ROYAL SOCIETY

Iy
Dalton
PPN OF CHEMISTRY

Transactions

View Article Online

View Journal | View Issue

Catalytic oxidative coupling of methane over
mixed-anion rare-earth oxyfluorides: composition/
structure—activity relationships

‘ '.) Check for updates

Cite this: Dalton Trans., 2026, 55, 165

a

@ Takumi Kaga,® Kosaku Ohishi,
® Wataru Ueda

@ Satoshi Ogawa,
@ and Teruki Motohashi (2 *@

Afif Pamungkas,
Miwa Saito, (2@ Satoshi Ishikawa,

The incorporation of fluoride anions into oxide catalysts can modify their structural and surface pro-
perties, consequently influencing their catalytic performance. In this work, a series of rare-earth oxyfluor-
ides (REOF; RE = La, Sm, Eu, Dy, Y, and Yb) was investigated for their catalytic activity in the oxidative
coupling of methane (OCM). All REOFs crystallize in a trigonal structure, except YbOF, which adopts
either monoclinic (YbOF-m) or tetragonal (YbOF-t) polymorphs. The CH4 conversion and C, selectivity
on the REOF catalysts at 600 and 800 °C exhibit systematic increasing or decreasing trends that correlate
with the ionic radii of the RE®* cations. Among the trigonal REOFs, YOF shows the highest CH, conver-
sion and C, selectivity at 800 °C, with values of 24.8% and 44.9%, respectively. CO,- and O,-tempera-
ture-programmed desorption (TPD) analyses reveal that OCM activity, lattice size, basicity, and surface
oxygen species follow similar trends, indicating correlations among these factors. Larger lattice para-
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meters and longer RE-(O,F) bond lengths are associated with a higher density of moderate basic sites and
moderately bound surface oxygen species. Finally, YoOF-m exhibits superior CH,4 conversion and C,
selectivity compared to its tetragonal polymorph, YobOF-t. At 700 °C, the C, selectivities are 45.2% and
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Introduction

Methane is a promising feedstock for chemical synthesis
owing to its low cost and abundant availability in natural gas.
It possesses the highest hydrogen-to-carbon ratio among
hydrocarbons, making it an attractive source of hydrogen fuels
and hydrogen-rich chemicals." Despite these advantages,
methane remains underutilized because it is primarily com-
busted for electricity and heat generation or flared during oil
extraction.”> Consequently, further research, particularly in
catalyst development, is required to enhance the efficiency of
methane utilization.

In industrial processes, methane conversion typically pro-
ceeds via an indirect route: methane is first reformed into
syngas, which is subsequently transformed into other chemi-
cals.> However, this multistep process is economically ineffi-
cient, and therefore, a more straightforward route to methane
conversion is desirable. Such an approach would not only
improve energy efficiency but also reduce carbon emissions
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14.5% for the monoclinic and tetragonal phases, respectively.

associated with conventional reforming pathways.” To this
end, extensive research has focused on direct methane conver-
sion, with reports describing the production of methanol, for-
maldehyde, and acetic acid.”” In addition to oxygenates,
methane can also be converted into olefins and aromatics.®
The oxidative coupling of methane (OCM) converts
methane into higher hydrocarbons (C, species), primarily
ethane (eqn (1)) and ethylene (eqn (2)), the latter of which is a
key feedstock for chemical and polymer syntheses.’ Despite
extensive efforts to design catalysts with high yields, satisfac-
tory results have not yet been achieved. Methane is a highly
stable molecule with strong C-H bonds, making its activation
particularly challenging. In addition, CO, byproducts are
thermodynamically favorable and form more rapidly, thereby
reducing C, selectivity. Among the reported catalysts,'® a com-
posite consisting of manganese oxides and sodium tungstates
on a silica support, denoted as Mn-Na,WO,/SiO,, is con-
sidered state-of-the-art because of its high yield and
stability.'™'? However, the origin of its activity remains under
debate due to its complex structure.”® Another frequently
investigated OCM catalyst class is alkaline earth oxides.
Previous studies have shown that catalyst basicity plays a criti-
cal role in methane adsorption and activation,"*" and alka-
line earth oxides exhibit relatively high basicity. Basic sites
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facilitate the formation of methyl radicals, the active species in
the OCM reaction. Rare earth oxides (REOs) are also highly
active OCM catalysts owing to their abundant basic sites. For
instance, La,O3; and Sm,0; are among the most active lantha-

nide catalysts and have therefore been extensively
studied.>'®'®

ZCH4 + 1/202 — CzHe + H20 (1)

2CH, + O, — C,H, + 2H,0 (2)

Previous studies have reported that alkaline and alkaline
earth metal halides can enhance C, selectivity. Xi et al. investi-
gated the promotional effect of barium halides on SnO, for
OCM and observed the enhanced activity upon halide incor-
poration. They concluded that barium halides generate more
OCM selective oxygen sites and moderate basic sites.'® Similar
positive effects of barium halides have also been observed for
other catalysts such as La,0;, BaSnOj;, and Gd,03.>°>* Long
et al. reported that SrF, doping into Y,0; decreases both
acidity and basicity but improves the activity of Y,05.>*> Cheng
et al. demonstrated that chloride ions improve the activity of
Li/SnO, catalysts by increasing anion vacancy concentrations
and enhancing oxygen mobility, thereby strengthening the
redox ability of Sn.>* Hiyoshi et al. revealed that alkali chlor-
ide-promoted Mn-Na,WO,/SiO, exhibits higher methane con-
version and ethylene selectivity.”> Furthermore, Au et al.
studied OCM activity over a LaF;/La,O; catalyst and proposed
LaOF as the active phase.?® Collectively, these results indicate
that the incorporation of halide anions and their interaction
with oxide anions exerts beneficial effects on OCM activity.

Rare-earth oxyfluorides (REOFs) are mixed-anion rare-earth
compounds that exhibit unique properties arising from the
coexistence of multiple anion species. For instance, REOFs
display high optical transparency and low phonon energy,
making them suitable as host matrices for fluorescent
materials.”” In addition, REOFs exhibit higher thermal stabi-
lity under oxygen atmospheres compared to their corres-
ponding fluorides.”® Their ionic conductivity is also tunable
depending on the O/F ratio,”® which is of interest for appli-
cations in electrochemical devices, and has already been
exploited in several catalyst studies.>*>*! With respect to OCM
catalysis, Au et al. reported OCM activity for LaOF;*> however,
no comprehensive investigation of the REOF family has been
conducted, and thus, the catalytic activity trends of REOFs
remain unknown.

Herein, we investigated a series of REOFs with RE = La, Sm,
Eu, Dy, Y, and Yb. The REOF phases with RE = La, Sm, Eu, Dy,
and Y crystallize in a trigonal structure, whereas YbOF adopts
either a monoclinic (YbOF-m) or tetragonal (YbOF-t) phase, as
reported previously.”®**° In this study, we focus on the OCM
activity of single-phase oxyfluorides rather than oxide-fluoride
composites, as the former provide atomic-level chemical uni-
formity and well-defined active sites, making them suitable for
fundamental investigations.®® The objective of this work is to
elucidate the effects of fluoride anions on the REOF crystal
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structure, surface properties, and OCM catalytic activity, and to
uncover the catalytic potential of the REOF family.

Experimental
Material synthesis

The following chemicals were used as starting reagents: Y,O3
(FUJIFILM Wako Chemicals, 99.99%), YF; (Kanto Chemical,
99.99%), La,03 (High Purity Chemicals, 99.99%), LaF; (High
Purity Chemicals, 99.9%), Sm,0; (FUJIFILM Wako Chemicals,
99.9%), SmF; (Mitsuwa’s Pure Chemicals, 99.9%), Eu,O; (High
Purity Chemicals, 99.9%), EuF; (Mitsuwa’s Pure Chemicals,
99.9%), Dy,0O3; (High Purity Chemicals, 99.9%), DyF;
(Mitsuwa’s Pure Chemicals, 99.9%), Yb,O; (High Purity
Chemicals, 99.9%), YbF; (Mitsuwa’s Pure Chemicals, 99.9%),
and NH,F (FUJIFILM Wako Chemicals). For REOFs with RE =
La, Sm, Eu, Dy, and Y, the corresponding oxides and fluorides
were ground in an agate mortar until homogeneous. The mix-
tures were transferred to a tubular furnace and fired at 800 °C
under an air flow for 12 h.>® YbOF-t was obtained from a
mixture of Yb,0; and NH,F, heated at 970 °C under a N, flow
for 12 h. YbOF-m was prepared following a previously reported
procedure.’* A mixture of Yb,0; and YbF; was heated at
950 °C under a N, flow for 24 h, followed by successive post-
annealing steps at decreasing temperatures down to 400 °C for
a total duration of one week.

The phase purity of the samples was examined by X-ray
powder diffraction (Rigaku Ultima IV, Cu-Ka radiation).
Elemental homogeneity and chemical composition of the
samples were analyzed using a scanning electron microscope
(SEM; Hitachi High-Tech SU-5000) equipped with an energy-
dispersive X-ray spectrometer (EDS; Bruker XFlash Detector
630M). Nitrogen adsorption/desorption isotherms were
measured at 77 K using BELSORP-mini II (Microtrac). Prior to
measurement, the samples were pretreated at 300 °C under
vacuum and subsequently exposed to N,. Specific surface areas
were calculated using the Brunauer-Emmett-Teller (BET)
method.

CO, and O, adsorption profiles were analyzed using CO,-
and O,-temperature programmed desorption (TPD), respect-
ively. For each measurement, 0.1 g of sample was pretreated at
800 °C under a He flow, cooled to 100 °C, and subsequently
exposed to CO, or O, flow for 30 min. The system was then
purged with He prior to desorption analysis. The sample was
heated to 800 °C at a rate of 10 °C min~', and adsorption
curves were recorded using a GC-TCD (GC-3210, GL Sciences).

Catalytic activity tests

Catalytic activity tests were carried out in an alumina tube
reactor (inner diameter ~5 mm) placed inside a tubular
furnace. The catalyst bed consisted of 0.30 g of REOFs pre-
pared in this work or commercial REOs as described in the
“Material synthesis” section. The REOs were used as received
without further treatment. A feed gas mixture containing CH,4
(1 mL min™"), O, (0.25 mL min™'), and N, (8.75 mL min™")

This journal is © The Royal Society of Chemistry 2026
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was passed through the catalyst bed. The temperature was
increased to 600 °C and maintained for 20 min to ensure
steady-state operation. The effluent gases were analyzed using
a GC-TCD (Inficon micro GC) equipped with two columns:
molecular sieve 5A and Plot-Q. Methane conversion (X), C,
selectivity (S), and C, yield (Y) were calculated using the follow-
ing formula. The detectable coupling products were ethane
and ethylene; thus, the term C, refers to these two products. A
blank test of the reactor setup indicated that the temperature
rise due to the exothermic OCM reaction was negligible, owing
to the small O, and CH, flow rates.*?

__ NcH,in — NcH, out

Xow, = 0 x 100% (3)
CH, in
n
Yo, = —2— x 100% (4)
NcH, in
Y
Sc, = —2 % 100% (5)
XcH,

Results and discussion

XRD analysis reveals that the REOFs, except for YbOF, crystal-
lize in a trigonal structure (Fig. 1), consistent with the previous
report.”® YbOF is known to adopt two polymorphs, monoclinic
(YbOF-m) and tetragonal (YbOF-t).”® While the REOF samples
generally exhibit high phase purity, YbOF-m contains Yb,O;
and YbOF-t as impurities. The lattice parameters, summarized
in Table S1, follow the expected trend based on the ionic radii
of RE cations: Y < Dy < Eu < Sm < La. The XRD patterns and
lattice parameters for the spent catalysts were measured after

YbOF-t :l g -
An A NMN A
= ® Yb,03
« A YbOF-t
S
. |YOF l
8 A A A
2 | DyOF L
g L M A
§)
S |EuOF L
I% M A
SmOF JL
1 M A
LaOF §E g 2e
A M A
10 20 30 40 50 60

260 (Cu Ka) / deg.

Fig.1 XRD patterns for LaOF, SmOF, EuOF, DyOF, YOF, YbOF-m, and
YbOF-t.
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catalytic testing at 800 °C (Fig. S1 and Table S2). No significant
changes are observed, except for YbOF-m, which remains
stable up to 700 °C but undergoes a phase transformation to
YbOF-t at higher temperatures, indicating that the monoclinic
phase is metastable above 700 °C. The REOF catalysts, with the
exception of YbOF-m, exhibit good chemical stability during
OCM tests up to 800 °C. The specific surface areas of REOFs
with RE = La, Sm, Eu, Dy, and Y are in the range of
1.47-4.14 m> ¢~!, whereas YbOF-t and YbOF-m exhibit slightly
lower values (Table S3). These surface areas are relatively small
for catalytic applications and, therefore, expected to exert only
a minor influence on catalytic activity.

Because YbOF possesses a distinct crystal structure com-
pared to the other REOFs, the following discussion first
addresses the REOFs with RE = La, Sm, Eu, Dy, and Y, followed
by YbOF.

Fig. 2a-f show the temperature dependence of the OCM
activity of the REOF catalysts, with detailed data provided in
Tables S4-510. For all catalysts, the detected carbon products
are C,H,, C,Hg, CO, and CO,. All catalysts exhibit a similar
trend in OCM performance; both CH, conversion and C,
selectivity increase with temperature. At 600 °C, the REOFs (RE
= La, Sm, Eu, Dy, and Y) display comparable CH, conversions
(Xcn, = 19-22%) but differing C, selectivities (S¢, = 10-20%).
Among them, YOF and LaOF demonstrate the lowest and
highest C, selectivities of 10.8% and 20.1%, respectively. At
800 °C, the CH, conversions remain comparable (Xcy, =
23-25%), but the trend in C, selectivity is reversed. YOF exhi-
bits the highest C, selectivity (Sc, = 44.9%), while LaOF shows
the lowest (Sc, = 39.2%). The variations in conversion and
selectivity at elevated temperatures suggest a systematic trend,
which will be discussed in detail below.

The -catalytic activities of the corresponding rare-earth
oxides (REOs) were also examined for comparison (Fig. 2a-f).
At 600 °C, CH, conversions range from Xcn, = 19% to 23%,
with the highest and lowest values observed for Yb,O3 (23.3%)
and Y,0; (19.5%), respectively. Regarding C, selectivity, Yb,05
and Eu,0O; achieve Sc, > 20% at this temperature, whereas
Y,0; exhibits the lowest C, selectivity (S, = 6.8%). The REO
series generally displays a similar trend in C, selectivity, with
the exception of Eu,0;. For this catalyst, selectivity increases to
a maximum value of 38.2% at 700 °C before decreasing to
19.3% at 800 °C, approximately half of the maximum value. In
addition, La,O; exhibits the highest C, selectivity of 46.9% at
750 °C.

The catalytic activity trends of REOFs are highlighted by
summarizing the Xcy, and Sc, values at 600 and 800 °C
(Fig. 3a and b), with the data arranged in order of increasing
ionic radius (eightfold coordination) of Y*' (1.019 A), Dy*"
(1.027 A), Eu®* (1.066 A), Sm*" (1.079 A), and La** (1.160 A).**
The REO data are similarly presented in Fig. 3c and d, but in
this case, the catalytic activity trends are less apparent, likely
due to the presence of multiple structural types.*®

The comparison of catalytic activities of REOFs with those
of their corresponding REOs reveals several significant find-
ings (Fig. 2a-f). REOFs with a trigonal structure, RE = La, Sm,
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Fig. 2 CH, conversions and C; selectivities of (a) LaOF, (b) SmOF, (c) EuOF, (d) DyOF, (e) YOF, and (f) YbOF. The data of their corresponding oxides

are also presented.

10.8% is approximately twice that of Y,0;. The C,

selectivity of YOF reaches 39.3% and 44.9% at 750 °C and

2

Sc

Eu, Dy, and Y, exhibit comparable CH, conversions to their
respective oxides (Fig. 2 and 3). Notably, among the REOF

series, only YOF demonstrates higher C, selectivity than its

800 °C, respectively, much higher than Sc, = 31.4% for Y,0;

at 800 °C.

oxide at the entire temperature range (Fig. 2e). At 600 °C,

This journal is © The Royal Society of Chemistry 2026

168 | Dalton Trans., 2026, 55, 165-172


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02519b

View Article Online

Paper

Dalton Transactions

i WL /|3

o 5 Jo Y&
i m < m ;2 o}

=z & = &
i s L R
o z [© 7.
3 S LS Vi . §
I o | V272727

- > _ ) >
” K N ” o\w \b_>_wo_ow ANzo i

A T H H H HHRm
@ @I @I @I @I I I ;I T ;TS T ma

B~ 00000000000

Iz
%

NNttt

7

9 - O HA/ ]

Dy203 EU203 Sm203 L8203

Y203

()

L (a)

| L | L 1 L | L 1 L L | L | L 1 L | L 1 L
5 O 5 O 5 0 O 5 O 5 0 5 0
2 2 3

~ -—

30

9%, / UOISIBA0D YHD % / UOISIBAU0D YHD

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"/S'EV¥T 92°20°22 U0 papeo|umo( "GZ0z Jquwezed G0 UO paus!idnd 901y sse00y uadO

Fig. 3 (a) CH4 conversions and (b) C, selectivities of REOFs at 600 and 800 °C. Those of REOs are plotted in (c) and (d). In each graph, the data are

arranged in order of increasing ionic radius of RE>*.

OCM performance differs significantly (Fig. 2f), despite their

The unusual OCM performance of Eu,0; warrants attention.

Although EuOF and Eu,0;

identical nominal compositions. YbOF-t overall exhibits lower
CH, conversion and C, selectivity than Yb,0;. At 600 °C, the

exhibit comparable CH, conversions

across the entire temperature range, their C, selectivity beha-

1.4%), and no C,

products are detected. The maximum values of CH, conversion

(Xcm,

CH, conversion on YbOF-t is very low

C, selectivity decreases

(Fig. 2c). For Eu,03,
above 700 °C, whereas for EuOF it continues to increase, reach-

viors clearly differ

19.6% and Sc, = 35.9%, respect-

°C. In contrast, YbOF-m shows slightly

4

and C, selectivity are Xcy

ing a maximum of 41.8% at 800 °C. Given the similar specific

achieved at 800

ively,

(3.97 m* g ") and EuOF (3.39 m> g "),
grain morphology is unlikely to be a decisive factor in the anom- higher activity than YbOF-t at 600 °C,

alous behavior of Eu,0;. Instead, the characteristic redox capa-
bility of Eu**/Eu®" cations is proposed to promote deep methane
oxidation, which may be suppressed in EuOF owing to the

higher electronegativity of fluorine relative to oxygen.

surface areas of Eu,0;

=3.5% and S,

4

these values increase markedly to Xcy

45.2%,

5.3% and Sc,

4

both of which are much higher than

4.1%. At 700 °C,

11.5% and S,

Xen

for YbOF-t. However, YbOF-m

14.5%
undergoes a phase transformation above ~700 °C; therefore,

4

the data at 700 °C represent the highest observed activity.
Importantly, YbOF-m achieves higher C, selectivity than Yb,0;

For YbOF, two polymorphs of monoclinic (YbOF-m) and
tetragonal (YbOF-t) were successfully obtained. Notably, their

Dalton Trans., 2026, 55, 165-172 | 169

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02519b

Open Access Article. Published on 05 Dezember 2025. Downloaded on 22.02.26 14:43:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and all other REOFs investigated at this temperature. Although
the YbOF-m phase disappears at elevated temperatures, C,
selectivity of the catalyst continues to increase above 700 °C.
The decomposition of YbOF-m into YbOF-t and Yb,O; may
generate an interface between these phases, resulting in the
formation of OCM-selective active sites that enhance C, for-
mation. Fig. S2 shows the catalytic activity of YbOF-m and
YbOF-t over three consecutive catalytic test cycles. While YbOF-
t exhibits stable conversion and selectivity, indicative of its
high surface stability, the catalytic activity of YbOF-m progress-
ively decreases in each cycle. The result suggests that the meta-
stable YbOF-m phase transforms into YbOF-t during the con-
secutive catalytic tests at 700 °C.

As noted in the Introduction, several fluorides have been
used to promote the OCM activity of oxide-based catalysts.
However, these earlier studies focused on surface modifi-
cations of the catalysts without substantially altering the
atomic arrangement at the catalyst surface. In contrast, the
present comprehensive study may shed light on intrinsic com-
positional/structural effects in oxyfluorides, compared to
oxide-fluoride composites investigated previously. The five
REOFs with RE = La, Sm, Eu, Dy, and Y show clearer catalytic
activity trends than their corresponding REOs (Fig. 3). It is
noteworthy that all REOFs, except for YbOF, are isostructural,
whereas multiple structural types exist among the corres-
ponding REOs. In the case of YbOF, the OCM behavior differs
markedly between its two polymorphs. These findings suggest
that both the crystallographic properties and the chemical
nature of RE®* ions are decisive factors governing OCM
performance.

To gain deeper insights into the catalytic decisive factors of
REOFs, their CO,-TPD profiles were measured (Fig. 4 and
Fig. S3). CO, desorption between 300 and 600 °C corresponds
to moderate basic sites, which are reported to be associated
with OCM selectivity.’” Among the REOFs investigated, LaOF
exhibits the largest quantity of moderate basic sites, whereas
YOF and DyOF display only small amounts. When normalized

ow] (g

TCD signal / pVv

— 1 T T T T T T T T _ T T
100 200 300 400 500 600 700 800
Temperature / °C

Fig. 4 CO,-TPD profiles of (a) LaOF, (b) SmOF, (c) EuOF, (d) DyOF, (e)
YOF, (f) YoOF-m, and (g) YbOF-t.
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by the specific surface area, the amount of moderate basic
sites follows the order YOF ~ DyOF < EuOF < SmOF < LaOF.
Similarly, surface oxygen species have also been reported to
influence OCM selectivity, with moderately bound oxygen
species considered active in the reaction. As demonstrated in
Fig. 5 and Fig. S4, O, desorption signals between 400 and
600 °C correspond to OCM-selective oxygen species.’” LaOF,
SmOF, and EuOF exhibit large amounts of moderately bound
oxygen species, while YOF shows moderate levels. The normal-
ized quantities follow the sequence DyOF < YOF < EuOF =
SmOF < LaOF. Notably, both sequences parallel the order of
REOF lattice size (YOF < DyOF < EuOF < SmOF < LaOF), indi-
cating that the ionic size of RE*" influences the surface basicity
and the stability of adsorbed oxygen species, thereby ulti-
mately affecting the OCM catalytic activity.

Considering that oxide anions are stronger electron donors
than fluoride anions, it can be inferred that oxide anions on
REOF surfaces serve as the dominant basic sites responsible
for methyl radical formation.*® Therefore, the electron density
at oxide anions can be directly correlated with the basicity
strength of REOFs. Because fluorine is more electronegative
than oxygen, fluoride anions in REOFs attract electrons more
strongly than oxide anions, thereby reducing the electron
density and weakening the basicity at the oxide anions. A
similar observation has also been reported for Ba-Ce-based
proton conductor, in which fluoride doping decreases oxide
basicity.*® The extent of electron withdrawal by fluoride anions
depends on the RE-F bond length. In YOF, the shorter Y-F
bond enhances electron attraction by fluoride, leading to lower
electron density and weaker basicity at the oxide anions. In
contrast, LaOF possesses longer La-F bonds, which diminish
the electron-withdrawing effect of fluoride, thereby resulting
in higher electron density at oxide anions and stronger
basicity.

The same argument also applies to the trend in O, adsorp-
tion strength. On REOF surfaces, O, molecules may adsorb at
cation sites or oxygen vacancies. Once adsorbed, O, can accept

TCD signal / yVv

100 200 300 400 500 600 700 800
Temperature / °C

Fig. 5 O,-TPD profiles of (a) LaOF, (b) SmOF, (c) EuOF, (d) DyOF, (e)
YOF, (f) YoOF-m, and (g) YbOF-t.
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electrons and either transform into oxyanions (O,~, 0,>7, and
07) or refill oxygen vacancies as lattice oxygen (O>7), as rep-
resented in eqn (6).*° As the adsorbed O, species accept more
electrons, their character shifts from nucleophilic to increas-
ingly electrophilic, thereby strengthening the adsorption. As
discussed above, fluoride anions withdraw electrons more
strongly in YOF owing to the shorter Y-F bond. Consequently,
Y*" exhibits a lower electron density and reduced electron-
donating ability, which limits the formation of electrophilic
oxygen species. In contrast, the longer La-F bond in LaOF
weakens the electron-withdrawing effect, enabling higher elec-
tron density at La®" and promoting the generation of electro-
philic oxygen species.

0> (6)

High quantities of moderate basic sites and moderately
bound oxygen species are generally considered beneficial for
enhancing OCM activity. However, the results of this study do
not fully align with previous observations. LaOF surpasses the
other REOFs (RE = Sm, Eu, Dy, and Y) in both basicity strength
and the abundance of OCM selective oxygen species. At
600 °C, LaOF and YOF exhibit the highest and lowest C, selec-
tivities, respectively (Fig. 3b), in good agreement with the pre-
diction. In contrast, at 800 °C the trend reverses, with YOF
showing the highest C, selectivity and LaOF the lowest. This
result suggests that more weakly bound lattice oxygen in LaOF,
due to a longer La-O bond relative to Y-O, is more prone to
participate in direct methane oxidation, thereby promoting
deep methane oxidation at elevated temperatures.

Previous mechanistic studies of OCM have revealed that
methane activation into methyl radicals, generated via hydro-
gen abstraction by the surface oxygen species, is essential for
selective C, formation.*’ In contrast, the generation of
methoxy or formyl species leads to further oxidation to COy,
thereby reducing C, selectivity.”> Gas-phase methyl radicals
couple to form C, species, whereas adsorbed methyl radicals
may undergo subsequent dehydrogenation to form formyl
species.”** The high C, selectivity of 45.2% observed for
YbOF-m at 700 °C indicates that this catalyst is highly effective
in activating methane into methyl radicals while suppressing
deep methane oxidation. One factor influencing methyl
radical generation is the nature of the surface oxygen species.
The O,-TPD profile of YbOF-m (Fig. 5f) shows that the majority
of surface oxygen species are strongly bound to the catalyst
surface, effectively suppressing deep methane oxidation.** In
contrast, weakly bound oxygen species dominate on the YbOF-
t surface (Fig. 5¢) and reduce C, selectivity.

Crystal polymorphism is known to influence material
surface properties,** and the distinct OCM performances of
YbOF-m and YbOF-t likely originate from differences in their
surface characteristics. The O/F ratios, measured by SEM-EDS
to be 0.94 and 0.67 for YbOF-m and YbOF-t, respectively, indi-
cate that YbOF-m possesses a more oxygen-rich surface than
YbOF-t. In other words, YbOF-m contains a larger number of
surface oxide anions, which are favorable for the OCM per-
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formance. This interpretation is consistent with the higher
basicity of YbOF-m relative to YbOF-t. A similar rationale may
also be applicable for explaining the different catalytic beha-
viors of the other REOFs, which adopt a trigonal structure and
therefore display varying surface activities. Nevertheless, a
more in-depth investigation is required for a clearer
understanding.

Conclusion

This work focuses on the structural characterization and cata-
Iytic activity of mixed-anion rare-earth oxyfluorides (REOFs; RE
= La, Sm, Eu, Dy, Y, and Yb) in the oxidative coupling of
methane (OCM). Based on previous findings that the incorpor-
ation of halide anions and their interactions with oxide anions
can enhance OCM performance, the effects of fluoride anions
on the crystal structure, surface properties, and OCM activity
of REOFs were systematically investigated. All REOFs crystallize
in a trigonal structure, except YbOF, which adopts either
monoclinic (YbOF-m) or tetragonal (YbOF-t) polymorphs.
Among the trigonal REOFs, the CH, conversion and C, selecti-
vity at 600 and 800 °C exhibit systematic increasing or decreas-
ing trends, with increasing ionic radii of the RE** cations. At
800 °C, YOF shows the highest CH, conversion and C, selecti-
vity, surpassing those of the other trigonal REOFs and the
corresponding oxide, Y,03, with values of 24.8% and 44.9%,
respectively. Across the REOFs series, the OCM activity, lattice
size, surface basicity, and the density of moderately bound
surface oxygen species follow similar trends, indicating corre-
lations among these factors. In addition, YbOF-m exhibits
superior CH, conversion and C, selectivity compared to its
tetragonal polymorph. At 700 °C, the C, selectivities are 45.2%
and 14.5% for the monoclinic and tetragonal phases, respect-
ively, highlighting a decisive role of the crystal structure in
determining the OCM performance of REOF catalysts.
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