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The y-Ga,0;—Al,O; mixed oxides with a spinel structure were prepared by the solvothermal reaction of
gallium acetylacetonate and aluminum isopropoxide in diethylenetriamine. In the crystal structures of the
catalysts obtained by the calcination of these mixed oxides, Ga*" and AI*" ions preferentially occupied
tetrahedral and octahedral sites, respectively. The catalysts with low Ga contents had a unique structure with
high surface areas and a concentration gradient of decreasing Ga content from the surface to the bulk. In
methane-selective catalytic reduction (SCR) of NO, higher NO conversion to N, was attained on the catalyst
with high occupation of Ga®* ions at tetrahedral sites and AI** ions at octahedral sites. For the y-Ga,03;—ALO;
mixed oxide with a charged Ga molar content of 0.3 (ST(0.3)), tetrahedral and octahedral sites were solely
occupied by Ga*" and AP*T ions, respectively, and the catalyst exhibited the highest NO conversion to N,.
Therefore, it was concluded that the active site for methane-SCR of NO is tetrahedral Ga>™ ion and octahedral
AIP* ion, which are linked to each other. Nitrogen monoxide is adsorbed on the isolated hydroxyl group
attached to AI’" ions and then oxidized by O, yielding surface nitrate species. Tetrahedral Ga*" ions work as
Lewis acid sites for the activation of methane because of their coordinative unsaturation. The Ga** ions in
the v-Ga,03;—Al,O5 catalyst have a redox property, which plays important roles in both the oxidation of NO
to surface nitrate species and the activation of methane. The most important factor for this catalyst is that the
sites for the formation of surface nitrate species reside next to the methane activation sites, which facilitates
the reaction between surface nitrate species and the activated species derived from methane, thus mitigating
the consumption of methane by simple combustion with O,. Therefore, ST(0.3), which has the largest number
of ensembles of the tetrahedral Ga** ions and octahedral AI*" ions, shows the highest activity for methane-

SCR of NO.

1. Introduction

Among the various strategies for removing NO, from exhaust
gases, selective catalytic reduction (SCR) using methane as a
reductant! 73 is an attractive process because methane is the main
component of natural gas, an abundant resource that is used as
a fuel for power stations. Moreover, methane can be easily
removed by catalytic combustion even if methane leaks from
the SCR devices.

Although various zeolite catalysts have high activities for
methane-SCR of NO,, they have poor hydrothermal stabilities;
their frameworks are destroyed by exposure to high-temperature
steam. Therefore, the development of active oxide-type catalysts
with higher hydrothermal stabilities is necessary because the
water content in the exhaust gases from stationary combustion
plants is rather high.

Gallium oxide is an effective catalyst for dehydrogenation
of paraffin to olefin,® and Ga-containing zeolites are active for
NO, removal using hydrocarbons as reducing agents.” Shimizu
et al. reported that y-alumina-supported gallium oxide (Ga,Os/
y-Al,O3) catalyst prepared by an impregnation method showed
a high activity for SCR of NO, with methane.?? Haneda et al.
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reported that Ga,0;—Al,O3 prepared by a sol—gel method has
high performance for SCR of NO, with propene.*

Although various aqueous medium-based methods for syn-
thesizing metal oxides such as sol—gel, coprecipitation, and
hydrothermal methods have been studied, the synthesis of metal
oxide using organic solvents has not been widely explored. Our
laboratory has been exploring solvothermal synthesis of metal
oxides in organic media,® where solvothermal reaction means
the reaction in liquid media at high temperatures. Previously,
we reported that the y-Ga,O;—Al,O5 solid solution catalysts
prepared by solvothermal methods showed higher activities than
the impregnation catalysts for methane-SCR of NO.”"!? The
activities of the catalysts prepared by using various media were
examined, and it was found that the catalyst activity increased
with the increase in the crystallite size. Diethylenetriamine was
found to be the best solvent for the solvothermal synthesis of
the y-Ga,0;—Al,05 catalyst having high activities under both
dry and wet conditions.!> The influence of reducing agents
(C1—C3 hydrocarbons) upon the SCR of NO on y-Ga,03—
Al,O5 catalyst was investigated, and methane was found to be
the least reactive reductant of the hydrocarbons examined.'
Under wet conditions, NO conversion on the catalyst decreased
for all hydrocarbons. The reactivity of paraffins, especially
methane, was severely affected by the presence of water in the
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feed. This result was explained by preferential adsorption of
water to the adsorption sites for hydrocarbons. "

The mechanisms of NO reduction by hydrocarbon over
gallia—alumina catalysts have been discussed by several re-
searchers. Shimizu et al. examined the methane-SCR activity
of Ga,03;/Al,0; prepared by an impregnation method and
concluded that Ga cations in the surface tetrahedral sites are
the origin of the high performance of their catalyst.®* They also
proposed reaction mechanisms for hydrocarbon-SCR on Al,O3-
based catalysts.'* By using IR spectroscopy, He et al. investi-
gated the reaction pathway of propane-SCR of NO over Ga,05/
Al O3 prepared by an impregnation method.'> They concluded
that the propane-SCR of NO starts with partial oxidation of
propane mainly by O, to surface carboxylates such as acetate
and formate, which are highly reactive toward adsorbed NO
(or NO-derived species) yielding nitrogen-containing organic
surface species (e.g., isocyanides and cyanides). The coupling
of nitrogen atoms to form N, was suggested to occur via the
disproportionation reaction between such nitrogen-containing
species and NO. They also concluded that the rate-determining
step of the whole reaction cycle is the partial oxidation of
propane.'’

By using GC-MS and IR spectroscopy, Haneda et al.
investigated the mechanism of propane-SCR of NO over
Ga,03—Al,0; prepared by a sol—gel method.'®!” They sug-
gested that the reaction is initiated by the formation of adsorbed
nitrate species via NO oxidation by O,. The reaction between
adsorbed nitrate species and C3Hg causes the formation of the
allyl species, which reacts with NO, yielding organic nitro
compounds such as CH3NO,, C,H;NO,, and C;H;NO,. Hy-
drolysis of these nitro compounds is assumed to form nitriles
(e.g., CH3CN and CH,=CH—CN), isocyanates (—NCO), and
oxygenates. Further hydrolysis of isocyanates (or nitriles) yields
organic amines and CO, (or carboxylic acid and NH3), which
react with NO, to form N,, as is well known for NH;—SCR.
Haneda et al. proposed that the formation of nitriles and
isocyanates is effectively promoted by Ga,0;.'%!7

We found that surface allyl species are formed upon the
exposure of propylene to both tetrahedral and octahedral Ga
sites of Ga,03;—Al,O; catalyst, and the amount of allyl species
adsorbed on the tetrahedral Ga sites correlates with the activity
of the catalyst.'® However, methane is much less reactive than
C3 hydrocarbons,'* and surface allyl species were not formed
from methane.'® Moreover, surface formate species, a possible
intermediate for methane-SCR, is reported to be less stable than
surface acetate species.'’

Therefore, the reaction mechanisms for the methane-SCR of
NO may be different from propane- or propene-SCR. In this
work, methane-SCR of NO was carried out on the y-Ga,O;—
AL O; catalysts prepared by the solvothermal method using
diethylenetriamine as a solvent. The factors controlling the
catalytic activity were explored, and the reaction mechanisms
will be discussed focusing on the individual roles of the Ga**
and AI’* ions.

2. Experimental Section

2.1. Preparation of the Catalysts. The catalysts were
prepared by the solvothermal method developed in our labora-
tory.® Gallium triacetylacetonate (Ga(acac)s; Mitsuwa Chemical)
and aluminum triisopropoxide (AIP; Nacalai Tesque) with
various Ga/Al ratios were suspended in 80 mL of diethylene-
triamine (dEtA; Nacalai Tesque) in a test tube, and the tube
was placed in a 200 mL autoclave. In the gap between the
autoclave wall and the test tube, an additional 30 mL of dEtA
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was placed. After the air in the autoclave was purged with
nitrogen, the autoclave was heated to 300 °C at a rate of 2.5
°C-min~!, kept at 300 °C for 2 h, and then cooled to room
temperature. The products were washed with acetone by
vigorous mixing and centrifuging, air dried, and calcined at 700
°C for 30 min to remove the remaining organic impurities. The
yields of the catalysts were over 95%. In this article, the catalyst
is designated as ST(x), where x stands for the Ga/(Ga + Al)
ratio in the feed composition for the solvothermal treatment.

2.2. Activity Test for the Catalysts. Catalyst tests for the
SCR of NO with methane were carried out in a fixed-bed flow
reactor. The catalysts were tabletted, pulverized into 10—22
mesh size, and placed into the reactor. The catalyst bed was
heated to 650 °C in a helium flow and held at that temperature
for 30 min. Then, the reaction gas composed of 1000 ppm NO,
2000 ppm CHy, 6.7% O,, and 2.5% H,0 with helium balance
was introduced to the catalyst bed at W/F = 0.3 g+s-mL"!
(SV = ~11 000 h™!). The reaction temperature was decreased
from 650 to 450 °C at 5 °C+min~"! and kept for 15 min at every
50 °C interval to attain the stationary state. The effluent gases
from the reactor were analyzed with an online gas chromato-
graph (GL Science Micro GC CP-2002) equipped with a 4 m
Molsieve SA column (80 °C) and a 10 m Poraplot Q column
(40 °C). NO conversion was calculated, as shown in eq 1

NO conversion (%) = (2[N,]J/[NO])100 (1)

where [N;] is the concentration of N, in the effluent and [NO]
is the concentration of NO in the fed gas. Note, however, that
no NO, species other than NO were detected during methane-
SCR, as analyzed with a Pfeiffer Vacuum Omnistar GSD 301
O 1 quadrupole mass spectrometer (Q-Mass).

2.3. Characterization of the Catalysts. Powder X-ray
diffraction (XRD) patterns were measured on a Shimadzu XD-
D1 diffractometer using 30 kV, 900 W Cu Ka radiation and a
carbon monochromator. Crystallite size was calculated from the
half-height width of the (440) diffraction peak of the spinel
structure using the Scherrer equation.

The BET surface area was calculated by the single-point
method, and the samples were dried in a 30% N,/He flow at
300 °C for 30 min prior to measurement.

The bulk Ga/Al ratios were analyzed with a Shimadzu ICPS-
10001V inductively coupled plasma atomic emission spectrom-
eter (ICP-AES). The catalysts were dissolved in phosphoric acid
at 80 °C and then diluted to about 0.2 g-L~! with water. The
surface Ga/Al ratios were determined with an ULVAC-PHI 5500
X-ray photoelectron spectrometer (XPS) with a hemispherical
energy analyzer. Samples were mounted on indium foil and then
transferred to an XPS analyzer chamber. The residual gas
pressure in the chamber during data acquisition was less than 1
x 107% Torr (1 Torr = 133.3 N-m™2). The spectra were
measured at room temperature using Mg Ko radiation (15 kV,
400 W). The electron takeoff angle was set at 45°. Binding
energies were referenced to the calibrated on the basis of C 1s
of residual carbon at 284.6 eV.?° Sputtering was performed by
an Xe* ion beam generated at 3.0 kV.

X-ray absorption fine structure (XAFS) at the Ga K-edge was
measured by a transmission mode at room temperature using
the SPring-8 BL16B2 beamline. The X-ray was monochroma-
tized by a Si(111) monochromator. The data were analyzed
using the software “Athena and Artemis”.*! As standard samples,
ZnGa,04 in which Ga ions occupy octahedral sites and ST(0.1)
in which Ga ions preferentially occupy tetrahedral sites were
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TABLE 1: Surface Areas and Compositions of
Ga,0;—AL0; Catalysts

Ga/(Ga+Al) ratio

sputter time

surface area

catalyst (m?-g™h bulk Omin 1min 3 min 5 min
ST(0.0) 212
ST(0.1) 179 0.077
ST(0.25) 177 0.218 0.244
ST(0.3) 154 0.254 0.27 0.265 0.252 0.239
ST(0.375) 131 0.379
ST(0.5) 162 0.511 0.509 0.499 0.501 0.512
ST(0.75) 133 0.773 0.775 0.783 0.771 0.777
ST(1.0) 112

used. The latter sample was prepared solvothermally in 2-methyl-
aminoethanol.!”

2.4. Analysis of the Species Adsorbed on the Catalysts.
Temperature-programmed desorption (TPD) of the adsorbed
species except for NH; was carried out in a fixed-bed flow
reactor. The catalyst was heated at 650 °C for 30 min in He
and cooled to 100 °C, and a gas with a prescribed composition
was allowed to flow over the catalyst at W/F = 0.3 g*s-mL"!
for 1 h. After the excess adsorbate gas was purged with a He
flow, the catalyst was heated to 700 °C at a rate of 5 °C+min~!
in a He flow, and the desorbed species were analyzed with the
Q-Mass detector.

The NH; TPD measurement was carried out with a Bel-Japan
TPD-1-AT analyzer. The powdered sample (0.4 g) was placed
in the TPD cell and pretreated in a 50 mL+min~! He flow at
500 °C for 1 h. Then, the sample was exposed to 2.7 kPa NHj
at 100 °C for 10 min. After evacuation for 1 h, the sample was
heated to 600 °C at a rate of 10 °C+min~! in a He flow, and the
effluent gases were analyzed with the Q-Mass detector.

A Nicolet Magna-IR system 560 FT-IR diffuse reflectance
spectrometer (resolution: 4 c¢cm™!') was used to detect the
adsorbed species on the catalyst surface. The sample was
pretreated at 500 °C in a 30 mL-min~! He flow for 1 h; then,
the background spectrum was obtained. The spectra of the
adsorbed species are given as difference spectra obtained by
subtraction of the background.

3. Results and Discussion

3.1. Crystal Structures of the Catalysts. The XRD pattern
of ST(0.0) indicates that the alumina synthesized by the
solvothermal method in diethylenetriamine is amorphous (Figure
S1 in the Supporting Information). The Ga,0O3-containing mixed
oxides exhibited the patterns due to the spinel structure, and
their peaks shifted to the lower angle side with an increase in
Ga content, indicating that substitution of AI** ions with larger
Ga*" ions resulted in an enlargement of the unit cell parameter.
Therefore, all of the products except for ST(0.0) and ST(1.0)
are solid solutions of y-Ga,03;—Al,0Os.

Upon calcination at 700 °C, a part of ST(1.0) was transformed
into the B phase of Ga,Os;, whereas ST(0.0) gave poorly
crystallized Al,Os;. The other mixed oxides preserved the
y-phase structure after calcination at 700 °C, although their
crystallite sizes were slightly enlarged (Figure S2 in the
Supporting Information).

The surface areas and chemical compositions of the catalysts
(calcined samples) are summarized in Table 1. The surface area
of the catalyst tends to decrease with the increase in the Ga
content.

The ICP analysis showed that the catalysts with high Ga
contents (e.g., ST(0.75) and ST(0.5)) had almost the same
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Figure 1. Average coordination numbers of Ga in the y-Ga,03—AlL,05
catalysts calculated from the EXAFS spectra of the catalysts: Fitting
parameters are as follows: FT range, 3.3—14.0 A™"; FT k weight, 3;
fitting space, R space; fitting R range, 1.0 to 1.8 A; fitting k weight, 3.

compositions as those of the starting materials for solvothermal
synthesis, whereas for the catalysts with low Ga contents, Ga>*
ion contents in the products were smaller than those expected
from the feed composition.

The XPS analysis indicated that the catalysts with high Ga
contents (ST(0.75) and ST(0.5)) had constant Ga concentrations
from surface to bulk, whereas those with small Ga contents
(ST(0.3) and ST(0.25)) had Ga-rich surface compositions,
indicating the presence of a Ga concentration gradient inside
the particles. Actually, ST(0.3) exhibited an obvious Ga
concentration gradient; the Ga concentration decreased gradually
at deeper points from the surface. Therefore, the Ga,0;—Al,03
catalysts with small Ga contents had larger numbers of surface
Ga sites than those expected from the bulk compositions.

Figure 1 shows the average coordination numbers of Ga**
ions calculated from the EXAFS spectra. The normalized
absorption data of XANES spectra are shown in Figure S3 in
the Supporting Information. For the value at Ga/(Ga + Al) =
1.0, the datum for pure y-Ga,Os is plotted because ST(1.0) was
composed of y and 3 phases. The average coordination number
of Ga** ion in pure y-Ga,03 was calculated to be 4.9, which is
slightly smaller than the theoretical value. The average coor-
dination number decreased with the decrease in the Ga content
and converged at about 4 for the catalysts with low Ga contents.
This indicates that Ga®* ions predominantly occupy the tetra-
hedral sites; therefore, the y-Ga,O;—Al,O3 binary oxides are
not simple solid solutions. Nearly all of the Ga*" ions in ST(0.3)
are located in the tetrahedral sites, whereas AI** ions predomi-
nantly occupy the octahedral sites in the spinel structure. Similar
results have been previously reported.>!!?? Spinels belong to
the Fd3m space group. There are eight formula units per cubic
unit cell. Anions are located in Wycoff 32e sites whose
coordinates are (u, u, u). The anion sublattice of ideal spinel is
in cubic closest-packed (ccp) arrangement. Because the coor-
dinates of the anions at 32e sites are not special, they can vary
according to a single parameter, u. For a perfect ccp anion
arrangement, u = 0.375. As u increases from its ideal value,
anions move away from the tetrahedrally coordinated A-site
cations along the <111> directions toward the center of three
B-site cations, which increases the volume of each A-site
interstice. Therefore, the spinel structure can accommodate large
cations in the tetrahedral sites.??

Because y-Ga,0;—Al,05 is made of two metal elements both
with the same valence of 3+ (Ga*" and AI*"), cation vacancies
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Figure 2. Effect of Ga/(Ga + Al) ratios of the y-Ga,0;—AlLOs
catalysts on their NO conversion to N». Reaction conditions: 1000 ppm
NO, 2000 ppm CHy, 6.7% O,, and 2.5% H,O with He balance; SV =
11000 h™".

should be incorporated in the spinel structure because of charge
imbalance. Therefore, one-ninth of the total cation sites available
for the spinel structure are vacant (M3"g;30,30,4, M3™: Ga’* or
APPT). Here we will deal with y-Ga,O3;—Al,O; with an extreme
structure in which Ga** and AI** ions solely occupy tetrahedral
and octahedral sites, respectively. When the cation vacancies
exist only in the tetrahedral sites ([Ga,s005]'[AL]°'Oy), the
Ga/(Ga + Al ratio is calculated to be 0.25. When the vacancies
exist solely in the octahedral sites ([Ga;]*'[Als;30;3]°0,), the
Ga/(Ga + Al) ratio would be 0.375. Therefore, the data for
ST(0.3) shown in Figure 1 and Table 1 (coordination number
of Ga is ca. 4 for Ga/(Ga + Al) ratio of around 0.25) indicate
that the cation vacancies mainly exist in the tetrahedral sites of
the spinel structure.

3.2. Catalytic Activity. Figure 2 shows the activity change
of the catalysts for NO conversion to N, as a function of the
Ga/(Ga + Al) ratio. Both ST(0.0) and ST(1.0) had very low
activity, indicating that the combination of Ga and Al ions is a
crucial factor for the catalytic activity. The conversion of NO
to N reached a maximum for ST(0.3) in which Ga** and AI**
ions preferentially occupy the tetrahedral and octahedral sites,
respectively. Each oxygen anion in the spinel (AB,O,) coordi-
nates to one tetrahedral A cation and three octahedral B cations.
Therefore, the catalyst that exhibited the highest activity has
the largest number of tetrahedral Ga>* ions with octahedral A1**
ions at the next-nearest neighbor sites. When the Ga/(Ga+Al)
ratio exceeds 0.3, the population of Ga''—0O—Ga*"' bonds
increases.

3.3. Desorption of the Reactants Adsorbed on the Cata-
lysts. Figure 3 shows the TPD profiles of the reactants adsorbed
on ST(0.3) that showed the highest activity. When the catalyst
was exposed to an NO/He flow (Figure 3b), two desorption
peaks of NO were observed at about 350 and 450 °C, and the
latter peak was associated with desorption of a trace amount of
O,. When NO and O, were coadsorbed on the catalyst, a much
larger amount of NO was adsorbed, and the desorption peaks
of NO were observed at around 200 and 400 °C. The latter
peak was associated with a desorption peak of O, (Figure 3c)
despite the fact that O, itself was not adsorbed on the catalyst
(Figure 3a). These results indicate that O, had an ability to
change the state of NO so as to be easily adsorbed on the catalyst
surface. The amount of desorbed O, at 450 °C was about half
of the amount of desorbed NO at the same temperature. Haneda
et al.* reported similar NO—O, TPD profiles for Ga,03—Al,O3
catalysts prepared by a sol—gel method and attributed the former
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Figure 3. TPD profiles of (a) O,, (b) NO, (¢) NO—O,, (d) CHy4, and
(e) CH4—0; adsorbed on ST(0.3) catalyst. The catalyst was pretreated
in He at 650 °C for 30 min, and then the reactant gas diluted to a
desired concentration with He was allowed to flow at 100 °C for 1 h.
After the gas was purged with a He flow, desorption was carried out
in a 100 mL-min~! He flow at a heating rate of 5 °C-min!. Gases:
1000 ppm NO, 2000 ppm CHy4, and/or 6.7% O,.

and latter peaks to the surface nitrite and nitrate species,
respectively. It is interesting to note that a large low-temperature
peak was observed when NO and O, were coadsorbed. Because
the formation of nitrite species from NO is an oxidation process,
it is reasonable to assume that oxygen is required for the
formation of surface nitrite species, and the following sequence
was proposed for this process?*

NO + '/,0, — NO, 2)
NO + NO, — N,0, 3)
M—0-M + N,0, — 2MONO 4)

Equation 4 may be rewritten as follows

2MOH + N,0, — 2MONO + H,0 (5)

If these arguments are correct, then the desorption process
of NO would be accompanied by the formation of O,. This was
not the case, as is shown in Figure 3c. Therefore, we temporarily
attribute the desorption of NO to the formation of NO and
surface nitrate species from the adsorbed NO, as shown in
eq 6

3NO,(ad) + 2MOH — NO + 2MONO, + H,0 (6)

This reaction is essentially identical to the formation of nitric
acid by the reaction of NO, with water. However, this reaction
would contribute to the SCR of NO by the formation of surface
nitrate species and would not be directly connected with the
SCR of NO because the desorption of NO takes place at a much
lower temperature than the working temperature of the catalyst
for SCR.

The amount of adsorbed CH, was quite small, as shown in
Figure 3d. This result is due to the fact that a higher temperature
is required for adsorption of methane, as will be discussed later.
However, different phenomena were observed for ethylene or
propylene TPD, where significant uptakes were observed even
when the catalyst was exposed to these gases at 100 °C.'>!8 As
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Figure 4. FT-IR spectra of the ST(0.3) treated with NO in the presence
and absence of O,. Adsorption was carried out with (a) 1000 ppm NO
and (b) 1000 ppm NO—6.7% O,, both with He balance at 100 °C for
90 min. Then, the catalyst was heated in situ in a He flow at the desired
temperature specified in the Figure.
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Figure 5. Time course change in the FT-IR spectra of NO species
adsorbed on ST(0.3) in the presence of O,. ST(0.3) was exposed to
1000 ppm NO and 6.7% O, with He balance at 100 °C.

shown in Figure 3e, CH, uptake did not change, even in the
presence O,.

The adsorbed state of NO was investigated by FT-IR
spectroscopy (Figure 4). When NO was introduced in the
absence of O,, an intense band developed at 1236 cm™! together
with less intense bands at 1313 and around 1550 cm™'. Most
researchers assign the peak at 1230 cm™' to a bridging nitrite
species.?>% These bands decreased in intensity with an increase
in the temperature and almost disappeared at 500 °C. These
results are in good agreement with the TPD results; however,
small absorption bands that can be attributed to nitrate species
were still observed at 500 °C.

Different spectra were observed when NO was fed in the
presence of Oy; five bands appeared at 1244, 1298, ~1560,
~1600, and ~1620 cm™" at 300 °C. Because the wave numbers
are essentially identical to those of the bands observed when
NO, was adsorbed on alumina,?’ all of the observed bands can
be assigned to nitrate species. The intensities of the bands
decreased as the temperature increased, and species that exhibit
bands at 1244 and ~1560 cm™! remained after heat treatment
at 500 °C. Although the assignment of the bands of surface
nitrate species is a controversial issue,'>7 we temporarily
assigned these two bands to asymmetric and symmetric vibration
modes of bridging bidentate nitrate species because this species
is the most stable among the possible structures of surface nitrate
species.?®

Figure 5 shows the time-course change in the FT-IR spectra
of surface species formed on ST(0.3) by exposure to an
NO—O,—He flow at 100 °C. Nitrite species were formed first,
which were converted to other species after 1 h of exposure.
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Figure 6. Reaction of CHy; with NO adsorbed on ST(0.3) in the
presence of O,. ST (0.3) was exposed to 1000 ppm NO—6.7% O, with
He balance at 100 °C for 1 h, purged with a He flow, and then heated
at arate of 5 °C+min~! in a 100 mL+min~! flow of 2000 ppm CH,/He.

The IR spectrum of this surface species resembled that of the
surface nitrate species (Figure 4b); however, peaks are observed
at higher wave numbers. Therefore, predominant species was
assigned as adsorbed NO, strongly interacting with the surface
hydroxyl groups. Although we believe that a part of the adsorbed
NO, was converted into surface nitrate species in this stage,
complete conversion into surface nitrate species can be ruled
out because of the formation of NO in the NO—O, TPD profile
because the condition adopted for obtaining the top spectrum
in Figure 5 (i.e., exposure to a gas composed of 1000 ppm NO
and 6.7% O, with helium balance at 100 °C for 1 h) is essentially
identical to the adsorption conditions for the TPD experiment.
These results show a sharp contrast with the result reported by
Haneda et al.,* who described that nitrite species are predominant
when their Ga,0;—AlLO; catalyst is exposed to NO—O, at
temperatures below 473 K. As surface nitrate species developed,
a negative band appeared at 3768 cm™!, and simultaneously, a
broadband at 3600—3000 cm™! grew. The former band is
assigned to the isolated hydroxyl group** and the latter band
is assigned to adsorbed water.?! The formation of adsorbed water
can be explained by eq 6 or by the following reaction

2NO + 3/20, + 2M—OH — 2M—-0—NO, + H,0
)

3.4. Reaction between Methane and Surface Species
Derived from NO—Q,. The reaction between methane and
surface species derived from NO—O, was investigated. After
ST(0.3) was treated with NO in the presence of O, at 100 °C,
CH./He was introduced on the catalyst, and the composition of
the effluent gas was analyzed by the Q-Mass detector (Figure
6). Similar to the NO—O, TPD profile (Figure 3c), desorption
of NO was observed at around 200 °C, indicating that a higher
temperature is required to proceed the reaction of CH, with
adsorbed NO,. However, the concentration of NO in the effluent
gas drastically decreased above 250 °C with a concomitant
decrease in CH,4, suggesting that adsorbed NO, was reduced
with CHy. In the temperature range from 250 to 450 °C, N,,
N,0, CO,, and CO were formed, each giving two peaks at low
and high temperatures. The lower-temperature peaks may be
due to the reaction of methane with adsorbed NO,, whereas
higher-temperature peaks can be attributed to the reaction of
methane with surface nitrate species. These results show a sharp
contrast with the results reported by He et al.,'> who showed
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Figure 7. Reaction of methane with various oxidants on ST(0.3).
Reaction conditions: 2000 ppm CH,4, 1000 ppm NO or NO,, and 2.5%
H,O with/without 6.7% O, balanced with He; SV = 11 000 h™.

that IR spectra of the surface nitrate species adsorbed on their
Ga,03/Al1,05 catalyst were not changed after exposure to C;Hg
at 300 °C. From the results, they concluded that those surface
nitrate species are “spectators” and are not involved in the SCR
reaction. However, the present results clearly showed that
surface nitrate species do react with methane in the temperature
range where the catalyst showed high activity for methane-SCR
of NO.

The same result was obtained when ST(0.3) impregnated with
a small amount of AI(NOs); or Ga(NOs3); was heated in a CHy/
He flow (data not shown). However, low-temperature desorption
of NO without the formation of O, was not observed. When
NO was adsorbed in the absence of O,, the formation of N,
was scarcely observed because NO has only low oxidizing
ability. Therefore, surface nitrate species play a crucial role in
methane-SCR of NO in the presence of O..

Figure 7 shows methane oxidation with various oxidants on
ST(0.3). Whereas NO had essentially no reactivity, even at 600
°C, methane was oxidized by NO, at a temperature as low as
350 °C, even in the absence of O,. Although the concentration
of NO, fed to the reactor was much lower than that of O,, the
amount of methane oxidized by NO, at 350 °C was much larger
than that oxidized by O,, indicating that the oxidation ability
of NO, was superior to that of O,. Therefore, NO, is highly
reactive for the oxidation of CH4. At higher temperatures,
however, the methane conversion by NO, rather decreased,
probably because of its decomposition to NO and O, (eq 8)

2NO, — 2NO + O, ®)

This reaction can occur either in the gas phase or on the
catalyst, and the gas-phase reaction is well established because
the reverse reaction of eq 8 is an important reaction for the
synthesis of nitric acid.?® To verify the catalytic activity for
reaction eq 8, we examined NO, decomposition on the catalyst
(Figure S4 in the Supporting Information); the result clearly
shows that the present catalyst significantly facilitates the
reaction. Therefore, the decrease in CH, conversion at high
temperatures is caused by the decomposition of NO, on the
catalyst. From the microscopic reversibility, the catalyst should
also facilitate the reverse reaction of eq 8, which is an important
process for the formation of surface nitrate species from NO
and O,. As discussed earlier, surface nitrate species, which can
be formed by exposure of the catalyst to either NO + O, or
NO,, decompose into NO and O, at higher temperatures;
therefore, decomposition of NO, can take place via decomposi-
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Figure 8. TPD profiles of NO on y-Ga,O3;—AlLO; catalysts. The
catalysts were pretreated in a He flow at 650 °C for 30 min and exposed
to the gas mixture (1000 ppm NO and 6.7% O, with He balance) at
100 °C for 1 h. After NO was purged with a He flow, the desorption
was carried out in the He flow (100 mL-min~") at a heating rate of 5
°C+min~".

tion of surface nitrate species. This argument is supported by
the fact that both of the reactions (NO, decomposition and
decomposition of surface nitrate species yielding NO and O,)
started at the same temperature (~375 °C).

In the presence of O,, both NO and NO, exhibited high
reactivity for the oxidation of methane in the whole temperature
range. This fact again shows the importance of oxygen in
methane-SCR of NO in the temperature range of 350—500 °C.
In this temperature range, NO, + O, was slightly more reactive
toward methane than NO + O,, indicating that the participation
of NO, is important at lower temperatures.

3.5. Sites for the Formation of Surface Nitrate Species.
Because the peak at around 450 °C in the NO—O, TPD profiles
is due to surface nitrate species, the number of surface sites
giving these species can be estimated from the intensity of this
peak. Figure 8 shows the NO—O, TPD profiles of the
y-Ga,03—Al,0;5 catalysts with various Ga/Al ratios. The largest
peak was observed for ST(0.3), indicating that this catalyst had
the largest number of the sites for the formation of surface nitrate
species. The order of the peak intensity, ST(0.3) > ST(0.5) >
ST(0.25) > ST(0.0) > ST(0.75) > ST(1.0), was in good
agreement with the order of catalytic activity (Figure 2),
indicating that the sites for the formation of surface nitrate
species play an important role in the methane-SCR of NO.
Similar results were reported by Haneda et al.* for the
Ga,03—AlLO; catalyst prepared by a sol—gel method. However,
the optimal composition is different between theirs and ours
presumably because of the difference in the catalyst synthesis
processes.

As the Al content in the catalyst increased, the desorption
peak shifted to the higher temperature side, indicating that Al
interacts more strongly with surface nitrate species than Ga.
Moreover, the amounts of NO desorbed from the Ga-rich
catalysts were remarkably smaller than those from the other
catalysts. This result as well as the lower desorption temperature
suggests that surface nitrate species anchored on the Ga sites
have a character that is significantly different from those of the
nitrate species anchored on the Al sites.

Because the formation of surface nitrate species is ac-
companied by consumption of the isolated hydroxyl groups, the
FT-IR spectra in the OH stretching vibration region of the
catalysts with various Ga contents were examined after exposure
to NO—O, (Figure S5 in the Supporting Information). Although
the spectra are not well resolved, two negative bands are
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Figure 9. CH, conversion in methane-SCR of NO on the
y-Ga,03—Al,0;5 catalysts. Reaction conditions are shown in the caption
of Figure 2.

apparently observed at 3768 and 3686 cm™!. The band at 3768
cm™! was observed for the Al-rich catalysts but not for the Ga-
rich catalysts. On the contrary, the 3686 cm™! band was observed
for the Ga-rich catalyst but not for the Al-rich catalyst.
Therefore, the former band was assigned to isolated Al1—OH
and the latter band was assigned to isolated Ga—OH.'>30

3.6. Base Property of Isolated Hydroxyl Group. The
basicity of the catalysts was investigated by CO,-TPD (Figure
S6 in the Supporting Information). Pure Ga,O; adsorbed only
a small amount of CO,, and the CO, uptake corresponding to
the number of base sites increased monotonically with the
increase in Al content in the catalyst (Figure S6 in the
Supporting Information).

The FT-IR spectra of CO, species adsorbed on the catalysts
with various Ga contents exhibited bands due to hydrogen
carbonate species together with a negative band due to isolated
Al—OH for the catalysts containing Al (Figure S7 in the
Supporting Information). Hydrogen carbonate is supposed to
be formed when the hydroxyl group with a basic nature interacts
with CO,.% For pure Ga,03, no negative band due to isolated
GaOH was observed (Figure S7 in the Supporting Information)
because of low CO, uptake on this catalyst (Figure S6 in the
Supporting Information). Because both the nitrate and hydrogen
carbonate species seem to be formed on the same Al—OH sites,
the basicity of the group plays an important role in the formation
of surface nitrate species. However, basicity is not the sole factor
because the maximum amount of surface nitrate species was
formed on ST(0.3) despite the fact that the maximum CO,
uptake was observed for ST(0.0); the combination between base
sites and Ga sites seems to be important.

3.7. Activation of Methane. Figure 9 depicts the conversion
of methane in methane-SCR of NO shown in Figure 2. At 550
and 600 °C, the highest methane conversion was observed on
ST(0.5), whereas ST(0.3) exhibited the highest methane conver-
sion at 450 and 500 °C. In the previous work,'® we examined
the correlation between the performance for methane-SCR and
the acidity of the catalysts prepared solvothermally in various
media and found that the surface acid density of the catalyst is
predominantly determined by the reaction medium used for the
catalyst synthesis. Diethylenetriamine adopted in this work gives
the catalyst with the smallest surface acid density. We also found
that the combustion of methane occurs competitively with
methane-SCR of NO, especially at high temperatures, and that
a higher acid density facilitates the combustion of methane, thus
leading to lower efficiency of methane used for SCR.'”
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Therefore, the acidity of the catalysts used in this work was
assessed by the NH3;-TPD method (data not shown). For the
catalysts with low Ga contents, the acid density monotonically
increased with the increase in the Ga content, and ST(0.5) had
the largest number of acid sites. This result explains the reason
why ST(0.5) exhibited the highest methane conversions at higher
temperatures, as shown in Figure 9.

Lewis acid properties of Ga,03;—Al,O; catalysts as well as
AlL,O; and Ga,O; have been well documented.?>3>3* These
Lewis acid properties originate from coordinatively unsaturated
ions and tetrahedral Ga*" ions emerging at the extended crystal
surface. 32734

The acid strength was assessed by the desorption temperature
of NH;. ST(0.3) exhibited the highest acid strength (peak
temperature at which the maximum rate for desorption of NHj
was observed was 255 °C). The high performance of this catalyst
for methane-SCR can be explained by the fact that these highly
acidic sites are effective for methane activation relating to
methane-SCR of NO. When pure y-Ga,O; and y-Al,O; are
compared (peak temperatures were 237 and 207 °C, respec-
tively), y-Ga,O3 has higher acid strength. However, the acid
strengths of the mixed oxides were higher than those of the
single-component catalysts, indicating that the synergistic effect
of Ga and Al determines the acid nature of the catalysts.

To examine the interaction of methane with the catalysts,
2000 ppm CHy in He was fed on the catalysts with increasing
reaction temperature of 5 °C+min~! (Figure 10). The methane
concentration first decreased (at ~200 °C) and then increased
(at ~400 °C), indicating that adsorption and desorption of
methane took place at these temperatures. The relatively high
adsorption temperature suggests that activation energy is
required for methane to be adsorbed on the catalyst. The largest
methane uptake was observed for ST(0.5) that has the largest
number of acid sites. It must be noted that methane was not
adsorbed on ST(0.0) at all, indicating that the adsorption of
methane takes place on the Ga sites rather than on the Al sites.

The decrease in methane concentration was also observed at
above 600 °C, and CO and H, were formed at these temperatures
(Figure S8 in the Supporting Information). This result indicates
that the reduction of the catalyst occurred. However, ST(0.0)
showed neither consumption of methane (Figure 10) nor CO
formation (Figure S8 in the Supporting Information), indicating
that Al,O3 does not have a redox property. The consumption
of methane at 700 °C increased with the increase in Ga content
in the catalyst, and accordingly, the formation of CO increased.
Therefore, Ga,05 does have a redox property, but Al,O5; does
not.

Although ALO; is reduced to Al,O or AlO-<Al,O; by
treatment with Al metal at high temperature,® the reduction of
Al,O3 cannot occur under the present reaction conditions
because the reduction potential of AI** is highly negative.
However, Ga*" has a less-negative reduction potential, and
Ga,0; can be reduced to gallium oxides with lower oxidation
states under conditions similar to the present one.*® He et al.'
discussed the reaction mechanism of propane-SCR of NO on
the assumption that neither Ga,O3 nor Al,O; are redox-active
materials. However, Ga,0O; has a redox property. This property
seems to be important not only for the activation of methane
but also for the oxidation of NO to surface nitrate species. The
smaller amount of surface nitrate species formed on the catalysts
with high Al contents may be due to the lack of this redox
property despite the fact that they had much larger numbers of
base sites.
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Figure 10. Temperature-programmed reaction of CH, with the
y-Ga,03—Al,05 catalysts. The catalysts (0.5 g) were heated in a 100
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Figure 11. Proposed active site of the y-Ga,O;—Al,O;5 catalyst for
methane-SCR of NO.

3.8. Active Site of the Catalyst for Methane-SCR of NO.
The active site of the catalyst for methane-SCR of NO was
proposed as depicted in Figure 11. First, NO is adsorbed on
the isolated hydroxyl group bonded to Al that acts as a base
site. Then, the adsorbed NO is oxidized to surface nitrate species
by O,; here the presence of Ga with a redox property is quite
important. However, methane is activated on the tetrahedral Ga
site (coordinatively unsaturated site); this site acts not only as
a Lewis acid site but also as a redox site. The most important
factor is the presence of the surface nitrate species formed on
the Al sites neighboring the tetrahedral Ga sites that activate
methane. When the site for the formation of surface nitrate
species is not present near the methane activation site, the ac-
tivated methane will react with only O, in the gas phase
(combustion). Although ST(0.5) has a larger number of acid
sites (that is, methane activation sites), the number of Ga—Al
ensembles suitable for the cooperation is small compared with
ST(0.3). Therefore, ST(0.3) has higher performance than ST(0.5)
despite the fact that the higher methane conversion was observed
on the latter catalyst.

4. Conclusions

The y-Ga,03;—Al,05 catalysts prepared by the solvothermal
reaction of gallium acetylacetonate and aluminum isopropoxide
in diethylenetriamine had a spinel structure in which Ga** and
AP ions tend to occupy the tetrahedral and octahedral sites,
respectively. When the Ga/(Ga+Al) ratio was 0.3, almost all
tetrahedral sites and octahedral sites were occupied by Ga**
and AI** ions, respectively, and the catalyst exhibited the highest
performance for methane-SCR of NO. The active site was
deduced to be related to the combination of the tetrahedral Ga**
ion with octahedral AI** ions in the next-nearest-neighbor sites.
The following reaction mechanism was proposed: On one hand,
NO is adsorbed on the isolated hydroxyl groups on Al ions that
act as the base sites and then oxidized to the surface nitrate
species by O,. On the other hand, methane is activated on Lewis
acid sites that are supposed to originate from tetrahedral Ga
ions. In addition, the y-Ga,O;—AlLO;5 catalyst has a redox
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property developed by Ga ions. This redox property is important
for both the oxidation of NO to surface nitrate species and the
activation of methane. The most important factor of this catalyst
is the presence of the site for the formation of surface nitrate
species (octahedral Al) near the methane activation site (tetra-
hedral Ga). Therefore, the ST(0.3) that has the highest number
of Ga—Al ensembles exhibited the highest performance for
methane-SCR of NO.
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