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ABSTRACT: A2B207 complex oxides have a great potential to be used in high-temperature catalytic
processes. Herein, a series of A2B207 (A = La, Nd, Sm, Gd, Er, Yb; B = Ti, Sn, Zr, Ce) compounds with
all four kinds of typical sub-crystalline phases were synthesized to study their bulk and surface properties.
FTIR spectroscopy was adopted as a novel method in this study to identify distinctively these phases.
Whereas, it cannot be used to distinguish the subtle structure difference between disordered and ordered
pyrochlores, nor that between the disordered defect fluorite and the rare earth. To discriminate these
exquisite phase differences, XPS spectra must be supplementarily used. Specifically, it was discovered that
the coordination numbers of the A- and B-site cations are the key factor affecting their binding energies.
Furthermore, the electronegativity of the A- and B-site elements significantly influences the binding energy
of surface lattice oxygen, reflecting their electrophilic and nucleophilic properties, which can thus be used
to effectively identify the sub-crystalline phase. The oxygen vacancy concentration of different sub-
crystalline phases is the primary factor controlling the amount of surface chemisorbed oxygen species on
A2B207 compounds, with superoxide anions (O2") identified as the major species.

Keywords: A2B207 composite oxides; Sub-crystalline phase structure; Active oxygen sites; Lattice
disorder degree

1. Introduction

The A2B207-type composite oxides possess high chemical stability, high melting points, relatively low
conduction temperatures, and excellent ionic conductivity, with some compounds exhibiting proton
conductivity [1-3]. Further, they exhibit significant potential for applications in high-temperature solid
oxide fuel cells, gas sensors, and heterogeneous thermal catalytic reactions in the presence of oxygen [1—
3]. In addition, A2B207-type composite oxides exhibit distinct subcrystalline phase structures that show a
significant dependence on the ionic radii of the A- and B-site elements and are affected by variations in
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synthetic methods [4]. Thus, the cationic radius ratio (ra/rs) has a crucial impact on the sub-crystalline
phase structure [4—6]. Stable pyrochlore compounds can be obtained within a ra/rs range of 1.46 to 1.78
[4-6]. For ra/rs values below 1.46, a disordered defect fluorite-type crystal phase structure is easily formed
[4-6], while ra/rs values above 1.78 yield a monoclinic perovskite structure [4—6]. When ra/rs approaches
1.17, a rare earth C-type crystal phase structure is formed [4,7]. As the sub-crystalline phase structure
transitions from the monoclinic layered perovskite to the pyrochlore, disordered defect fluorite, and rare
earth C-type structures, the lattice disorder transitions from ordered to disordered and then to ordered, with
a change from no intrinsic oxygen vacancies to ordered ones and from disordered to ordered oxygen
vacancies [3,4]. These changes affect the properties of reactive oxygen species on the surface.

In our previous research, we comprehensively explored the synthetic methods and structural
characterization techniques of common A2B207 composite oxides, with Raman spectroscopy being the
most effective in identifying the different sub-crystalline phase structures and lattice disorder of these
oxides [4]. Furthermore, we found that, for A2B207 composite oxides at the edge of the ra/rs ratio, the sub-
crystalline phase structure can be transformed into a series of polymorphs via different synthetic methods
or calcination at various temperatures [4]. As the calcination temperature increases, the sub-crystalline
phase structure of these polymorphs transitions from disordered to ordered [4]. For example, the disordered
defect fluorite phase structure of LaxZr>07 forms an ordered pyrochlore phase, and that of La2Ce207 forms
an ordered rare earth C-type structure after high-temperature calcination [4]. FTIR and Raman spectroscopy
are often complementary methods for structural characterization of compounds. Despite current reports on
the FTIR study of certain sub-crystalline phase structures of A2B207 composite oxides, comparative studies
on all four sub-crystalline phases are lacking. In addition, the surface properties of these composite oxides,
such as the relationship between the binding energies of A- and B-site elements and their subcrystalline
phase structures, have yet to be systematically explored.

Thus far, A2B207 composite oxides have demonstrated excellent reaction performance in several
heterogeneous thermal catalytic reactions, such as the catalytic combustion of soot particles and methane,
the oxidative coupling of methane, in addition to their use as supports for loading active metals in methane
dry gas or steam reforming reactions [3]. In these heterogeneous thermal catalytic reactions, active oxygen
species such as surface-adsorbed oxygen or surface lattice oxygen on the catalyst play a crucial role (e.g.,
in the deep oxidation and selective oxidation of methane and ethane molecules) [8,9]. The electrophilicity
and nucleophilicity of surface lattice oxygen can affect the reaction selectivity [8,9]. For example, in the
OCM reaction, electrophilic lattice oxygen on the surface of perovskite-type composite oxides favors Cz
selectivity, while nucleophilic lattice oxygen promotes the deep oxidation of methane [8,9]. In the dry
reforming of methane, the elimination of carbon deposition is closely related to active adsorbed oxygen
[10]. Despite studies addressing the impact of sub-crystalline phase structures on reactive oxygen species,
researchers have mostly focused on a specific structure or have not covered all aspects in the few sub-
crystalline phase structures investigated.

To further investigate the role of FTIR spectroscopy in identifying the sub-crystalline phase structures
of A2B207 composite oxides, this study explores the relationship between XPS spectroscopy and the
structures of such oxides; the electrophilic and nucleophilic properties of surface lattice oxygen; and the
relationship between surface-adsorbed oxygen, the sub-crystalline phase structure of the oxides, and lattice
disorder. Herein, a series of A2B207 composite oxides (A = La, Nd, Sm, Gd, Er, Yb; B = Ti, Sn, Zr, Ce)
with different sub-crystalline phase structures were synthesized using the glycine—nitrate combustion
method and characterized. Given the exploration of the four sub-crystalline phase structures of A2B207
composite oxides in previous work [4], this study doe s not delve into specific discussions in this regard.
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2. Materials and Methods
2.1. Sample Preparation

The A-site ion precursors of all samples were their nitrates. Regarding the B-site ions, the precursors
of Ti*', Sn*, Zr*, and Ce*" were Ti(OC4Ho)s, SnC204, ZrO(NO3)2-2H20, and Ce(NO3)3-6H20,
respectively. In the synthesis of the Zr- and Ce-based A2B207 composite oxides, equimolar amounts of the
A- and B-site ion precursors were dissolved in deionized water; glycine was then added, using the same
molar amount of total metal ions, and the solution was evaporated in a water bath at 80 °C to form a dry
gel. The gel was ignited in a muffle furnace at 300 °C in an air atmosphere to remove the glycine, and the
resulting powder was heated up from room temperature to 800 °C at a rate of 10 °C/min and then calcined
at 800 °C for 4 h in an air atmosphere. Regarding the Ti-based A2B207 compounds and the presence of
carbon-containing organics in the precursor, the heat generated by the combustion of glycine was
insufficient to burn the organics completely. This necessitated the addition of an oxidizer, NH4NO3, to the
combustion system. Since Ti(OC4QO9)4 is hydrolyzed in water to produce Ti(OH)a, it was first dissolved in
15% dilute nitric acid, followed by the addition of the A-site ion precursor, glycine, and NH4NO3 to prevent
its hydrolysis. The molar ratio of A*:B*":glycine: NHsaNO3 was 1:1:2.2:6.2. Similarly, a dry gel was formed
after evaporating the solution in a water bath at 80 °C, followed by ignition at 300 °C to remove the glycine
and carbon-containing organic compounds. The resulting powder was calcined at 800 °C for 4 h. Regarding
the Sn-based A2B207 composite oxides, SnC204 was dissolved in H202 (30%) to oxidize Sn** to Sn*" in a
water bath at 80 °C. Subsequently, the A-site ion precursor and glycine were added. Since SnC204 contains
carbon-based organic compounds, an oxidizer (NH4NO3) was also required. The proportions used were the
same as those for the Ti-based materials. After forming and igniting the dry gel, the desired sample was
obtained via calcination at the same temperature over the same period. Although the precursor of Sn is Sn*",
even if it is not completely oxidized when dissolved in H202, calcination at 800 °C in an air atmosphere
can ensure the complete oxidation of Sn** to Sn*". Notably, using glycine nitrate to synthesize La>ZrO7
with a disordered defect fluorite phase structure requires the addition of NH4NO3 when the Zt*" precursor
is ZrO(NO3)2-2H20. The proportions of the metal ions, glycine, and NH4NO3; were consistent with those
used in the synthesis of the Ti- and Sn-based compounds.

2.2. Sample Characterization

The bulk phase of the samples was assessed via X-ray diffraction (XRD) with a (Bruker AXS D8 Focus
X-ray diffractometer, Karlsruhe, Germany) operating at 40 kV and 30 mA, utilizing a copper target and Ko
X-ray irradiation. Scans were conducted over a 20 range of 10° to 90° with a step size of 0.01°/s. The
elemental composition of all samples was determined using an inductively coupled plasma (ICP)
experiment, which was conducted on an (Agilent 700 system, Santa Clara, CA, USA). Each sample
underwent complete dissolution using a microwave-assisted acid digestion system (Anton Paar Multiwave
PRO, Graz, Austria) along with a mixture of concentrated nitric acid (HNOs3) and hydrofluoric acid (HF).
Raman spectroscopy was performed using a (Renishaw inVia Reflex spectrometer, Gloucester, UK ) with
a 532-nm laser excitation wavelength. /n situ Raman spectroscopy was performed on the same instrument
equipped with a (Linkam TS 1500, Surrey, UK) in situ cell. FTIR spectroscopy was carried out using a
(Nicolet 5700 spectrometer, Thermo Fisher Scientific, Waltham, MA, USA). The KBr pellet samples were
prepared by homogeneously mixing the sample with dried KBr powder at a 1:50 mass ratio, followed by
compression at 10 MPa using a hydraulic tablet press. XPS was conducted using a (Thermo Fisher Scientific
ESCALAB 250Xi system, Waltham, MA, USA) equipped with a monochromatic Al Ko X-ray source
(1486.6 eV). The binding energies were calibrated using the C 1s peak at 284.8 eV. A quartz tube (inner
diameter = 10 mm, wall thickness = 2 mm, length = 300 mm) was used as a micro fixed bed reactor to
pretreat the samples before the XPS O 1s measurements. The specific surface areas of the fresh and spent
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samples were determined via nitrogen adsorption—desorption isotherm analysis at =196 °C (77 K, the
temperature of liquid nitrogen) using a (Micromeritics ST-08B surface area analyzer, Norcross, GA, USA).
The Brunauer—Emmett-Teller (BET) method was applied to calculate the BET specific surface area. The
DFT calculation method is described in the supporting materials.

3. Results and Discussion
3.1. XRD Analysis

The ICP results for all samples are detailed in Table S1, while the molar ratios of A-site and B-site ions
are listed in Table 1, clearly conforming to the stoichiometric ratio of 1:1. The XRD patterns of the samples
are shown in Figure 1a—d. Except for the characteristic XRD peaks of La2Ti207 and Nd2Ti207, which are
complex, those of the remaining samples and fluorite-phase CeO: are very similar. The ra/rs ratios of these
samples were calculated, theoretically enabling the determination of the crystal phases they form. The ra/rs
ratios of La>Ti207 and Nd2Ti207 are 1.90 and 1.84, respectively, both exceeding 1.78. Theoretically, they
should form a monoclinic layered perovskite crystal phase. In practice, their characteristic XRD peaks
closely match those of the standard card. The ra/rs ratios of the compounds from Sm2Ti207 to Yb2Ti207
range from 1.77 to 1.62 within the pyrochlore range. In addition, for all samples, the 20 angles at 36.9° and
44.5° correspond to the characteristic pyrochlore crystal faces of (331) and (511) [11], proving that this
series of samples belongs to the pyrochlore crystal phase and matches the corresponding standard cards.

In the case of Ln2Sn207, La:Sn207, Nd2Sn207, Sm2Sn207, and Gd2Sn207, a pyrochlore phase is
theoretically formed, while a disordered defect fluorite phase is produced for Er2Sn207 and Yb2Sn207.
Similarly, a pyrochlore phase is theoretically formed for Ln2Zr207, La2Zr207, Nd2Zr207, and Sm2Zr207,
while a disordered defect fluorite phase is generated for Gd2Zr207, Er2Zr207, and Yb2Zr207. However, no
characteristic diffraction peaks belonging to pyrochlore were observed for these samples, and according to
our previous studies, XRD cannot distinguish between the disordered pyrochlore and disordered defect
fluorite phases. In the Ln2Ce207 system, the ra/rs values are very close to the critical values of 1.46 and
1.17 for distinguishing between the fluorite and rare earth C-type crystal phases, making it difficult to
determine the specific crystal phases.

Table 1. The physico-chemical properties of the samples.

Lattice
Samples ra/re Crystalline Parameters *  Specific Surface Areas Bulk A/B Molar Surface A/B Ratio
Ratios Phases a=b=ca=B=7 (m?/g) Ratio ** *kk
A) ©)
La,Ti,0;  1.90 perovskite - - 12.7+0.3 1.03 £0.01 1.03 £ 0.01
Nd,Ti,O; 1.84 perovskite - - 153+0.5 1.03 +0.01 1.02 +0.01
Sm,Ti,07;  1.77 pyrochlore 10.233 90 123+0.2 1.01 £0.02 1.01 £0.01
Gd,Ti,O;  1.72 pyrochlore 10.185 90 10.6 +0.3 1.01 £0.02 1.00 £0.02
EnTi,0;  1.64 pyrochlore 10.156 90 14.6+0.2 1.00 £ 0.01 0.99 £0.02
Yb,Ti:O7;  1.62 pyrochlore 10.120 90 13.1£0.5 0.99 +£0.02 0.98 +0.01
La,Sny0O7  1.68 pyrochlore 10.701 90 93+0.3 1.02 +0.01 1.02+0.01
NdoSn,O7  1.62 pyrochlore 10.567 90 154+0.2 0.98 £ 0.01 1.01 £0.01
Sm,Sn,07  1.56 pyrochlore 10.510 90 13.9+£0.5 1.00 £ 0.02 1.00 £0.02
Gd,Sn,07  1.52 pyrochlore 10.454 90 10.2+£0.2 0.99 +£0.02 0.98 £ 0.02
ErSn,0; 145 pyrochlore 10.350 90 10.5+0.3 1.01 £0.01 1.02 £0.01
YboSn,O; 143 pyrochlore 10.305 90 114+0.5 1.00 + 0.02 1.01 +0.01
LayZr,0;  1.61 fluorite 5.407 90 16.1£0.3 1.00 £ 0.01 0.99 £0.02
Nd»Zr,0;  1.56 fluorite 5.302 90 20.4+0.2 1.03 +£0.01 1.02 £0.02

SmyZr,07  1.50 fluorite 5.273 90 21.7+0.2 1.02 +0.01 1.01 £0.01
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GdxZr,0; 146 fluorite 5.270 90 20.6+0.2 0.99 +£0.02 0.99 +£0.02
EnZrn0;  1.39 fluorite 5.191 90 19.9+0.3 0.99 £0.01 0.98 £0.02
YbyZr,07  1.38 fluorite 5.172 90 13.3+0.3 1.01 £0.02 1.00 £ 0.01
LayCexO;  1.33 fluorite 5.661 90 11.5+0.2 0.98 £ 0.01 0.99 £0.02
Nd,CexO7;  1.29 C-type 10.980 90 104+0.5 1.01 £0.02 1.02 +0.01
SmyCerO7  1.24 C-type 1.0925 90 9.8+0.5 0.99 £0.01 0.98 £0.02
GdyCey07  1.21 C-type 10.856 90 9.8+0.5 1.00 £0.02 1.03 £0.01
ErCe0;  1.15 C-type 10.824 90 9.6+0.3 0.99 +£0.01 0.99 £ 0.02
YbyCeyO7;  1.14 C-type 10.765 90 11.9+0.2 1.01 £0.02 1.01 +0.01

* Calculated by Scherrer formula; ** Obtained by ICP; *** Obtained by XPS.
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Figure 1. XRD patterns of the samples. (a) Ln,Ti,O7, (b) Ln:Sn»,O7, (¢) Ln,Zr,O7 and (d) Ln,Ce,O7 (Ln = La, Nd, Sm, Gd, Er, Yb).

3.2. Raman Spectra Analysis

Raman spectroscopy was used in the identification of the specific crystalline phase structures of the
samples; this technique is more sensitive to the four sub-crystalline phase structures of A2B207 composite
oxides, and the results were compared with the standard cards. The Raman spectra of all samples are
presented in Figure 2. Notably, the Er-based composite oxides all display broadened and comparable
Raman bands. This arises from fluorescence interference induced by Erm photoluminescence under
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excitation by 532-nm and 785-nm lasers, which consequently obscures the Raman signals [12]. Therefore,
for the identification of the sub-crystal phase structure of Er-based A2B207 composite oxides, we primarily
rely on XRD and FTIR techniques, and do not assign their Raman bands.

As shown in Figure 2a, due to the low symmetry of the monoclinic layered perovskite structure, the
Raman spectrum, like the XRD pattern, exhibits significant complexity. The Raman bands of La,Ti207 and
Nd:Ti2O7 are quite similar. The bands located in the ranges of 110460 cm ™' and 500-600 cm ™! are assigned
to the vibrations of La—O or Nd—O bonds and the distorted vibrations of TiOs octahedra, respectively. The
bands at 785 and 810 cm ™! are ascribed to Ti—O stretching vibrations [13,14]. According to group theory
analysis, theoretically, six Raman-active vibrational modes (i.e., Eg + Aig + 4F2) can be observed in the
pyrochlore crystal phase [4,15]. Eg, and Aig are attributed to the bending vibrations of O—B—O bonds and
BOs octahedra, respectively, while Fzg is ascribed to a combination of stretching and bending vibrations of
A—O and B-O bonds [4,15]. Notably, variations in the B-site elements give rise to certain differences in
the intensity of the peaks and their wave numbers [4]. Furthermore, given the degeneracy or the weakness
of some Raman bands, not all six Raman-active modes can be fully observed [4].

As shown in Figure 2a,b, Sm2Ti207, Gd2Ti207, La2Sn207, Nd2Sn207, Sm2Sn207, and Gd2Sn207 exhibit
distinct Eg, A1g, and Fog modes, with their specific assignments provided in Tables 2 and 3 [16,17]. Notably,
while Yb2Ti207 and Yb2Sn207 also display approximate characteristic Raman-active modes of the
pyrochlore phase, compared to samples in the same series, Yb2Ti2O7 lacks certain Fag peaks, while
Yb2Sn207 not only lacks some Fag peaks but also exhibits broadened peak shapes. This indicates that these
two compounds belong to the disordered pyrochlore phase. As shown in Figure 2c¢, all Ln2Zr207 samples
demonstrate a disordered defect fluorite crystalline phase; the Raman bands at 610-650 cm™! are assigned
to the F2g mode of the disordered defect fluorite phase, with the range being close to that of the F2g mode
for cubic ZrOz in the fluorite phase [18]. The wave numbers from 330 to 350 cm™! are attributed to the
pyrochlore microdomain [18]. Raman bands below 200 cm™! are considered external modes of vibration
[18]. Notably, as the radius of the A-site ions decreases, lattice contraction causes the F2g mode of the
sample to shift towards lower wave numbers.

As shown in Figure 2d, all samples display rather similar Raman bands. Except for La2Ce207, the other
samples, excluding Er2Ce207, exhibit characteristic peaks of the rare earth C-type structure at 360—380
cm! [7]. This strongly demonstrates that LaxCe207 exhibits a disordered defect fluorite phase, while the
remaining samples all possess rare earth C-type phase structures. The wave number range of 445-455 cm™!
is attributed to the F2g mode of the disordered defect fluorite structure [4]. The Raman bands at 575-585
cm ! are characteristic of oxygen vacancies [4]. For Ce-based doped metal oxides, the oxygen vacancy
concentration can be calculated using the ratio of peak areas Ay, /AFZg . Due to the fluorescence

interference generated by Er(II) photoluminescence in Er2Ce207, the relevant Raman bands cannot be
clearly identified, thus preventing the determination of the oxygen vacancy concentration, which is not
provided here. The oxygen vacancies in Er2Ce207 are indirectly reflected through the concentration of Ce*
in the Ce 3d spectra or the ratio of Oads/Orat in the O 1s spectra. As shown in Table 4. As the ionic radius of
the A-site elements decreases, the oxygen vacancy concentration decreases accordingly. The remaining
peaks below 300 cm™! can be attributed to lattice disorder arising from the substitution of high-valence Ce**
in CeO2 with low-valence rare earth oxygen ions [4]. Similarly, one can also observe a shift towards lower
wave numbers due to lattice contraction.
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Figure 2. Raman spectra of the samples. (a) Ln,Ti,07, (b) Ln,Sn,O7, (¢) LnpyZr,O7 and (d) LnoCe,O7 (Ln = La, Nd, Sm, Gd, Er, Yb).

Table 2. Frequencies (cm ') of the Raman active modes for Ln,Ti,O7 pyrochlores [16].

Assigned Mode Sm:Ti207 Gd.Ti.O~7 Yb2Ti207
Frequencies (cm™") Frequencies (cm™!) Frequencies (cm™")
E, 307 304 299
Ay 514 516 522
Fa, 202 203 210
Fa, 570 575 ]
Fag 661 680 -

Table 3. Frequencies (cm ') of the Raman active modes for Ln,Sn,Q7 pyrochlores [17].

Assigned Mode La:Sn20~ Nd2Sn207 Sm2Sn20~ Gd2Sn207 Yb2Sn20
Frequencies (cm™!) Frequencies (cm™!) Frequencies (cm™!) Frequencies (cm™') Frequencies (cm™)
E, 296 300 306 308 310
Ay 495 497 500 505 512
Fog 332 337 339 342 353
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Fog 399 402 410 415 -
Fag 522 525 530 533 -
Fay - 677 708 714 -

Table 4. The Ay, /AFZg ratio and Ce*" content of the LnCe,O7 samples.

Samples Ay,/Ar,, Ratio Ce*" Content (%)
La,Ce,0O5 0.76 30.2
Nd2C6207 0.62 28.6
Sm,Ce,07 0.56 26.4
Gd,Ce 07 0.43 24.6
Er,Ce Oy - 22.5
Yb2C6207 0.30 19.8

It is noteworthy that, theoretically, Er2Sn207 and Yb2Sn207 have a disordered defect fluorite structure,
while the ra/rs ratio of Gd2Zr207 falls at the boundary between the fluorite and pyrochlore phases. Raman
spectroscopy identifies their actual crystal phases as pyrochlore, disordered pyrochlore, and disordered
defect fluorite structure. This indicates that empirical rules can only roughly predict the sub-crystal phase
structures they may form, and the specific structure still requires experimental verification. Similarly, it
also demonstrates that Raman spectroscopy is the most accurate method for identifying the sub-crystal
phase structure of A2B207 composite oxides.

3.3. FTIR Spectra Analysis

The FTIR spectra of all samples are shown in Figure 3a—d. The peaks located at 3300, 1400-1600, and
400-600 cm ™! are attributed to the vibrations of surface hydroxyl groups, carbonates, and metal-oxygen
bonds, respectively [19]. As shown in Figure 3a.,b, similar to the Raman spectra, the FTIR spectra of the
low-symmetry monoclinic layered perovskites La>Ti207 and Nd2Ti207 are complex, with the specific FTIR
band assignments presented in Table 5. For the pyrochlore phase, two distinct stretching vibration peaks of
metal-oxygen bonds can be observed. The peak in the higher wave number range of 550—-650 cm™' is
attributed to the stretching vibration of B~O bonds, while the peak in the lower range of 450480 cm™
corresponds to Ln—O stretching [20-22]. For the disordered defect fluorite and rare earth C-type crystalline
phases, only one type of metal-oxygen stretching vibration can be observed [23,24]. This is due to the
random distribution of A- and B-site ions at the positive ion sites in the lattice and the disordered
distribution of oxygen ions and oxygen vacancies at the negative ion sites in these phases [4]. It can be
regarded as the average stretching vibration of the Ln/B—O metal-oxygen bonds. The peak values are also
influenced by the type of B-site ions. As displayed in Figure 3c,d. For example, the stretching vibrations of
the Ln/B—O bonds in the Zr- and Ce-based composite oxides occur at ~510 and ~465 cm™!, respectively.

Based on the FTIR characterization results, one can further identify the Er-based composite oxides,
whose Raman spectra are influenced by photoluminescence. Er2Ti207 and Er2Sn207 exhibit two types of
metal-oxygen stretching vibrations, indicating their pyrochlore crystal phase structure. In contrast,
Er2Zr207 and Er2Ce207 only show one such vibration type. Considering both the FTIR and Raman results,
these can be further identified as possessing disordered defect fluorite and rare earth C-type structures,
respectively. The above results indicate that FTIR spectroscopy can distinguish between the monoclinic
layered perovskite, pyrochlore, and disordered defect fluorite structures; however, it cannot distinguish
between the disordered defect fluorite and rare earth C-type structures, nor can it determine whether the
pyrochlore structure is ordered or disordered.
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Figure 3. FTIR spectra of the samples. (a) Ln,Ti,O7, (b) Ln,Sn>07, (¢) LnaZr,07 and (d) Ln,Ce,O7 (Ln = La, Nd, Sm, Gd, Er, Yb).

Table 5. FTIR band assignments for La,Ti,07 and Nd»>Ti,O7 [25].

LaxTi207 . Nd:Ti2O7 .

Frequencies (cm™) Band Assignment Frequencies (cm™) Band Assignment

805 E,—LO of TiO; 808 E,—LO of TiO;

611 La—O 615 Nd-O

531 Ti—O in TiOg 539 Ti—O in TiOg

489 E.—LO of TiO, 495 E.—LO of TiO,

456 Ti—-O-La 462 Ti—O-Nd

437 La—O 443 Nd-O

Considering the Raman and FTIR results, the samples were further compared with standard XRD cards,
with all except for ErzCe207 and Yb2Ce207 showing a good correspondence. The lattice parameters,
calculated based on the XRD peaks, show good consistency with the sub-crystalline phase structures. For
La:Ti20y, its lattice parameters are a = 13.011 A, b =5.550 A, ¢ = 7.798 A; a. = B = 90°, y = 98.6°. For
Nd2Ti207, its lattice parameters are a = 13.003 A, b=5.464 A, ¢ = 7.675 A; a = p = 90°, y = 98.5°. The
other sub-crystalline structures are all cubic crystalline phases, and their lattice parameters are shown in
Table 1. In addition, the specific surface areas of the samples were measured, ranging from 9.6 to 21.7 m?/g.
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3.4. XPS Spectra Analysis

XPS spectra were utilized to investigate the surface properties of the samples; the XPS spectra of the
samples with different A-site ions are presented in Figure 4a—f. As the radius of the B-site ions increases
sequentially from Ti to Sn, Zr, and Ce, the binding energies of the 3d or 4d orbitals of the respective A-site
cations shift towards lower values. This is due to the transformation of the sub-crystalline phase structure
of'the A2B207 composite oxides from monoclinic layered perovskite to the ordered or disordered pyrochlore,
disordered defect fluorite, and rare earth C-type structures. Additionally, the coordination number of the A-
site ions changes from 8 in the monoclinic layered perovskite and pyrochlore phases to an average value of
7 in the disordered defect fluorite phase and 6 in the rare earth C-type phase[4,26]. The transition from a
high to a low coordination number leads to a shift in the binding energy towards lower values.

As shown in Figure 4a, the binding energies at 835.5-836.1 eV and 832.9-853.1 eV can be attributed
to La 3ds2 and La 3dsp, respectively; these values also indicate that the valence state of La is +3 [19].
Furthermore, in the case of La2Ti207 and La2Sn207, only one spin-orbit splitting of La 3ds2 and La 3ds»2
can be observed, whereas two are observed for La:Zr.07 and La2Ce207, indicating the presence of two La
species on the surface of these compounds. According to the literature [19], the difference in the spin-orbit
splitting of the La 3d5/2 level can be used to determine the surface La species. For La;Ti207 and La2Sn207,
the difference is 4.5 eV, indicating that the surface La species is La203 [19]. La2Zr207 and La2Ce207 yield
differences of 4.5 and 3.5 eV, respectively, indicating La>O3 and La2(CO3)3 as the respective surface La
species [19]. This may be due to the strong alkalinity of La>Zr>07 and La2Ce207, which leads to a tendency
toward carbonate formation on their surfaces.

(a) [Lasa (b)[Naza Nd3dg, | () [sm3a
La 3d N 3da : Sm 3d,, Sm 3ds,
30 La 3dy), S :
A\ Nd,Ce,0, ' Sm,Ce,O.
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3 \ 3 : 1 3 {
& AV & i X
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] S S
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Figure 4. XPS spectra of A site cations for the samples. (a) La 3d, (b) Nd 3d, (¢) Sm 3d, (d) Gd 4d, (e) Er 4d and (f) Yb 4d.
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As displayed in Figure 4b, the binding energies at 981.7-982.5 eV and 1004.4-1005.0 eV are attributed
to Nd 3ds2 and Nd 3dsn, respectively; the other accompanying peaks are their satellite peaks [27]. The
valence state of Nd is confirmed as +3, based on binding energy values [27]. As shown in Figure 4c, the
lower binding energy at 1082.1-1082.8 eV and the higher one at 1109.1-1109.8 eV is attributed to Sm 3ds.2
and Sm 3d3., respectively [28]; the valence state of Sm is +3 [28]. The peaks in Figure 4d at 141.2-141.7
eV and 146.9-147.2 eV are attributed to Gd 4ds2 and Gd 4ds/2, respectively [29], with the binding energy
values highlighting a valence state of +3 for Gd [29]. As shown in Figure 4e, the Er 4d spectrum is relatively
broadened, encompassing both Er 4ds2 and Er 4ds2. The lower binding energy of Er 4ds. is located at
~168.5 eV, while the higher binding energy of Er 4d3/2 occurs at ~178.4 eV [30]; Er exhibits a valency of
+3 [30]. As depicted in Figure 4f, the peaks at ~180.0 and ~188.3 eV are attributed to Yb 4ds2 and Yb
4dsp, respectively [31]. The presence of other peaks at ~183.7, -187.1, -191.1, -197.9, and -204.4 eV
confirms that Yb*" is the predominant valence state [31].

The XPS spectra of the B-site ions in these A2B207 composite oxides are shown in Figure 5.
Interestingly, as the radius of the A-site ions decreases from La to Yb, the binding energies of the respective
B-site cations shift towards higher values. This is also due to the decreasing A-site ionic radius, with the
sub-crystalline phase structure changing from monoclinic layered perovskite to the ordered or disordered
pyrochlore, disordered defect fluorite, and rare earth C-type structures. The lattice disorder transitions from
ordered to disordered and then to ordered. Further, the coordination number of the B-site ions transitions
from 6 in the monoclinic layered perovskite and pyrochlore crystal phases to an average value of 7 in the
disordered defect fluorite phase and 8 in the rare earth C-type structure [4,26]. The increase in the
coordination number leads to an increase in the binding energy.

(a) Ti2p Ti2p,, (b) Sn3d Sn 3dg,
’/';\ Sn 3d,,, /\
. [i) : [1\
Ti2p,, I\ / \\
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Figure 5. XPS spectra of B site cations for the samples. (a) Ti 2p, (b) Sn 3d, (¢) Zr 3d, (d) Ce 3d.
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As shown in Figure Sa—c, the peaks at the lower binding energies of 457.9-458.4 eV, 485.8486.1 eV,
and 181.0-181.4 eV are attributed to Ti 2p3/2, Sn 3ds2, and Zr 3dsp, respectively [32—34]. Meanwhile, the
peaks at the higher binding energies 0f 463.8—464.2 eV, 494.2-494.5 eV, and 183.5-183.8 eV are attributed
to Ti 2p1r2, Sn 3d32, and Zr 3dsp, respectively [32—34]. These values confirm that their valence states are
all +4 [32-35]. As shown in Figure 5d, based on the literature [35], deconvolution was performed on the
Ce 3d spectrum of these samples, dividing it into 10 peaks and calculating the Ce** content from the peak
areas. This content is positively correlated with the concentration of oxygen vacancies [35], as presented in
Table 4. The oxygen vacancy concentration, calculated from the Raman results, follows the same trend as
the Ce** content; that is, as the ionic radius decreases from La to Yb, both the oxygen vacancy concentration
and the Ce*" content decrease. As listed in Table 1, the surface A/B element molar ratios of all samples are
very close to their stoichiometric ratio of 1.00/1.00.

A pretreatment step was performed to investigate the active oxygen species of the samples. First, the
sample was first exposed to a 10% O2-Ar mixture and heated from room temperature to 800 °C at a rate of
10 °C/min. It was then calcined for 30 min under the same atmosphere (10%O2-Ar mixture) and
temperature (800 °C) to remove surface impurities. They were then cooled to room temperature in the same
atmosphere (10%02-Ar mixture). After purging the surface with high-purity Ar for 15 min at room
temperature to remove physically adsorbed Oz, the XPS O1s spectra of the samples were quickly measured.
This pretreatment effectively eliminated interference from adsorbed water and hydroxyl groups on the
sample surface. As shown in Figure 6a—d, the binding energy of surface lattice oxygen is located at ~529.5
eV, while the higher binding energy of ~531.2 eV corresponds to surface-adsorbed active oxygen species
[36]. Interestingly, as the Ln cation changes from La to Yb, the binding energies of both surface lattice
oxygen and adsorbed oxygen shift towards higher values in all samples. That is, progressing from La to Yb,
the electrons of the surface lattice oxygen are transferred to the metal elements, marking a change in the
properties of the surface lattice oxygen from nucleophilic to electrophilic.
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(d) Olm (b) Olm (C) / lat ( ) Oads . lat
< - A >
O”DA -
Yb,Sn,0, ’ Yb,Ce,0,
Yb,Ti,O, Yb,Zr,0,
- [Er;Sn,0 —_ —_
g Er, Ti,0; 3 e =2 Er,7r,0, 2 Tﬂ"zC"zO-f !
2 < /i \, = <
.*? ‘? Gd,Sn,0, ‘:] & ZL—O/. *?
w n W w T 1723
é Gd,Ti,0, § g wre § Gd,Ce,0, |
= = __A El o~ | E
= szsn207 SmZZrzoj —/\J
,Ti,0, Sm,Ce, 0,
__A S o
Nd,Sn,0, Nd,Zr, 0, Nd,Ce,0,
INd, Ti, 0, %\
La,Ti,0, =Z E o NLN i
Lazsnzo'/ ILa,Zr,0, Laz(‘eZO.,
T LI B B B T
536 534 532 53(] 528 526 536 534 532 530 528 526 536 534 532 530 528 526 536 534 %32 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6. The pretreated XPS O 1s spectra of the samples. (a) Ln,Ti,O7, (b) LnSnx07, (¢) LnyZr,07 and (d) Ln,Ce;O7 (Ln =
La, Nd, Sm, Gd, Er, Yb).

The above change can be explained considering the electronegativity of the elements in the samples, as
presented in Table S2. As the A-site element transitions from La to Yb, the electronegativity values gradually
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increase. When the B-site ions are the same, the sum of the electronegativity of the two elements also increases,
and their difference in electronegativity with respect to oxygen decreases. When they form metal-oxygen
bonds, electrons gradually shift towards the metal element, indicating the tendency for oxygen to lose
electrons. Consequently, the binding energies of surface lattice oxygen shift towards higher values.

Similarly, the deviation in the binding energy of elements at the A or B sites can be explained using
elemental electronegativity. When the B-site elements are identical, as the A-site elements transition from
La to Yb, their electronegativity gradually increases, leading to an electron shift from oxygen to the metal
in the metal-oxygen bond. The tendency for oxygen to lose electrons increases, and that for metal elements
to gain electrons also increases accordingly. This results in a shift in the binding energies of the B-site
elements towards lower values. However, electronegativity cannot explain the change in the binding energy
when the A-site element is the same but the B-site element is different. As mentioned earlier, when the A-
site element is the same, the binding energy of this element shifts towards higher values from Ti to Sn, Zr,
and Ce. The electronegativity values for the B-site elements follow the sequence Sn > Ti > Zr > Ce. When
the A-site elements are the same, theoretically, the shift towards a higher binding energy for the A-site
elements should follow the order of Ln2Sn207, Ln2Ti207, Ln2Zr207, and Ln2Ce207. This indicates that the
influence of the positive-ion coordination environment on the sub-crystalline phase structure of A2B207
composite oxides on the binding energy is stronger than the effect of elemental electronegativity.

Based on the XPS Ols results, the Oads/Orat ratios were calculated to evaluate the relationship between
the amount of active oxygen species and the sub-crystalline phase structure, as shown in Figure 7. In the
case of Ln2Ti207, as the radius of the A-site ions decreases, the Oads/O1at ratio first increases, then decreases,
and finally increases again. This is because the sub-crystalline phase structure of Ln2Ti207 transitions from
a monoclinic layered perovskite to an ordered and disordered pyrochlore in moving from La to Yb. Given
that the monoclinic layered perovskite structure does not possess intrinsic oxygen vacancies, it exhibits the
least surface-adsorbed oxygen. As the ionic radius decreases, it tends to transition towards the pyrochlore
crystal phase with intrinsic oxygen vacancies. Therefore, the content of surface-adsorbed oxygen in
Nd2Ti207 is richer than that in La2Ti207, though not as rich as that in the pyrochlore phase. For the elements
from Sm to Er, the sub-crystalline phase structures and lattice disorder remain unchanged; thus, the
concentration of oxygen vacancies is influenced by the A-site ionic radius. Studies have shown that the A-
O and B-O bonds in pyrochlore compounds exhibit ionic and covalent properties, respectively [37]. The
larger the A-site ionic radius, the easier it is for the B—O bond to break, resulting in the generation of oxygen
vacancies and, thus, an increased content of adsorbed oxygen [38]. The Oads/Orat ratio of Yb2Ti207 tends to
increase due to its disordered pyrochlore crystal phase. The greater the lattice disorder, the higher the
oxygen mobility.

Similarly, considering the elements from La to Yb, the sub-crystalline phase structure of Ln2Sn207
transitions from an ordered to a disordered pyrochlore. In addition, the Oads/Olat ratio decreases first and
then increases since all compounds from La>Sn207 to Er2Sn2O7 exist as ordered pyrochlore crystalline
phases. Furthermore, the concentration of oxygen vacancies and the content of adsorbed oxygen are
influenced by the A-site ionic radius. Yb2Sn207 exhibits a disordered pyrochlore crystal phase when there
is a change in the lattice disorder; the disorder degree is an important factor affecting the concentration of
oxygen vacancies and the content of adsorbed oxygen.

However, in the case of Ln2Zr20O7 and Ln2Ce207, as the radius of the A-site ions increases, their
Oads/Olat ratio gradually decreases. Concerning Ln2Zr207, this occurs since the ionic radius of the A-site
ions varies from La to Yb, yet its sub-crystalline phase structure and lattice disorder remain unchanged.
Therefore, the ionic radius is the sole factor affecting its oxygen vacancy concentration and chemisorbed
oxygen content. For Ln2Ce207, as the A-site ions vary from La to Yb, the sub-crystalline phase structure
and disorder degree transition from the disordered defect fluorite structure of La2Ce207 to the ordered rare
earth C-type structure. The oxygen vacancy concentration and adsorbed oxygen content decrease. However,
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moving from Nd2Ce207 to Yb2Ce207, the sub-crystalline phase structure and lattice disorder degree remain
unchanged. Therefore, the radius of the A-site ions is the sole factor affecting their oxygen vacancy
concentration and adsorbed oxygen content.
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Figure 7. The relationship between O,4s/Oia ratio and the sub-crystal phase structure of A;B,O7 composite oxides.

Keeping the A-site cations the same and varying the B-site cations, the Oads/Olat ratio first increases
and then decreases with an increasing B-site cationic radius. This is because the sub-phase structure of
Ln2Ti207 (Ln = La or Nd) is a monoclinic layered perovskite, which does not possess intrinsic oxygen
vacancies, and when Ln = Sm to Yb, the sub-phase structure is an ordered pyrochlore. All Ln2Sn20O7
samples exhibit an ordered or disordered pyrochlore structure. However, all Ln2Zr207 samples display a
disordered defect fluorite structure, with the highest degree of lattice disorder. Therefore, theoretically, this
series of samples has the largest Oads/Orat ratio. While both La2Zr207 and LaxCe207 possess a disordered
defect fluorite structure, their surfaces exhibit oxygen storage Ce*/Ce** redox cycling, thus resulting in the
richest content of oxygen vacancies and active oxygen on their surfaces. In addition, as the A-site ionic
radius further decreases, the Oads/Olat ratio of the disordered defect fluorite phase remains generally higher
than that of the ordered rare earth C-type and pyrochlore compounds.

Notably, keeping the B-site cations the same leads to a relatively small change in the Oads/Olat ratio,
which changes due to the decrease in the A-site cationic radius. This is because the lanthanide contraction-
induced change in the radius of the A-site cations is relatively small. Therefore, the span of changes
resulting from the sub-crystalline phases and lattice disorder is very small. However, when keeping the A-
site cations the same and increasing the radius of the B-site cations, the change in the Oads/Olat ratio is
relatively large. This is because the change in the B-site cationic radius is relatively large, and the structural
change in the sub-crystalline phase of the A2B207 composite oxides is relatively significant. Therefore,
changes in the sub-crystalline phase structure have a greater impact on the concentration of oxygen
vacancies and the content of adsorbed oxygen.

3.5. Identification of Adsorbed Oxygen Species and Oxygen Vacancies

In situ Raman spectroscopy was utilized to identify the types of surface-adsorbed oxygen species on
the samples. Five composite oxides with different sub-crystalline structures, namely, LaxTi207, Sm2Ti207,
Yb2Sn207, LaxZr207, and Yb2Ce207, were selected as representative samples; these possess monoclinic
layered perovskite, ordered pyrochlore, disordered pyrochlore, disordered defect fluorite, and rare earth C-
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type crystal structures, respectively. All samples were calcined in a high-purity Ar atmosphere at 800 °C
for 30 min in an in situ Raman cell to remove surface impurities. They were then cooled to room
temperature in the same atmosphere. Thereafter, the atmosphere was switched to a 10% O2-Ar gas mixture,
and the corresponding Raman spectra were collected at room temperature and 150, 300, 450, 600, and
750 °C, each temperature was maintained for 15 min.

As shown in Figure 8a—e, all samples maintain their Raman-active modes of the sub-crystalline phase
structures at different temperatures, and no crystal phase changes can be observed. This indicates that the
sub-crystalline phase structure of these representative samples is stable from room temperature to 750 °C.
In addition, except for LaTi207, at different temperatures, all the other samples exhibit Raman
characteristic peaks attributed to the O2~ species at 1050—1190 cm™! [39]. This reveals that the adsorbed
oxygen species on the sample surface is O2~, which can stably exist here at high temperatures. The absence
of O2” observed in La:xTi207 may be attributed to the absence of intrinsic oxygen vacancies in this sub-
crystalline phase structure, resulting in a weak ability to activate gaseous oxygen to generate O2".

The EPR results of the five representative samples are shown in Figure 8f. g = 2.003 represents the
characteristic signal of oxygen vacancy-bound single electrons, and its intensity is positively correlated
with the oxygen vacancy concentration [40]. The intensities follow the order of La:Zr207 > Yb2Ce207 >
Yb2Sn207 > Sm2Ti207 > LaxTi207, that is, disordered defect fluorite > rare earth C-type > disordered
pyrochlore > ordered pyrochlore > monoclinic layered perovskite. This result aligns well with the XPS Ols
results, indicating that the larger the concentration of oxygen vacancies, the greater the abundance of
adsorbed oxygen.
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Figure 8. In situ Raman spectra of the typical samples. (a) La,Ti,O7, (b) SmyTi207, (¢) Yb2SnxO7, (d) LazZr,07, (e) YbaCe,0O4
and (f) EPR spectra of the typical samples.
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3.6. DFT Calculations

The crystal faces corresponding to the strongest XRD diffraction peaks of the five representative
compounds were selected for DFT calculations to determine their oxygen vacancy formation energies. The
calculated structures and corresponding oxygen vacancy formation energies of the samples are shown in
Figure 9a—e. Obviously, the order of their oxygen vacancy formation energies is La;Ti207 > Sm2Ti207 >
Yb2Sn207 > Yb2Ce207 > LaxZr207, which is opposite to their ability to form oxygen vacancies. Therefore,
the ability of these sub-crystalline phase structures to form oxygen vacancies, from strongest to weakest, is
as follows: disordered defect fluorite, rare earth C-type, disordered pyrochlore, ordered pyrochlore, and
monoclinic layered perovskite crystal phase structures. This is consistent with their oxygen vacancy
concentrations, as indicated by the EPR results, theoretically proving the strength of the oxygen vacancy
formation ability of the A2B207 composite oxide sub-crystalline phase structures.
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Figure 9. Calculated structures and corresponding oxygen vacancy formation energies of the typical samples. (a) La>;Ti>O7 (211),
(b) Sm,Ti,07 (222), (¢) Yb2Sn 07 (222), (d) La,Zr,07 (111), and (e) Yb,Ce,07 (222). Blue and green represent A-site atoms,
white and gray represent B-site atoms, and red represents oxygen atoms.

4. Conclusions

In this study, a series of samples containing all the sub-crystalline phase structures of A2B207 (A = La,

Nd, Sm, Gd, Er, Yb; B = Ti, Sn, Zr, Ce) composite oxides was synthesised using the glycine—nitrate
combustion method. The study explored the role of FTIR spectroscopy in identifying their sub-crystalline
phase structures, the influence of the phase structures on XPS spectra, the factors affecting the
nucleophilicity and electrophilicity of surface lattice oxygen species, the impact of the phase structures on
surface-adsorbed oxygen, and the identification of surface-adsorbed oxygen species. The following
conclusions were drawn:

1. FTIR spectroscopy is effective in identifying the monoclinic layered perovskite, pyrochlore, and
disordered defect fluorite sub-crystalline phase structures. However, it cannot distinguish between the
pyrochlore and disordered pyrochlore structures, or between the disordered defect fluorite and rare earth
C-type phases. Within the range of 400-4000 cm ™!, monoclinic layered perovskite crystals exhibit low
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symmetry and complex peak shapes for metal-oxygen bonds. The pyrochlore crystalline phases often
show infrared absorption peaks of both A-O and B—O metal-oxygen bonds; on the other hand, in the
case of the disordered defect fluorite and rare earth C-type structures, only one type of infrared absorption
peak for A/B-O metal-oxygen bonds can be observed. This is due to the random and disordered
distribution of A- and B-site ions at the positive ion sites in these two crystalline phase structures.

2. Inthe case of identical A-site cations and increasing B-site cationic radii, the binding energy of the A-
site elements shifts towards a lower value. Conversely, for identical B-site cations and decreasing A-
site cationic radii, the binding energy of the B-site elements shifts towards a higher value. This can be
explained as follows. When the A-site cations are fixed, and the radius of the B-site cations gradually
increases, or when the B-site cations are fixed, and the radius of the A-site cations gradually decreases,
the sub-crystalline structures transition from monoclinic layered perovskite to ordered or disordered
pyrochlore, disordered defect fluorite, and rare earth C-type structures. The coordination number of the
A-site ions gradually decreases, while that of the B-site ions gradually increases.

3. Fixing the B-site cations and varying the A-site cations from La to Yb leads to a shift towards a higher
binding energy in the lattice oxygen, indicating the transition from a nucleophilic to an electrophilic
character of the surface lattice oxygen. This is attributed to the gradual increase in the electronegativity
of the A-site elements from La to Yb, which induces an electron shift from the metal-oxygen bond
towards the A-site metal and, thus, results in a higher binding energy for surface lattice oxygen.

4. In the case of an unchanged sub-crystalline phase structure and lattice disorder, the larger the ionic
radius of the A-site cations, the richer the surface-adsorbed oxygen. When the sub-crystalline phase
structure and lattice disorder change, the surface-adsorbed oxygen content roughly follows the order
of disordered defect fluorite > rare earth C-type > disordered pyrochlore > ordered pyrochlore >
monoclinic layered perovskite. This order is directly related to the intrinsic oxygen vacancy
concentration of the different sub-crystalline phase structures. In addition, the surface-adsorbed oxygen
species of the A2B207 composite oxides at high temperatures are Oz

This study offers a theoretical foundation for designing and preparing A2B207-type composite oxide
materials for heterogeneous thermal catalysts in the presence of gaseous oxygen.
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