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A lanthanum silicate Lag 33SiO6 (LSO) crystallizes in an apatite-type structure and has been known as a
promising oxide-ion conductor. Here, we report the activity of LSO for catalytic partial oxidation of
methane (CPOX) to synthesis gas. The LSO catalyst demonstrated relatively high catalytic activity from
500 to 700 °C, with CH,4 conversion reaching 22.1% at 700 °C while retaining moderate CO and H, selec-
tivities of 20-60%. Notably, LSO exhibited higher CPOX activity than non-apatite-type La,SiOs despite
their similar specific surface areas. The higher CPOX activity of LSO is likely attributed to its structural
superiority involving mobile oxide ions in the crystal structure. The reaction kinetic study showed that the
reaction orders for methane and oxygen in the CPOX reaction over the LSO catalyst were 0.69-0.73 and
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0.08-0.21, respectively. Furthermore, the small contribution of adsorbed O species generated from gas-
phase O, molecules indicated that the lattice oxygen may be involved in the reaction mechanism. The
kinetic isotope effect (KIE) study using a CD4 suggested that C—H bond breaking is the rate-determining
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Introduction

Methane is the primary component of natural gas and a vital
carbon feedstock due to its abundance. However, converting
methane into value-added chemicals, such as methanol and
ethylene, is challenging because of its high stability and the
complexity of multistep reactions. This challenge has driven
research on selective methane oxidation. One approach to
selective methane conversion is a direct route that yields pro-
ducts from methane in a single step. Alternatively, an indirect
process converts methane into syngas, an intermediate raw
material, which offers several advantages. Syngas, composed
of CO and H,, is industrially significant as a precursor for
synthesizing valuable chemicals such as acetic acid and
methanol." Furthermore, syngas production is more energy-
efficient than direct routes, which typically suffer from low
yield problems.?
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Various processes to produce syngas include dry reforming
of methane (DRM) (1), steam reforming of methane (SRM) (2),
catalytic partial oxidation of methane (CPOX) (3), and auto-
thermal reforming of methane (ATR) (4), which combines SRM
and CPOX. Among these, CPOX potentially offers notable
benefits. It requires less energy input owing to its exothermic
nature, in contrast to the endothermic processes of DRM and
SRM. Furthermore, this reaction produces syngas with an H,
to CO ratio of 2: 1, which is optimal for methanol synthesis.

CH, + CO, — 2CO + 2H, (1)

CH, + H,0 — CO + 3H, (2)
1

CH4 + EOZ — CO + 2H2 (3)

Catalytic oxidation reactions generally involve an oxygen
transfer step, where the oxygen species migrates from the cata-
lyst surface to the reactant. To ensure the smooth process of
oxygen transfer, oxygen mobility on catalysts is important due
to its impact on reactivity. High oxygen mobility allows for fast
surface diffusion and absorption into the subsurface, thereby
affecting the reaction rate.’> Moreover, catalysts with oxide-ion
conductive capability can supply active oxygen species to active
sites, further enhancing catalytic activity.*
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Previous research has shown that high oxide ion mobility
in the catalyst correlates with faster oxygen transfer, thereby
influencing the reaction rate. For example, Zhu et al. demon-
strated that Y-doped ZrO, facilitates a faster CPOX reaction
than pure ZrO, because of the enhanced oxygen diffusion.’ In
the study on n-butene oxidative dehydrogenation over
y-Bi,M0Og, Jung et al. observed that catalytic performance is
closely related to the oxygen mobility of the catalyst.® Yan et al.
investigated the oxidative dehydrogenation of 1-butene with
CO, over Fe,03/yAl,O; catalyst and found that the catalytic
activity increases linearly with oxygen mobility.” Borchert et al.
reported that increased oxygen conductivity improves the C,
selectivity during the oxidative coupling of methane (OCM)
over metal oxide-doped La,0;°® Whereas OCM does not
involve the oxygen species migration to the reactant (CH,), the
conductivity would still benefit OCM by enhancing oxygen
adsorption and its transformation into lattice oxygen.
Furthermore, it was found that oxygen-conducting catalysts
(Pt/(Cep.71Gdp.29)0,—y) suppress carbon deposit formation
more effectively compared to non-oxygen conducting catalysts
(Pt/yAl,05).°

Motivated by these findings, we conducted screening tests
for CPOX activity on various compounds exhibiting oxide ion
conductivity capabilities. Notably, high CPOX activity was dis-
covered in a lanthanum silicate Lag 35Si50,6, hereafter denoted
as “LSO”, which possesses an apatite-type structure. Many
research groups have previously focused on the ionic conduc-
tive capability of LSO."** Nevertheless, to our knowledge, no
studies have dealt with the CPOX catalytic activity of LSO.
Here, we report the CPOX activity of the LSO catalyst, demon-
strating its high selectivity for syngas and superior catalytic
activity compared to a non-apatite-type lanthanum silicate.

Experimental
Catalyst preparation

The compounds investigated in this study were synthesized
using a solid-state reaction method. The target chemical com-
positions, starting reagents used, and synthesis conditions for
these compounds are summarized in Table S1 of the ESLf}
Polycrystalline samples of LSO and its substituted derivatives
were also prepared. The phase purity of the resultant samples
was verified using X-ray powder diffraction (XRD; Rigaku
Ultima IV) with Cu-Ka radiation. Nitrogen gas adsorption/de-
sorption isotherms were measured at 77 K (Microtrac BEL,
BELSORP-mini II), and the specific surface area was calculated
using the Bruauer-Emmett-Teller (BET) method.

Catalytic activity tests

A 50 mg catalyst was loaded into a quartz tube (inner diameter
~ 0.5 cm) and supported by quartz wool on both sides. The
tube, with both ends connected to a gas line, was positioned
inside a tubular furnace. A gas mixture containing CH,
(2.5 mL min™"), O, (1.25 mL min~"), and N, (6.25 mL min™")
was passed through the catalyst before the temperatures were
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raised. The effluent gas was analyzed using a gas chromato-
graph (GC-TCD; INFICON Micro GC Fusion) connected to the
gas line outlet. The conversion, yield, and selectivity were cal-
culated using the following formulas, where X, Y, and S rep-
resent conversion, yield, and selectivity, respectively.

~ NcH,in — NcH, out

Xcn, = x 100% (5)
Ncy, in
n
Yeo = —22 % 100% (6)
NcH, in
ny,
Vi, = —2 % 100% 7
™ x NcH, in ’ @)
Y,
Sco = —2 x 100% (8)
CH,
Y
S, = —2 x 100% (9)
XcH,

The kinetic isotope effect (KIE) was investigated using
equipment similar to that employed for the conventional cata-
Iytic activity tests. The catalytic activity of a 100 mg catalyst was
measured with a gas mixture containing either normal
methane or deuterated methane (CH, or CD,, 5 mL min™*), O,
(2.5 mL min™"), and N, (12.5 mL min~"). The KIE value was
calculated from the ratio of the CH, oxidation rate to the CD,
oxidation rate.

Results and discussion
Screening tests for CPOX activity

The compounds tested as CPOX catalysts include perovskite-
type Lag gSro.GagsMgo 20555 (LSGM), brownmillerite-type
Ba,In, 05 (BIO), fluorite-type Bi; 4Y0.605 (BYO), pyrochlore-type
Y,Ti,0; (YTO), and melilite-type LaCaAl;0, (LCA). As demon-
strated in Fig. 1, the CPOX activity appears to depend strongly
on the chemical composition and/or crystal structure of the
catalysts. LSGM and LCA exhibit relatively high conversion and
CO selectivity. Similarly, YTO displays high conversion but low
selectivity. We also discovered high CPOX activity in the
apatite-type Lag 3351606 (LSO). Fig. 2a presents a schematic
illustration of the LSO crystal structure.'®'® Apatites with the
general formula of A;y_,(BO4)sX, typically belong to the P6;/m
(176) space group within a hexagonal system. In this formula,
“A” represents cations such as Na, Ca, La, etc.; the BO, tetra-
hedral group includes SiO,*”, PO,*", etc.; and “X” denotes
anions, including O*~, OH™, F~, etc."” The anions “X” occupy
channels along the c-axis and exhibit high mobility, which is
responsible for the unique ionic conductivity of apatites.

Catalyst characterization of LSO

XRD analysis indicates that the diffraction pattern for the LSO
sample is essentially identical to that previously reported for
apatite-type Lag 33Sig0z6 *° (Fig. 3). The lattice parameter
values agree with those for the reference (Table S2t). No diffr-
action peaks from secondary phases are visible, demonstrating

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 CH,4 conversion and CO selectivity (at 700 °C) over various cata-
lysts exhibiting oxide-ion-conductive capabilities.

the high quality of the sample. The specific surface area of the
sample is estimated to be 0.32 m*> g~*. The low value of the
surface area is indicative of the presence of coarse grains with
high crystallinity.

Catalytic activity of LSO

The LSO catalyst predominantly produces CO as the main
carbon product at 500 and 600 °C (Fig. 4 and Table S37). The
CO selectivity exceeds 50% at these temperatures, with a down-
ward trend at higher temperatures. Conversely, the CO, selecti-
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Fig. 3 XRD pattern of LSO from (a) this work and (b) ref. 18

vity remains relatively constant at approximately 40% from 500
to 700 °C. Additionally, a small amount of C, hydrocarbons,
likely resulting from OCM, is observed, with C, selectivity sur-
passing 20% at 700 °C. Hydrogen evolution exhibits a similar
trend to that of CO, with the highest H, selectivity recorded at
39.2% at 500 °C, decreasing progressively to 19.2% at 700 °C
due to the successive oxidation to water at elevated tempera-
tures. The long-term catalytic test was conducted on LSO at
700 °C for 72 h. As demonstrated in Fig. S1,7 LSO exhibits
stable conversion and syngas selectivity throughout the reac-

Fig. 2 (a) Schematic representation of the Lag 335isO2¢ apatite structure drawn with VESTA software.® (b) La and Si polyhedra enclose a one-dimen-
sional tunnel containing mobile oxide ions (a red sphere in the middle). Color coding: green = La, blue = Si, red = O. Crystallographic data were

extracted from ref. 16

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Selectivity values for LSO in CPOX at different temperatures.

tion period. This result indicates that the catalyst maintains
high stability during extended catalytic testing.

To discuss the crystallographic superiority of LSO on the
CPOX performance, the catalytic activity was compared to that
of La,SiOs, a non-apatite-type lanthanum silicate (Fig. S2 and
Table S47). As discussed in the previous section, LSO has
mobile oxide ions in its structure (Fig. 2b). These anions are
prone to oxide ion conduction and can promote catalytic oxi-
dation.” Moreover, oxide ion conductivity facilitates oxygen

supply and, consequently, enhances the reactivity.>**" Unlike
100 | - T - T
(a) —e— CH, |
80 5= 0y
< ]
= 60} LSO i
9
2R ]
o La,SiO
£ 40t o
S
o L ]
20+ =
0 . . !
500 600 700

Temperature (°C)

Fig. 5
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LSO, La,SiO5 possesses a monoclinic structure®” and does not
contain mobile oxide ions. As presented in Fig. 5a, b and
Table S3,1 methane conversion over LSO is 22.1% at 700 °C;
the CO and H, yields at this temperature are 7.5% and 4.2%,
respectively. These values are higher than Xcy, = 13.3%, Yo =
6.2, and Yy, = 3.1 for La,SiOs, as summarized in Table S5.}
Although the specific surface area of LSO is slightly larger than
that of the La,SiO5; sample (0.24 m* g~*), the higher CH,/O,
conversions by a factor of ~2 cannot be solely attributed to
differences in surface area. Further analysis reveals that the
specific surface area of the catalyst is not a decisive factor for
catalytic performance (see “Reaction kinetic study” section),
suggesting that the enhanced activity of LSO is likely originat-
ing from its oxide ion conductivity.

The results of CPOX activity tests for chemically substituted
LSO (Fig. S3f) further support our hypothesis. As demon-
strated in Fig. S4,7 sodium-substituted LSO (LagNaSigO,s,
LNSO) and calcium-substituted LSO (LagCa,SigO6, LCSO)
exhibit significantly lower methane conversion than pristine
LSO. Previous studies on oxide-ion conductive properties of
chemically substituted LSO have reported that substituting Na
and Ca at the La site reduces oxide-ion conductivity due to the
decreased concentration of cation vacancies.”*** Considering
the similar grain microstructures in LSO, LNSO, and LCSO,
the substantially lower methane conversion activity of LNSO
and LCSO can be attributed to their reduced oxide-ion mobi-
lity within the crystal structures. Notably, a favorable impact of
oxide-ion conductivity (and thereby oxide-ion mobility) on oxi-
dative catalytic activity has been suggested.”>*® Jung et al.
investigated the oxidative dehydrogenation reaction of
n-butene to 1,3-butadiene over NigFe;Bi;Mo0,,05; catalysts pre-
pared under various pH conditions. They found that the cata-
lyst prepared at pH 8 exhibited the highest oxygen mobility
and catalytic activity.>” Additionally, another study on the

10 T T T T T
| (b)
g —®— CO LSO -
I —A\— |_|2
g6 :
5 |
(0]
> 4t i
2r La,SiOs
0 |
500 600 700

Temperature (°C)

(a) Catalytic conversions over LSO (red) and La,SiOs (black). Circles and triangles denote values for CH4 and O,, respectively. (b) Catalytic

yields over LSO (red) and La,SiOs (black). Circles and triangles denote values for CO and H,, respectively.
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same reaction revealed superior catalytic activity of multicom-
ponent bismuth molybdate (CogFe;Bi;Mo0,,05,) over pristine
bismuth molybdate (y-Bi,Mo0Og¢) due to the enhanced oxygen
mobility of the former.?®

Reaction kinetic study

The reaction kinetic study was performed to gain mechanistic
insights into CPOX over the LSO catalyst. For CPOX reactions
over oxide catalysts, the methane oxidation rate as a function of
methane and oxygen partial pressures depends on the different
oxygen species that activate methane.>** The analysis focused
on methane conversions of less than 10% to avoid heat and
mass transfer issues.>® Three different temperatures were
chosen for this experiment: 500 °C, 550 °C, and 600 °C. The
methane oxidation rate over LSO increases with increasing
methane concentration (Fig. 6a). In contrast, the methane oxi-
dation rate is nearly independent of oxygen concentration
(Fig. 6b). From the reaction rate equation rcy, = {{CH,]” [O,},
the estimated reaction orders for methane and oxygen in the
CPOX reaction are 0.69-0.73 and 0.08-0.21, respectively
(Table 1). The reaction order of O, indicates that the contri-
bution of adsorbed oxygen species on the surface, which are
generated from gaseous O, molecules, is small in the CPOX
reaction on LSO.**”* Considering the significant oxide-ion con-
ductive capability of LSO, the results suggest that CPOX pro-
ceeds through the Mars-Van Krevelen mechanism, in which
methane is oxidized by lattice oxygen. Additionally, the high
reaction order for methane suggests that methane activation is
the rate-determining step for methane oxidation on LSO.

Table 1 Summary of a, and g values at 500, 550, 600 °C

T/°C a g

500 0.69 0.08
550 0.73 0.21
600 0.73 0.19

This journal is © The Royal Society of Chemistry 2024

The kinetic isotope effect (KIE) experiments were conducted
using CD, to investigate a rate-determining step in the CPOX
reaction over LSO. The KIE values are estimated to be 2.00 and
1.47 at 600 °C and 700 °C, respectively, from the ratio between
the CH, and CD, oxidation rates. The KIE values larger than
unity indicate that C-H bond breaking is the rate-determining
step during the CPOX reaction over the LSO catalyst.*® This
finding is consistent with past research on CPOX catalysts.’”>°
Based on this finding, improving methane activation, for
example, by adding transition metals, would further enhance
the catalytic activity of LSO. Transition metals, such as nickel,
can effectively facilitate the C-H bond breaking, thereby lower-
ing the activation energy and increasing the reaction rate."’

Conclusion

To explore potential candidate materials for catalytic partial
oxidation of methane (CPOX), the present work investigated
the catalytic activity of Lag 3351¢0,¢ (LSO) with an apatite-type
structure. The LSO catalyst demonstrated relatively high CPOX
activity at temperatures from 500 to 700 °C, with CH, conver-
sion reaching 22.1% at 700 °C and CO and H, selectivities of
34.0% and 19.2%, respectively. Notably, the CPOX activity of
LSO is higher than that of La,SiOs with a non-apatite-type
structure despite their similar specific surface areas, highlight-
ing the structural superiority of LSO containing mobile oxide
ions in its crystal structure. The reaction kinetic study reveals
that lattice oxygens in LSO contribute to the catalytic reaction.
Furthermore, the kinetic isotope effect (KIE) study suggests
that C-H bond breaking is the rate-determining step of CPOX
over LSO.

Data availability

The data supporting this article have been included as part of
the ESL.}
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