflow was analyzed in a
Shimadzu gas chromatograph, provided with a thermoconduc-
tivity detector (TCD).

Two experimental procedures were used for testing the
catalysts. Before performing the experimental tests, the samples
were pretreated in the reactant stream at 600 °C for 1 h.
Afterward, they were cooled down (keeping in the reactant
stream) to 25 °C.

The total CH, oxidation was studied by following the
evolution of methane conversion as a function of temperature
(light-off curves). Catalytic oxidation of CH, (methane
conversion) was performed in the 25—-600 °C temperature
range, heating the catalysts at 2 °C min~". The samples were
then cooled down again to 25 °C. The process comprising the
methane oxidation from 25 to 600 °C is defined as a cycle.
Although the catalysts were heated at 2 °C min~", sufficient time
was allowed at each of the measurement temperatures to reach a
steady state. To verify the long-term resistivity of the catalysts,
six similar cycles were performed over the same catalyst sample.
Temperature-programmed reaction profiles allowed us to
determine the temperature at which methane conversion attains
10% (T), 50% (Tsp), and 100% (To0).

The fundamental differential reactor experiments were
performed at constant temperature. Arrhenius parameters
were calculated for below 10% conversion to avoid diftusion
limitations. The presence of water in the products was verified
without quantification. Carbon monoxide was never detected in
the effluent.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. 3.1.1. Surface Area
Analysis. The specific surface area of the catalysts before
utilization in oxidation cycles was estimated from their N,
adsorption—desorption isotherms recorded at 77 K. The
obtained results are summarized in Table 1. It can be seen in
the table that the values did not change much after their use in
oxidation cycles.

The mean size of Pt particles dp,, the values of dispersion Dp,,
and the number of surface Pt atoms g~cat_1, were calculated
using eqs 1, 2, and 3 for the fresh catalyst, as summarized in
Table 1.

3.1.2. UV—vis Characterization of the Catalysts. Figure 1
shows the optical absorption spectra of Cr,0; and 1% Pt/Cr, O,
catalysts before and after six methane oxidation cycles, measured
in diffuse reflectance mode in the UV—vis spectral range. The
absorption spectra of Cr,05 and 1% Pt/Cr,O; are dominated by
four bands. The absorption bands centered on 250 and 370 nm
are usually assigned to the transitions associated with charge
transfer from O”~ to Cr®" of the tetrahedrally coordinated Cr®*
and indicate the presence of highly isolated Cr®* ions.”*™*" The
band that appeared around 460 nm is characteristic of Cr®*
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Table 1. Characteristics of Samples Used in This Study”

number of surface

specific surface area dpe Pt atoms
(m*g™) Dy, (nm) (g7 x 10%)
after
fresh  oxidation  fresh
catalyst sample cycles  sample fresh sample
Cr,0; 6.1 54
1% Pt/Cr,0, 52 52 093 118 261
r-ALO, 310 300
1% Pt/y-Al,O, 280 265 0.37 3.0 1.15

“The dispersion values were calculated from TEM data. The number
of surface Pt atoms in the catalyst was calculated from dispersion
values, considering 3.08 X 10" Pt total atoms/ g of catalyst.
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Figure 1. Absorption spectra of (1) Cr,05, (2) 1% Pt/Cr,O; before
methane oxidation cycles, and (3) 1% Pt/Cr,O; after methane
oxidation cycles.

polychromate (—Cr—O—Cr—)n in the framework. The strong
absorption band spanning 550—750 nm corresponds to the
octahedral Cr** species in the catalyst.*® It is interesting to note
the similarities between the spectra of the catalysts containing Pt
and without Pt. Such results are expected, as Pt nanoparticles, in
1% Pt/Cr, O3, with an average size of ~1.18 + 0.35 nm (Table 2)
do not show discrete surface plasmon absorptions in the visible
spectrum because of a damping effect caused by the d—d
interband transition (the plasmon energy is lost by excitation of
single electron interband transitions).*”*" In fact, severe
plasmon damping generally occurs for the noble metal
nanoparticles when their size becomes lower than 2 nm.>"

As can be seen in Figure 1, the absorption spectrum of 1% Pt/
Cr,0; catalyst after its use in oxidation cycles (spectrum 3)
revealed the same absorption bands as the catalyst before use in
methane oxidation cycles (spectrum 2). The results suggest that

the same electronic states of the catalyst components prevail in
1% Pt/Cr,Oj; even after six methane oxidation cycles.

The UV—vis diffuse reflectance spectra (DRS) of y-AL,O; and
1% Pt/y-Al, O, before and after their use in methane oxidation
cycles are represented in Figure 2.

Absorbance (a.u.)

T T T T T T T
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 2. Absorption spectra of (1) y-Al,O; before methane oxidation
cycles, (2) 7-AL,O; after methane oxidation cycles, (3) 1% Pt/y-AL O,
before methane oxidation cycles, and (4) 1% Pt/y-Al, O, after methane
oxidation cycles.

The absorption spectra of 1% Pt/y-Al,O; present an intense
absorption at high energy spreading between 200 and 300 nm
which has been assigned to charge transfer from chloride ligands
to platinum in oxychloride surface complexes [PtOxCIJ,].SZ_54
The band spreading between 325 and 400 nm can be attributed
to d—d transitions in bulk compounds such as PtO,-H,0.”>~>*
As can be noticed (Figure 2), the plasmon damping did not
occur in the 1% Pt/Al,O; sample. The result was expected, as the
Pt nanoparticles in 1% Pt/Al,O; with an average size of ~3.0 +
0.35 nm (Table 2) manifest discrete surface plasmon
absorptions in the visible region of the spectrum.”’

As can be seen, there is hardly any difference between the
absorption spectra of the catalyst recorded before (spectrum 3)
and after methane oxidation (spectrum 4). This result suggests
that the electronic state of Pt particles in 1% Pt/y-Al, O,
remained the same, even after six methane oxidation cycles.

3.1.3. XPS Characterization of the Catalysts. 1% Pt/Cr,0;.
The catalytic performance of a material in oxidation reaction is
frequently correlated with its capability to activate oxygen. To
determine the possible interactions between the catalyst and
oxygen, electronic properties of Cr,O; and 1% Pt/Cr,0; were
studied by XPS (Figure 3). Estimated binding energy (BE)
values of Pt 4f,, and Cr 2p;, levels and atomic percentages of
Pt species in different oxidation states are presented in Table 3.

Table 2. Methane Oxidation Rates Measured from Low-Conversion Catalytic Tests (T = 310°C, P = 1 atm, CH,/0,/N, =0.2/10/

89.8; 5.35 X 10~* mol of CH,/h)

catalyst dp, (nm) number of surface Pt atoms/g of catalyst
1% Pt/Cr,0, 12 2.64 x 10"
1% Pt/y-Al, 04 3.0 1.15 x 10"

number of surface Pt atoms/g of Pt ro (mol of CH,/h g of Pt) TOF (h7})
2.64 x 10" 0.0245 5.59
1.15 x 10" 0.0004 0.21
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Figure 3. Pt 4f,, core level XPS spectra of freshly prepared 1% Pt/
Cr,0; and after its use in six methane oxidation cycles.

While the XPS spectrum of 1% Pt/Cr,O; revealed a single
component Cr 2p;,, emission band located around 576.4 eV
(Figure S1), which corresponds to the Cr** state, " the Pt
4f,,, emission band revealed two components: a low intensity
component located around 71.6 eV, associated with Pt’, and a
second one at 74.6 eV. This last component has been assigned to
the Pt* state®® or to Pt*.°°7%* Nevertheless, the peak width
suggests a combination of Pt** and Pt*, since binding energy
values are rather close and the spectral resolution of the
spectrometer does not allow the components to be distinguished
unequivocally. For giving more insight into these results, the
XPS spectra of the Pt 4d;, band for the freshly prepared 1% Pt/
Cr,0; and after its use in methane oxidation are displayed in
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Table 3. Binding Energy Positions of the Components and
Pt/Cr and Pt/Al Atomic Ratios at the Surface of the Catalysts
before (Fresh) and after Using Them in Six Methane
Oxidation Cycles (Used)”

Pt 4f, ), Cr 2p;), O 1s Pt/Cr atomic
catalyst (eVv) (eV) (eV) ratio
1% Pt/Cr,0; (fresh)  71.6 (10) 576.4 5302 0.34
74.6 (90)
1% Pt/Cr,0; (used) 716 (10) 5764 5303 034
74.6 (90)
Al 2, O 1s  Pt/Al atomic
Pt 4ds/, (eV) (eVS) (eV) ratio
1% Pt/y-ALO, (fresh) 3172 (100) 745 5302 031
1% Pt/y-ALO, 3172 (100) 745 5303 0.32

“The % peak area of Pt’, Pt**, and Pt* components is presented in
parentheses.

Figure S2. As can be seen, the Pt 4d, emission band of the fresh
catalyst after its use revealed a major signal located at 316.9 eV
corresponding to Pt** and two minor components: one at 314.0
eV assiégned to Pt’ and the other one at 318.6 eV assigned to
Pt**.°°* These results indicate the dominant presence of Pt*",
with minor proportions of Pt’ and Pt**
surface.

The XPS estimated Pt/Cr ratio in the catalyst (Table 3)
indicates about 30% of the Cr surface atoms are covered by
platinum species, suggesting a high metallic dispersion in the
sample. Such a high metallic dispersion indicates the formation
of small metallic nanoparticles.

It is worth noting that, while XPS spectra revealed the
presence of only Cr** species, the DRS spectra of Cr,O5 and of
1% Pt/Cr,05 (Figure 1) revealed absorption bands associated
with Cr** and Cr®, indicating the presence of both Cr species.
These apparent contradictions between the DRS and XPS
results can be justified considering that the DRS technique is a
bulk technique, providing information on the entire sample,
while the XPS technique is a surface technique, providing the
surface composition of the catalyst up to a few nm depth,
detecting the presence of only Cr’* species at its surface.

1% Pt/y-Al,03. XPS analysis was carried out on the fresh 1%
Pt/y-Al,O5 catalysts and after their use in methane oxidation
cycles. A common problem in the XPS study of 1% Pt/y-Al,O,
catalysts is the fact that the Al 2p line of the support overlaps
with the Pt 4f line of the active component, usually used for the
spectroscopic analysis of platinum. This makes direct analysis of
the platinum states very complicated. Therefore, in this study,
we used the Pt 4d peaks, particularly the 4d;,, peaks which are
easily detected. Although this line is weaker, it is not overlapped
with the spectral lines of other components.

XPS spectra of the Pt 4d;,, band for the freshly prepared 1%
Pt/y-Al,O5 and after its use in methane oxidation are displayed
in Figure 4. Estimated binding energy (BE) values of the Pt 4d;,
level and atomic percentages of Pt species in different oxidation
states are presented in Table 3. As can be seen, the Pt 4d;,,
emission band revealed a single binding energy component
(317.2 V) indicating that Pt is present only as Pt**.***>°° The
XPS estimated Pt/Al ratio in the catalyst (Table 3) indicates
about 30% of the Al surface atoms are covered by platinum
species, suggesting a high metallic dispersion in the sample. Such
a high metallic dispersion indicates the formation of small
metallic nanoparticles.

species at the catalyst
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Figure 4. Pt 4ds;, core level XPS spectra of the catalysts freshly
prepared in 1% Pt/y-Al,O; and after its use in six methane oxidation
cycles.

3.1.4. HR-TEM Analysis of the Catalyst. 1% Pt/Cr,0;.
Typical HR-TEM images of the fresh Cr,0; and 1% Pt/Cr,0;
samples are shown in Figure 5. Formation of small, highly
dispersed Pt nanoparticles over the Cr,0O; surface can be seen
(Figure Sb—d). The size of the formed Pt particles varied
between 0.6 and 2.0 nm, with an average size of ~1.18 + 0.35
nm. To justify the homogeneous distribution of uniform Pt
nanoparticles over the catalyst, we presented several HR-TEM
images of the sample in the Supporting Information (Figure S3).
It is well-known that small metal nanoparticles can present
electron deficiencies due to metal—support interactions,””*® in
contrast to those of larger metal nanoparticles. This fact and the
fact that the catalyst was calcined at 600 °C in air before its use in
methane oxidation reactions explain the high content of relative
Pt*" species at the surface of Cr,O3, as revealed by the XPS
analysis of the Pt-loaded catalyst. Notwithstanding, these facts
do not explain the 10% content of metallic Pt° surface species
present at the catalyst surface.
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Figure S. Typical TEM images of freshly prepared (a) Cr,0O; and (b)
1% Pt/Cr,O; catalysts and (c, d) HRTEM images of 1% Pt/Cr,04
catalyst. Formation of Pt nanoparticles of 0.6—2.0 nm range at the
surface of Cr,0Oj is very clear in the high-resolution images presented in
parts c and d.

To explain the presence of fully reduced platinum (Pt°) at the
surface of the catalyst, we must consider the semiconducting
nature of the Cr,Oj; and the concept of energy level alignment
between Pt nanoparticles and Cr,O; support. As the work
function of Pt (~6.9 eV) is quite a bit higher than that of Cr,0;
(~5.6 €V),* the formation of metallic Pt° at the catalyst surface
might have been caused by the electron transfer from Cr,O; to
platinum nanoparticles during the formation of a Pt—Cr,0;
composite. The Fermi energy level of the electrons will migrate
from Cr,0; to the conduction band (CB) of Pt to achieve the
Fermi level equilibration when they are in contact, decreasing
the stability of Pt** at the metal—support interface.”””® The
electron transfer from Cr,O5 to Pt results in the formation of Pt°,
as revealed by XPS analysis.

1% Pt/y-Al,0s. A typical TEM image of the freshly prepared
1% Pt/y-Al,O; catalysts is presented in Figure 6. Formation of Pt
nanoparticles in the 2.0—5.5 nm range with an average size of ~3
nm can be clearly observed from the micrograph. It can also be
noticed that the Pt particles formed over an alumina support are
not as monodispersed as the Pt nanoparticles formed over the
chromia support (Figure S). They revealed no well-arranged
lattice planes in the TEM image of the composite catalyst due to
the amorphous nature of alumina (Figure S4).

The results presented in Figures 5 and 6 and in Table 2 show
the effect of two supports Cr,O; and y-Al,O; on the size
distribution of platinum particles. As can be noticed, the average
size of the Pt nanoparticles formed over 1% Pt/y-AL,O; (~3 nm)
is bigger than the one estimated for 1% Pt/Cr,O; (~1.18 nm).
As both of the samples were prepared and calcined under similar
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Figure 6. Typical TEM image of the freshly prepared 1% Pt/y-Al,O;
catalysts.

experimental conditions, the difference in the size of Pt
nanoparticles over the two supports might have occurred from
the differences in their surface energy and the nature of chemical
species attached to them.

3.2. Methane Oxidation over the Catalysts. Light-off
Curves over Cr,03 and 1% Pt/Cr,0;. In Figure 7, the evolutions
of CH, conversion with reaction temperature during six
oxidation cycles over 1% Pt/Cr,O; are presented. As can be
seen, Cr,0; presents a very low activity for the reaction. The

100 ¢4;0—0—0—0—0—0—0

—e— 1% cycle %
—e— 2" cycle

80
. —+—3"cycle
< —e—Cr,0, 1" cycle
[ 60 -
i)
4 ]
o
S o cH+20,- cO,+2H0
g
o ]
T 4
O 204 /

/ e
A R
T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature/°C

Figure 7. Methane conversion as a function of reaction temperature
over 1% Pt/Cr,0; and Cr,0j; catalysts.

values calculated from the curves led to the construction of
Figure S5 (Supporting Information) which summarizes the Ty,
and T, values obtained for the conversion of CH, on CH,—O,
reaction.

The percentage of CH, conversion in the 25-600 °C
temperature range over Cr,O; revealed very low methane
conversion during the first and subsequent oxidation cycles.
However, the conversion of CH, was substantially high for the
1% Pt/Cr,O; composite catalyst. Moreover, the temperatures of
10% (T,4), 50% (Tsp), and 100% (T,q,) methane conversion
over the catalyst remained almost the same until the sixth cycle
(Figure 7 and Figure S5), indicating a very high stability of the
catalysts for the reaction. The unaltered T, T, and Ty, values
also indicate the stoichiometry and electronic structure of the
catalyst remained unaltered during the six oxidation cycles.

In Figure S6, the temperature of 100% methane conversion
(Ty00) as a function of reaction time over 1% Pt/Cr,0; is
presented. The figure shows that, after 8 h of reaction time, the
T00 remained almost unaltered (440 + 3 °C). The above result
also suggests that the stoichiometry and electronic structure of
the catalyst remain unchanged during 8 h of reaction, showing a
high stability of the catalyst.

Light-off Curves over 1% Pt/y-Al,0;. The percentage of CH,
conversion in the 25—600 °C temperature range over y-Al,O;
(results not shown) revealed very low methane conversion
during the six methane oxidation cycles. The results obtained of
the percentage of CH, conversion evolution with reaction
temperature during six oxidation cycles over 1% Pt/y-Al,O; in
the 25—600 °C temperature range are presented in Figure 8. As
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Figure 8. Methane conversion as a function of reaction temperature
over 1% Pt/y-Al,Oj catalyst.

can be seen, in the lower temperature range, the conversion of
CH, is much lower for this catalyst compared with that of 1% Pt/
Cr,0;. The temperatures of 10% (T,,), 50% (Ts,), and 100%
(T,00) methane conversion measured over 1% Pt/y-Al,O,
catalyst are about 100 °C higher than those measured for 1%
Pt/Cr,0;. On the other hand, the methane oxidation activity
remained almost the same until the sixth cycle (Figure 8 and
Figure SS) for both catalysts, indicating a high stability of the
catalysts for this reaction.

Kinetic Studies over the Catalysts. Methane oxidation
experiments were also performed over the platinum supported
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catalysts at constant temperature between 260 and 310 °C and
between 310 and 350 °C on 1% Pt/Cr,0; and 1% Pt/y-Al,O;,
respectively. The initial conversions were lower than 10% in
these temperature ranges. Figures S7 and S8 (Supporting
Information) show the CH, conversion evolutions for 1% Pt/
Cr,0; and 1% Pt/y-Al,O,, respectively. The time on stream
behavior of the catalysts during the methane oxidation can be
seen from these figures. It is interesting noting that, while, for
both catalysts, the methane conversion does not change during
the runs, temperatures for obtaining the same CH, conversion
are higher on 1% Pt/y-Al,O; than on 1% Pt/Cr,O;.

To compare intrinsic catalysts activities of the catalysts, the
initial reaction rates (r,) and the turnover frequencies (TOFs)
were calculated from the temporal evolution of CH, conversion
at 310 °C. The values calculated are presented in Table 2.

For CH, oxidation, the TOF value measured at 310 °C on 1%
Pt/Cr,0; was about 26 times higher as compared to the TOF
value measured on 1% Pt/y-Al,O; at the same temperature.

The reaction orders on 1% Pt/Cr,O5 and on 1% Pt/y-Al,O,
were determined by considering for the initial rate ry the
following rate equation

= k(PCH40)a (Pozo)ﬂ

where PCH40 and POZO are the partial pressures of CH, and O,,

respectively. The effect of Py’ on kinetic behavior was
determined measuring catalytic activities at methane partial
pressures between 0.001 and 0.003 atm, while P, ° was kept

constant at 0.1 atm. The effect of P, ° on kinetic behavior was

determined by measuring catalytic activities at oxygen partial
pressures between 0.05 and 0.1S atm, while Pey was kept

constant at 0.002 atm. Reaction order a was determined from
the In(ry) vs ln(PCH:)) plot from Figure S9, and the reaction

order f was determined from the In(r,) vs ln(POZO) curve from

Figure S10. In the figures, it can be seen that the plots can be
fitted into straight lines. From the slope of the resulting linear
fits, values of @ = 1.1 and f = 0 were determined for 1% Pt/
Cr,0; and values of @ 2 0.9 and f = 0, for 1% Pt/y-AL,O,
catalyst. The fact that the reaction remains zero order with
respect to Po° for both catalysts suggests that kinetically

relevant C—H bond activation steps occur on surfaces
containing species at coverages and reactivities that do not
depend on O, pressures.

From the In TOF vs 1/T plots (Arrhenius plots) presented in
Figure 9, the apparent activation energy (E,) and the pre-
exponential factor A of methane oxidation for the catalysts 1%
Pt/Cr,05 and 1% Pt/y-Al,O; were estimated.

As can be seen in Figure 9, Arrhenius plots for both catalysts
can be fitted into straight lines with a correlation coefficient of
~0.99 (least-squares fit). From the slope of the resulting linear
fits, the apparent activation energy (E,) values of 31.85 kcal/mol
(1% Pt/Cr,05) and 18.07 kcal/mol (1% Pt/y-Al,O;) could be
estimated.

The estimated apparent activation energy of 18.07 kcal/mol is
consistent with the values reported previously”'>*' for CH,
oxidation on 1% Pt/y-Al,O; catalysts. However, the value of
31.86 kcal/mol for the 1% Pt/Cr,O; catalyst is substantially
high. This result suggests that the methane oxidation
mechanisms on 1% Pt/Cr,0; and 1% Pt/y-Al,Oj are different.
The pre-exponential factor associated with 1% Pt/Cr,O; (28.9)
is about 12 orders of magnitude larger than that calculated for
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Figure 9. Arrhenius plots (CH, oxidation turnover frequency vs 1/T)
utilized to determine the E, (apparent activation energy) and A (pre-
exponential factor) for the 1% Pt/Cr,O; and 1% Pt/y-AlLO; catalysts in
methane oxidation.

1% Pt/y-AlL,O5 (16.65). This huge difference can be due to a
strong difference in the density of active sites in the two catalysts.
Moreover, as the pre-exponential factor is a measure of the
frequency of collisions between the reactants and the catalyst
surface along with the effectiveness of the orientation of these
collisions, the obtained result suggests that the chemical states of
the active components in 1% Pt/Cr,O; might have generated a
strong energetic field for orientating the collisions in an effective
way to increase its effective frequency during methane oxidation
reaction. In other words, the active catalytic sites in 1% Pt/
Cr,O; might be different in nature and number from the active
sites in 1% Pt/y-Al,O;.

3.3. Mechanistic Considerations of CH, Oxidation over
1% Pt/Cr,03. The XPS analysis of the 1% Pt/Cr,0O; catalyst
used for the CH, oxidation cycles in this investigation revealed
the presence of Pt° at its surface despite the high temperature
oxidation conditions during catalyst preparation and CH,
oxidation reactions. As the work function of Pt (6.3 eV) is
higher than that of Cr,0; (5.6 eV), an electronic transfer might
have occurred at the Pt/Cr,O; interface, increasing the stability
of Pt° sites, preventing its oxidation to Pt Moreover, since
Cr,0; is an n-type semiconductor, it is capable of transferring
electrons to the Pt core, stabilizing the metallic platinum state at
the metal—support interface.

On the basis of these facts, we propose a catalytic site model at
the catalyst surface, involving Pt sites at the Pt—Cr,O; interface
and surface Pt** (Pt* or Pt**) sites in close proximity to Pt’.
Very stable catalytic sites consisting of adjacent Pt” and Pt*
(Pt°—Pt™) can be developed, which can strongly polarize CH,
molecules, lowering the C—H bond energy and making the
abstraction of the first hydrogen on the adsorbed methane easier
by a heterolytic splitting of the C—H bond, following the
reaction:

(P-Pt™*) + CH, — (P)H* + (Pt*")CH,~

Now, the potential of an electric dipole (¢) can be calculated by
the relation
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Table 4. Electric Dipole Potentials Calculated for the Different Catalytic Sites

atomic or ionic ratio (r;) (pm)

catalytic site Pt P> Pt* Cr¥*
Pt'—pt+ 177 76.5
Pt—Pt* 177 94
Pt** —pt+ 94 76.5
Pt’—Cr¥* 177 75.5
Pt —Cr* 94 75.5
pt+—Cr* 76.5 75.5

r (r + 1) (pm) 91— 4> (C) @(4me,) = (q, — q,)/r (C/pm)
253.5 4 0.015
271 2 0.007
170.5 2 0.011
252.5 3 0.011
169.5 1 0.005
152.0 1 0.006

where g, and g, are the charges corresponding to the first and
second ions, respectively, separated by a distance r, and & is the
vacuum permittivity. Considering r as the sum of the radii of the
charged species, we have constructed Table 4, listing the values
of potentials of the electric dipoles (catalytic sites) which can be
generated by the charged species at the surface of the catalyst.

As can be seen in Table 4, the highest electric dipole potential
corresponds to Pt°—Pt*". Therefore, the probability of CH,
polarization is highest at this site compared with the polarization
probability of CH, adsorbed at catalytic (Pt°—Pt**), (Pt**—
Pt*), (P°—Cr*), (P**—Cr*), or (Pt*—Cr®") sites. These
data support the assumption that the presence of Pt’—Pt**
moieties at the surface is probably the reason for the improved
methane oxidation activity of the catalyst. The contribution of
the other catalytic sites to the methane oxidation rate cannot be
ruled out; however, higher temperatures might be required to
attain the activation of the reaction at these sites.

It must be mentioned that, while the formation of Pt ions at
the surface of a semiconductor support is driven by the effect of
energy alignment between the metal and the semiconductor, the
oxidation state of Pt in the catalyst depends also on the particle
size of Pt, crystallographic orientation of the support, and
preparation conditions of the catalyst.

Now, under the CH,—O, reaction conditions (excess oxygen,
25—600 °C), the platinum surface might be fully covered by
oxygen molecules of the reaction atmosphere, preventing CH,
adsorption. However, CH, is adsorbed on Pt°—Pt*" dipolar sites.
In fact, the rate of CH, adsorption at the Pt°—Pt*" dipolar sites
would be much higher than that of O, due to its nonzero
polarizability.”" On the other hand, as the O, molecules are not
polarizable (zero polarizability), they remain unaffected by the
field generated by Pt—Pt*" dipoles. Consequently, the CH,
molecules will be rapidly attracted to these sites and adsorbed
more quickly and strongly than O, molecules, as proposed in
Figure 10.

This proposed catalytic site model is supported by the values
obtained from the kinetic study of the CH,, oxidation reactions
on 1% Pt/Cr,0; and 1% Pt/y-Al,O;. The large difference in the
pre-exponential factors in the Arrhenius type equations
indicates, on one hand, a large difference between the chemical
states of the active sites over 1% Pt/Cr,0; (Pt°—Pt**) and 1%
Pt/y-ALO; (Pt**) surfaces and, on the other hand, a large
difference in frequency and effectiveness of the collisions
between the molecules due to their strong orientation induced
by the electric dipoles in 1% Pt/Cr,O5, which are absent in 1%
Pt/y-ALO;.

In fact, the dipolar model we propose to explain the high
catalytic activity of Pt/Cr,Oj; catalyst for methane oxidation can
explain the high activity of Pt catalysts in methane oxidation
reported previously,”*”*"** which suggested that an appro-
priate combination of metallic and oxidic platinum features is
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Figure 10. Proposed model for the CH, dissociative adsorption over
Pt"—Pt* dipoles saturated with chemisorbed oxygen atoms: (a)
Reactants: CH, in the gas phase and 1% Pt/Cr,O;; (b) CH,
polarization by Pt°—Pt*" site and formation of a transition state; (c)
abstraction of the first hydrogen on the adsorbed CH, molecule.
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the key factor for high activity of platinum catalysts in methane
oxidation.

The proposed CH, dissociative adsorption mechanism on the
Pt’—Pt*" site is schematically represented in Figure 10.

The subsequent interaction between the adsorbed CH;™ and
H' with adsorbed oxygen on the platinum nanoparticle surface
would result in the generation of CO, and H,0 molecules as
final products.

Now, the XPS analysis of the 1% Pt/y-Al,O; catalyst, fresh
and after the CH, oxidation cycles, revealed the presence of only
Pt** species at the catalyst surface. The size of the formed
particles, determined by TEM of the catalyst, presented an
average size of ~3 nm. It is well-known that small metal
nanoparticles can present electron deficiencies due to metal—
support interactions.””® This fact and the fact that the catalyst
was calcined at 600 °C in air before its use in methane oxidation
cycles explain the 100% of Pt** species present at the catalyst
surface. The absence of metallic Pt° surface species in 1% Pt/y-
AlL)O; as in 1% Pt/Cr,O; can be explained considering the
insulating nature of the y-Al,O;. Electronic transfer from y-
AL, O, to Pt does not take place; thus, the metallic state Pt° may
not be generated and stabilized by electronic transfer. Only Pt**
species are present at the Pt nanoparticles and at the Pt/y-AL,O;
interface, due to the oxidation conditions during catalyst
preparation and methane oxidation reaction. At the surface of
1% Pt/y-ALO;, the formation of a dipolar (Pt*—Pt’) catalytic
site is not probable; thus, the polarization of CH, does not take
place, preventing the lowering of the C—H bond energy barrier
and resulting in very high temperatures for oxidation of CH,.

It is interesting to note that several previous works have
reported the presence of Pt in a zerovalent state (Pt’) during
hydrocarbon oxidation performed over Pt supported metal
oxides of non-semiconducting nature.'®*’ As expected, due to
the dielectric nature of the support, no electron transfer
occurred from the support to the supported Pt to form Pt’.
However, the formation of Pt in different oxidation states
depends also on the conditions of catalyst preparation. While
Garetto et al."® have reported the formation of Pt in their Pt/
Al,Oj catalyst, which was reduced in pure hydrogen during its
preparation, Beck et al.*' used Pt(NO;), and nitrous acid in
different molar ratios for the preparation of Pt/Al,O; catalyst.
However, as has been reported by Beck et al.,*' the ratio of
platinum and acid in the precursor solution has a great influence
on the mean sizes of the formed Pt particles, which also
influences their electronic state. On the other hand, Aryafar et
al.”” reported a kinetic study of the oxidation of alkanes over
platinum foil which discards the metal/support interactions in
the Pt’ electronic state.

The results presented in this investigation suggest that the
methane oxidation activity of a Pt-supported metal-oxide
catalyst can be tuned by controlling the Pt*—~Pt’ dipolar
catalytic sites at its surface. The catalytic activity of such dipolar
sites depends on the relative values of @ and f and on the
stability of the electronic state of Pt under Pt—support electronic
interactions. The simple preparation method, high activity, low
Ty, and high stability of the 1% Pt/Cr,0; catalyst for methane
oxidation, presented in this study, might lead to its utilization as
part of a commercial catalytic converter for lean-burn engines.

Bl CONCLUSIONS

We demonstrated the high methane oxidation capacity of air-
calcined 1% Pt/Cr,Oj; catalyst at low temperature. The results
obtained from methane oxidation behavior and electronic state
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analysis of incorporated platinum in Cr,O; suggest the
formation of highly stable Pt’—Pt*" dipoles at the platinum—
support interface, which are highly active catalytic sites for the
dissociation and oxidation of methane. These polar catalytic
sites promote the abstraction of the first hydrogen of the
adsorbed methane molecule, which is the rate-determining step,
by a strong polarization of the C—H bonding. The high methane
oxidation activity and high stability of the 1% Pt/Cr,0Oj; catalyst
presented in this investigation show that the electronic state of
platinum and their electronic interactions with the Cr,0; (n-
type semiconductor) support surface are the key factors in the
methane oxidation process.
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