Relationship between penta-coordinated Al** site in the Al,0;
support and CH; combustion activity of Pd/Al,O3 catalyst
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Pd/Al, O3 catalysts were prepared using various Al,O3 supports
with different structural features such as crystalline phase and
crystallinity related to AIP* coordination, revealing a significant
insight on methane (CH4) combustion activity of Pd nanoparticles
with the fraction of penta-coordinated Al3* sites in the Al,03
supports.

CH,4 combustion is an important catalytic technology to remove
CH,4 from exhaust gases, which can lead to serious greenhouse
effects.! Supported Pd catalysts is known to be the most active
for CH4 combustion and have been extensively investigated.2-10
However, in order to reduce Pd usage, the CH; combustion
activity of supported Pd catalyst needs to be further improved.

Al, 03 is one of the most effective supports for Pd catalyst
for CH4 combustion.11-13 A moderate charge transfer between
Pd and Al,O3 tunes the redox properties of Pd particles.11.14
Although Al,03 has various crystalline phases, y-Al,03 has
often been used as catalyst support because of its ability to
highly disperse Pd species. The high dispersion is caused by not
only the high specific surface area of y-Al,03, but also the
species through the coordinately
unsaturated penta-coordinated APP* (Algenta) sites on y-
Al;03(100).1526 On the other hand, the more thermally stable
0-Al,03 and a-Al;03 do not have Algenta sites.'” In other words,
0-Al,03 and a-Al, O3 interact weakly with Pd species.

Recently, the tuning of the metal—support interaction (MSI)
has received much attention in Pd/Al,O3 catalysts for CH4
combustion.1418-22 The MSI varied with the Al,03 crystalline
phase causes structural changes in Pd particles prepared by the
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impregnation method.1819 Spherical or well-faceted Pd particles,
which were highly active in methane combustion, were formed
on 0-Al,03 and a-Al, 03 with weak MSI. In contrast, due to the
strong MSI, Pd particles on y-Al,03 form distorted shape having
amorphous-like surface. Small Pd nanoparticles are also formed
on three-dimensional structure of nanosheet-assembled Al, 03,
where the Pd dispersion is maintained even at temperatures as
high as 1000°C.21 In addition, the surface modification by Al, 03
on supported Pd nanoparticles can enhance durability by
inhibiting the thermal decomposition of PdO through the
formation of Pd—O—Al bonds.1420 Therefore, the strength of the
interaction between Pd and Al,03 is expected to affect their
redox properties of Pd/Al, O3 catalyst at lower temperatures.
However, the effect of Al,O3 structure on the CH; combustion
activity of Pd/Al, O3 at low temperatures is not well understood.

Herein, CH4; combustion activity of colloidal Pd
nanoparticles (NPs) were systematically investigated through
deposition over crystalline Al,O3 supports (y-Al,03, 0-Al,03,
and a-Al;03). To enhance the significance of its MSI behaviour,
we further utilized mesoporous Al,03 (m-Al,03) prepared
using amphiphilic organic molecules.?3 The alumina frameworks
can be designed from amorphous to partially crystalline (y-
phase) by elevating calcination temperature.2425 Actually, the
coordination structure of AI3* sites was changed distinctly,
which was confirmed by using 27Al magic angle spinning (MAS)
nuclear magnetic resonance (NMR) spectroscopy. Based on the
relationship between CH4 combustion activity of Pd/Al,O3 and
structural parameter of the Al, O3 supports, we found that the
coordination structure of Al3* sites was quite important for
understanding CH4 combustion activity related to Pd redox
property.
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Table 1 Structural parameters of Al,05 supports.

Journal Name

sample crystalline phase Sger (M2g7Y) Fraction of
Alyeta Site Alpenta Site Alietra Site

v-Al,03 Y 140 0.628 0.041 0.331
6-Al,05 0 73 0.609 0 0.391
a-Al,03 3 10 1 0 0
m-Al,0s-1, calcined at 550 °C amorphous 490 0.372 0.295 0.333
m-Al,0s-2, calcined at 700 °C partially y 340 0.619 0.126 0.255
m-Al,05-3, calcined at 850 °C partially y 320 0.655 0.093 0.252

Structural features of Al,03 supports used in this study are
summarized in Table 1, which were analyzed through N
adsorption-desorption, X-ray diffraction (XRD) and 27Al MAS
NMR measurements. The experimental details were described
in the supporting information. For example, the specific surface
area of a-Al,03 was the smallest (10 m2 g™1) and that of m-
Al;03-1 was the largest (490 m2 g™1) among them (Fig. S1). As
shown in Fig. S2, the XRD patterns of y-, 0-, and o-Al,O3 were
identified typical y, 0, and a phases, respectively. No specific
XRD peaks were detected in the XRD pattern of m-Al,03-1,
indicating that m-Al,03-1 is in an amorphous structure. The
XRD patterns of m-Al,03-2 and -3 showed very weak diffraction
peaks derived by the formation of its y-phase, indicating m-
Al,03-2 and 3 were nearly amorphous but contained crystallites
of y-Al,03 in part.

Fig. 1 shows 27Al MAS NMR spectra of the Al,O3 supports.
The NMR peaks of y-Al, O3 observed at 0, 35, and 70 ppm were
derived from octahedral Al3* (Alocta), Alpenta, and tetrahedral Al3*
(Altetra) sites, respectively.15:17.20-2226 The fractions of Al3* sites
with different coordination structure can be quantitatively
analyzed by Gaussian fitting (Fig. S3). The fraction of Alocta and
Altetra Site in y-Al, O3 were 0.628 and 0.332, respectively, being
in agreement with the previous report.?’ This result indicates
that the bulk structure of y-Al,03 is mainly a spinel structure
with Al3* vacancies in the octahedral positions. The presence of
Algenta Sites has been reported to be existed on the (100) surface
of y-Al,03.1>17 The NMR spectrum of 6-Al,O3 exhibited the
presence of Algcta and Alterra Sites, with the absence of Algenta
sites. The NMR spectrum of o-Al,O3 with the most stable
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Fig. 1 27Al MAS NMR spectra of Al,03 supports. (a) y-Al,03, (b) 6-Al,03, (c) a-Al,03,
(d) m-Al,03-1, (e) m-Al,05-2, and (f) m-Al,05-3. NMR peaks around 10, 35, and 70

ppm were assigned to Alocta, Alpenta, and Alietra Sites, respectively.
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corundum-type structure, represented the presence of Algcta
sites only.?8 In cases of m-Al,03, compared to y-Al, O3, the NMR
peak intensity assigned to Alpenta Sites was much increased than
that observed for y-Al,03 (the fraction of Alyenta; 0.041). The
fractions of the Algenta sites in m-Al,03-1, m-Al,03-2, and m-
Al,03-3 were 0.295, 0.126, and 0.093, respectively, revealing
that coordinatively unsaturated Alpenta Sites were abundant in
such Al, O3 supports with low crystallinity.

Pd NPs were synthesized by a modified colloidal method,
originally reported by Cargnello et al.?%, in order to eliminate the
size effect of Pd catalyst on in CH4, combustion.1218 The detailed
procedure is described in the supporting information. The Pd
NPs were then deposited on the aforementioned Al,03
supports where the amount of Pd loaded was 1 wt %. Fig. 2
shows TEM images of Pd/Al, O3 with size distributions of Pd NPs.
All the size distributions of Pd NPs were narrow with average
size of 3—4 nm. Comparison of the 27Al MAS NMR spectra of m-
Al,03-3 with and without Pd NPs revealed a decrease in the

(a) Pdly-AlLO,

(b) Pd/6-ALO |

1

4
Pd particle size (nm

Fig. 2 TEM images of Pd/Al,O; catalyst and their size distribution histograms. (a)
Pd/y-Al,0;, (b) Pd/6-Al,03, (c) Pd/a-Al,0;, (d) Pd/m-Al,05-1, (e) Pd/m-Al,03-2, and
(f) Pd/m-Al,05-3.
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amount of Al senta sites after the loading of Pd NPs, meaning that
some Alpenta Sites were utilized for interacting with Pd NPs (Fig.
S4).15

Fig. 3a shows CH4 combustion activity of Pd/a-Al,03, Pd/0-
Al,03 and Pd/y-Al,O3 catalysts. It should be noted that the
influence of surface Pd amount can be ignored in CH4
conversion since the Pd dispersions (31.9-34.9%) estimated
from the TEM were almost the same. Pd/a-Al,03, Pd/0-Al,03
and Pd/y-Al, 03 catalysts were highly active for CH4 combustion
comparable to previous reports.246182021 Their light-off
temperature was around 250 °C and CH4 conversion was
reached almost up to 100% at 400 °C. Fig. 3b also shows CHa4
combustion activities of three Pd/m-Al,03 with that observed
for Pd/y-Al,03. As the calcination temperature of m-Al,0;
decreased (in the order of m-Al,03-3, m-Al,03-2, and m-Al,03-
1), according to crystallinity (y-phase) of the Al, O3 frameworks,
the light-off temperature of CH4 combustion was shifted from
440 °C (m-Al,03-1) to 400 °C (m-Al>03-2) and 300 °C (m-Al>05-
3). Considering the same size of the Pd particles, the difference
in the light-off temperature suggested a change in the nature of
the active Pd/PdO phase. It should be noted that CH,4
combustion activity of Al, 03 itself at 200—600 °C is negligible.1?

The relationship between structure of Al,O3 supports and
CH,4 combustion activity of Pd/Al,O3 was investigated. Despite
the difference in crystalline phase between y-Al, 03, 0-Al,03,
and o-Al,03, there was little difference in CH; combustion
activity of Pd/Al,Os3. Fig. 4 is a summary of Tsp of the Pd/Al, O3
catalysts as a function of the fraction of Alpenta site in the Al; O3
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Fig. 3 CH, conversion as a function of temperature over various Pd/Al,O3 catalysts
prepared by using (a) crystalline Al,03 and (b) mesoporous Al,0s.
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Fig. 4 Relationship between CH, combustion activity and fraction of penta-
coordinated Al¥* site of Al,0s.

supports. Tso was the temperature when the CH4 conversion
reached 50% and was used as a measure of the CH4 combustion
activity of Pd/Al,05. The Tso decreased
monotonically with the fraction of the Algenta site. In contrast,

value was
no clear relationship was obtained between the Tso value and
the fraction of Altetra and Alocta sites (Fig. S5). Therefore, the
fraction of the Alpenta site in the Al O3 supports was proposed
as a controlling factor for CHs combustion over Pd/Al,O3
catalyst.

During CH4 combustion, Pd particles were easily oxidized to
form active PdO phasel03031 gnd CH,4 was oxidized by the lattice
oxygen of PdO via the Mars-van-Kreveren mechanism.3:32 |n fact,
according to X-ray photoelectron spectroscopy (XPS), Pd
particles on Al,03 supports was almost completely oxidized to
PdO during CH, combustion (Fig. S6). Therefore, the PdO
particles anchoring on abundant Alpenta Sites can be inactive for
CH,4 combustion due to the suppression of Pd redox property.
In order to investigate the ease of reduction of PdO phase in
Pd/Al,03, the temperature programmed reduction by CHg4
(CH4-TPR) was performed (Fig. S7). The formation of CO;
derived from the complete oxidation of CH, over PdO was
observed at 240-350 °C.1! The lower reduction temperature of
PdO in Pd/Al, 03, the higher the CH4 combustion activity. There
was no difference in the ease of oxidation of Pd in Pd/Al, O3 (Fig.
S8). For the Pd/Al, O3 catalysts, Pd particles form bonds with Al
atoms and adjacent O atoms on the Al, 03 surface. According to
previous reports, the metal species positively and negatively
charge via the metal-Al and metal-O bonds, respectively.33-35
Therefore, it is suggested that the reducibility of PdO particles
was suppressed by the charge transfer from Pd to O atoms.
Moreover, as the coordinatively unsaturated Al3* sites and the
adjacent O atoms function as stronger Lewis acid-base sites, m-
Al, O3 supports with the high fraction of Al enta Sites are possible
to strongly interact with Pd.3436 |n the previous study,?° the
strong interaction between Al yenta sites and PdO phase inhibited
the thermal decomposition of PdO at high temperatures (> 800
°C), resulting in high thermal durability. The results in this study
conclude that the presence of abundant Alpenta sites reduce the
reducibility of PdO phase by CH, at low temperatures (< 600 °C).

J. Name., 2013, 00, 1-3 | 3



In summary, we investigated the effect of local structure of
Al,03 supports on CH4 combustion activity arising from Pd NPs
deposited over the Al,03 supports. Among the structural
parameters including crystalline phase and coordination
structure of AI3* site, the coordination structure, more
specifically its Alyenta Site is strongly correlated to the catalytic
activity because the strong interaction of the Algenta site with Pd
NPs changes the reducibility of PdO. PdO species on Al;03 with
the low fraction of Algenta sites were reduced at low
temperature and thus highly active for CH4 combustion. In this
context, this study shows for the first time that the structure of
Al, 03, in particular, the fraction of Algenta site affects the redox
property of Pd NPs as well as CH; combustion activity of
Pd/Al,O3.
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