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Abstract

The structural effects of substituting Mo®" for V' in palmierite-type A;V>0s (A = Sr, Ba), a
derivative of the 9R hexagonal perovskite, were systematically investigated. Polycrystalline
samples with varying Mo contents (x = 0-0.2 for Sr series; x = 0-0.3 for Ba series) were
synthesized via solid-state reaction and characterized using X-ray diffraction (XRD), neutron
powder diffraction (NPD), and inductively coupled plasma mass spectrometry (ICP-MS).
Refinement analysis shows that introducing Mo into the lattice slightly enlarges the a-axis while
compressing the c-axis. Such changes can be understood from several factors: the size difference
between Mo®" and V3" ions, the extra oxygen atoms brought in by substitution, and the influence
of stronger Mo—O bonds on the surrounding structure. NPD analysis indicates average distortions,
including partial replacement of VO, tetrahedra to MoQOs octahedra, and secondary B-site
occupation in Ba-based compounds at higher substitution levels. High-temperature NPD further
demonstrates tetrahedral coordination favored upon heating. The results suggest that Mo
substitution is able to tune lattice parameters and average transition metal cation coordination
environments in palmierite-type oxides, offering pathways to optimize ionic conductivity for solid
oxide fuel cell applications.



1 Introduction

11  Solid Oxide Fuel Cells (SOFCs)

As the global energy structure transforms towards cleaner and lower-carbon energy, solid oxide
fuel cells (SOFCs) are becoming a shining pearl in fuel cell technology due to their high efficiency,
low emissions, and wide fuel adaptability. The SOFC power generation system is centered on the
battery stack, which can efficiently convert the chemical energy of the fuel directly into electrical
energy. It is widely used in portable power supplies, household combined heat and power (CHP),
automotive auxiliary power units (APU), range extenders, distributed power generation, and fixed
power stations [1; 2; 3]. SOFCs are recognized as third-generation batteries, holding immense
developmental potential [4; 5]. It is a device that converts the chemical energy of fuel directly into
electrical energy through electrochemical reactions. Unlike other types of fuel cells, SOFC does
not rely on precious metal catalysts to promote electrochemical reactions, which reduces
dependence on rare metals to a certain extent and also reduces costs. Its principle and structure are
shown in Figure 1.

Its principle looks more like a "reverse engineering" of water electrolysis: during water electrolysis,
water is decomposed into hydrogen and oxygen; while in SOFC, fuel oxidation reaction occurs at
the anode, oxidant reduction reaction occurs at the cathode, and ions are conducted through the
electrolyte to generate electrical energy and heat energy [1; 6]. Specifically, the fuel (such as
hydrogen) is oxidized at the anode, releasing electrons and protons (or ions); oxygen is reduced to
oxygen ions at the cathode, and the oxygen ions migrate to the anode through the solid oxide
electrolyte, reacting with the fuel to generate water or other products, while electrons flow through
the external circuit to form an electric current to achieve electrical energy output [7].

The single cell structure of SOFC consists of three parts. The anode is where fuel oxidation occurs,
so it must maintain good catalytic activity to effectively promote the oxidation process of the fuel.
At the same time, as an electrode, it must have high ion/electron conductivity to ensure the smooth
transmission of the two. In addition, since hydrocarbon fuel is one of the main fuels for humans
at present, anti-carbon deposition is also a necessary property of anode materials. Common anode
materials include Ni/YSZ metal ceramics and perovskite materials [8; 9]. To achieve efficient
oxygen reduction reaction (ORR), the cathode material needs to have high oxygen reduction
activity [10]. Common anode materials include perovskite structures (such as LSCF, i.e.
Lao.sSt0.4C00.2Fe0.s03) and double perovskites [11; 12]. These materials have special crystal
structures and electronic properties, which can effectively promote the adsorption, dissociation
and reduction processes of oxygen; solid oxide electrolyte is one of the core components of SOFC,
and its main function is to conduct ions while isolating electrons. The electrolyte needs to have
high ionic conductivity to ensure that ions can pass quickly and reduce the internal resistance of
the battery; at the same time, it must have low electronic conductivity to prevent electron leakage
and ensure the normal electrochemical reaction [13; 14; 15]. In addition, the electrolyte also needs
to have good high-temperature oxidation resistance and be able to operate stably for a long time
in a high-temperature environment due to the working temperature of SOFCs (800°C- 1000°C)
[16; 17]. Common electrolyte materials include yttria-stabilized zirconia (YSZ) and CeO:-based
materials [18; 19]. Meanwhile, the complete SOFC system also has a set of auxiliary systems,



such as a fuel supply system and a gas supply system, which deliver fuel to the anode and oxygen
to the cathode respectively; the control system is used for voltage regulation and inverter, etc.
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Figure 1 Diagram of a typical SOFC [20].

SOFCs have many advantages, making them gradually popular. It is an electrochemical
conversion equipment that skips the combustion and mechanical processes of the traditional power
generation mode and directly converts the fuel into electrical energy, significantly improving the
energy conversion efficiency with high energy conversion efficiency, which can reach about 60%,
this number can be even extended to 85% with CHP [2; 21]. However, developing and optimizing
their material availability presents significant challenges in materials engineering. Unlike other
fuel cell types, SOFCs do not rely on precious metal catalysts to drive electrochemical reactions,
reducing dependence on rare metals and lowering costs. SOFC has several key benefits for energy
storage. First, it can use many different fuels. These include hydrogen, natural gas, biogas, and
hydrocarbons [22]. Due to their high operating temperatures, SOFCs generate high-grade waste
heat during power generation, making them suitable for combined heat and power applications
[23]. The high operating temperatures of the SOFC system accelerate the chemical reactions
inside, which means the fuel cells produce electricity more efficiently. The high heat also means
many fuels can be used directly without special treatment. However, high operating temperatures



also present challenges, such as stringent material requirements for thermal stability and the need
to optimize material stability and durability under such conditions [24].

1.2 Research of Perovskites for SOFCs

1.2.1 Perovskites

The term "perovskite" originally referred to the natural mineral calcium titanate (CaTiOs3)
discovered in 1839 and named after mineralogist Lev Perovski. Today, this term has evolved to
encompass a broad category of materials with ABX3 crystal structures and their derivatives [25].
The ideal perovskite exhibits cubic symmetry with space group Pm-3m. This cubic perovskite
structure can be viewed as a framework composed of BOs octahedra connected through shared
vertices, with A ions filling the interstitial spaces between eight BOs octahedra. Alternatively,
when the A ion radius is sufficiently large to support the entire cubic perovskite framework, the
structure can also be described as BO¢ octahedra occupying the interstitial spaces within a cubic
framework formed by A ions. It is generally believed that the BOs octahedra form the skeletal
structure of cubic perovskites, and their stability determines the overall stability of the perovskite
structure [26; 27; 28].

The tolerance factor determines the structural stability of perovskite materials. The tolerance factor
was first proposed by Goldschmidt in 1926 and is defined as:

ratry
£ = By .
where 7, represents the radius of the A-site ion, 1y represents the radius of the X-site ion, and rp
represents the radius of the B-site ion. Different ranges of the tolerance factor correspond to
different unit cell structures [29].

Perovskite has become a focus of attention in the field of materials research in recent years [30;
31]. The broad appeal of perovskites in diverse research areas stems mainly from three key
attributes. First, their bandgap can be precisely tuned by varying the halide composition—for
example, by mixing iodine and bromine—allowing absorption across the visible and near-infrared
regions [32; 33]. lodine-based perovskites such as MAPDIs exhibit a bandgap of about 1.5¢V,
which is close to the ideal value for solar energy harvesting. The hybridization of lead’s 6s? orbitals
with halide p orbitals further enhances light absorption efficiency [34]. Consequently, perovskite
films can achieve strong light absorption with thicknesses of only a few hundred nanometers,
much thinner than conventional silicon-based absorbers. Second, unlike many semiconductors in
which electron and hole mobilities differ substantially, perovskites display an unusually balanced
charge transport. Their continuous network of BOs octahedra forms efficient pathways for rapid
carrier migration, while defect states are mostly shallow and unlikely to trap carriers significantly
[35; 36; 37]. This property is critical for photovoltaic devices, as it facilitates efficient charge
separation and reduces recombination losses, ultimately improving power conversion efficiency
[38; 39; 40]. Third, perovskites demonstrate remarkable defect tolerance compared to traditional
semiconductors like silicon, which are highly sensitive to lattice imperfections. In perovskites,
defect energy levels typically lie close to the valence band maximum or conduction band minimum
[39; 41], enabling trapped carriers to escape via thermal activation. This minimizes performance
degradation and relaxes the precision required for material processing, making large-scale, low-
cost production more achievable.



1.2.2 Research of Perovskites for SOFCs

For SOFCs, the latter two characteristics undoubtedly make perovskite and its derivative materials
ideal materials for making SOFCs electrodes [42]. More specifically, as an electrode material for
SOFCs, perovskite materials provide three characteristics that make them promising for use in
SOFC:s. First, the excellent defect tolerance of perovskite makes its structure have high oxygen
vacancy adjustability. Through reasonable A-site or B-site metal ion substitution, the generation
and migration rate of oxygen vacancies can be effectively improved, thereby significantly
enhancing the ion conductivity of the electrode [43]. The second point is that this defect tolerance
also brings excellent structural and chemical stability to perovskite materials and their derivatives.
The working environment of SOFCs requires extremely high temperatures (800-1000°C). The
BOs octahedral skeleton in the perovskite structure takes into account both rigidity and flexibility,
which can effectively ensure the long-term stable operation of the battery without significant phase
change or structural degradation [44]. This structural flexibility can also form a continuous three-
dimensional oxygen ion migration channel inside the perovskite material, thereby increasing the
diffusion rate of oxygen ions in the lattice [45]. Research on optimizing the conductivity of
perovskites has made great progress. Many researchers have proposed different solutions for
oxygen ions, protons and electrons. Among them, metal ion substitution at the A and B sites is the
most common [46].

Yashima et al. investigated the potential of Ba;NbsMoOy-based hexagonal perovskite-related
oxides as high-performance oxide ion conductors, focusing on their conductivity, structural
features, and ion transport mechanisms [47]. By tuning the Mo/Nb ratio and introducing interstitial
oxygen, two compounds—BasNbzoMo1.102.05 (BNM1.1) and BasNbs9sMo01.05020.025
(BNM1.05)—were synthesized via solid-state reaction, with BNM1.1 exhibiting higher ionic
conductivity. Neutron diffraction (ND) and maximum entropy method (MEM) analyses revealed
partially occupied interstitial oxygen sites (O5) in BNM1.1, as shown in Figure 2 located within
the oxygen-deficient ¢’ layers. Oxide ions diffuse within the ab plane via a two-dimensional
pathway involving lattice oxygen sites (O1) and interstitial sites (O5), forming a (tetrahedral O1)—
(octahedral OS5) interstitial diffusion mechanism. The high conductivity of BNM1.1 is attributed
to its unique structure, which enables oxide ions to migrate preferentially within the ab plane,
where the activation energy is much lower (0.19 eV) than along the c-axis (1.54 eV), confirming
a two-dimensional diffusion mechanism. Furthermore, XRD analysis demonstrated that the
structure remains stable under operating conditions, providing important guidance for developing
next-generation oxide ion conductors.
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Figure 2. Refined Crystal Structure and MEM NSLD Analysis of Ba;Nb3.sM01.1020.0s at
800 °C: (a) 3D Structure with Thermal Ellipsoids (90% Probability), (b) Yellow Isosurface
of MEM NSLDs (0.36 fm A-3), (c) ab-Plane Projection (z = 0), and (d) Contour Map of NSLD
Distribution (0-2 fm A3, Step 0.2 fm A-3). Arrows in (¢) Indicate O1—05 Oxide-Ion
Migration Paths [47].

Andreev et al. investigated a series of hexagonal perovskite-type proton conductors, Baslne.
YxALOp (0 < x < 0.25), to elucidate the relationship between their hydration behavior and
structural as well as chemical properties [48]. The study focused on how yttrium substitution
affects hydration capacity and thermodynamic characteristics and sought to establish correlations
between crystal structure, basicity, and hydration enthalpy. Dehydration behavior was studied
using thermogravimetric analysis coupled with mass spectrometry (TG-MS). Hydration enthalpy
(AHhnyar) was derived by fitting the TG data. A defect chemistry model was constructed based on
the TG curves and fitted using the hydration equilibrium constant equation (Knyq) to extract the
samples' standard hydration enthalpies (AH®hy4). The results showed that AH®q decreased
linearly from —56 kJ/mol for x = 0 to —110 kJ/mol for x = 0.25. This enhanced exothermicity was
attributed to increased ionicity of the M—O bonds induced by Y substitution, which raised the
electron density on oxygen and thus improved the material’s hydrophilicity. These findings
support Kreuer’s theory linking oxygen electron density, hydrophilicity, and hydration enthalpy
and provide insight into designing improved proton-conducting materials through structural and
electronic tuning.
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As mentioned above, in order to achieve high oxygen ion conductivity (~0.1S/cm), the operating
temperature of SOFCs often needs to reach high temperatures to ensure sufficient oxygen vacancy
concentration and migration rate [49]. However, the disadvantages of high temperature are also
obvious: heating requires a lot of energy consumption and startup time; the use of high temperature
and corrosion-resistant materials leads to high costs; high temperature causes reduced electrode
life: such as Ni-YSZ anode is prone to carbon deposition, and Sr migration/phase change occurs
at the cathode. Therefore, researchers hope to reduce the operating temperature of SOFC from the
traditional 800-1000 °C to 500-700 °C (called IT-SOFC, medium-temperature SOFC), or even
lower (LT-SOFC, low-temperature SOFC), to alleviate the above problems [50]. Fop et al.
investigated the coexistence of proton and oxide ion conductivity in palmierite-type oxides
AsV20s (A = Sr, Ba), expanding the scope of ionic conductor research beyond conventional
octahedral-based structures [51]. AC impedance spectroscopy showed that Sr;V:0s exhibits a
proton conductivity of 1.0 x 10 S/cm at 600 °C under humid air, while Ba;V2Os achieves
approximately 1.6 x 10° S/cm. The use of D20 confirmed the proton conduction mechanism.
Proton transport number (t,) analysis indicated that proton conduction dominates under humidified
conditions, with values ranging from 0.6 to 0.8 for both materials. AsV2Os represents the first
palmierite-type oxide to simultaneously exhibit proton and oxide ion conduction without
substitution, with Sr3V20s showing auspicious performance. In this study, we will adopt the
method of B-site metal ion substitution to try to explore the effect of B-site Mo substitution on the
conductivity of A3V,0s materials.

11



2 Theory

In this article, the various theoretical foundations used to support this research will be introduced,
including the crystal structure of A3V»Os, and the various techniques used to characterize its
composition, structure, and conductivity.

21 Crystal Structure

The perovskites can be generally divided into two types, cubic and hexagonal [52]. Cubic
perovskites usually form into the Pm-3m space group, which is the most ideal structure of
perovskites. SrTiOs;, BaZrOs;, and LaMnOs are widely studied cubic perovskite materials, which
have shown exemplary performance in the fields of ferroelectricity, proton conduction, and
electrocatalysis, respectively [53]. Figure 3 presents the crystal structure of Sr(Mo,Ga)Os.; refined
in the cubic space group Pm-3m (No. 221), with one formula unit per unit cell (Z = 1). In this
structure, Sr atoms occupy the 1b Wyckoff position at coordinates ('%, ', 2), while Mo and Ga
atoms are randomly distributed over the 1a site at (0, 0, 0). Oxygen atoms are at the 3d sites with
fractional coordinates (', 0, 0) [54]. The hexagonal structure is generally formed when the A-site
cation is excessively large or the B-site cation is relatively small, causing the Goldschmidt
tolerance factor to typically drop below 0.8 or exceed 1 [55; 56]. Such a structure often appears as
a phase transformation product under high-temperature or high-pressure conditions. In this
situation, the conventional arrangement of BOs octahedra in the cubic structure is hindered,
promoting the formation of the hexagonal perovskite phase. Its most distinctive feature is that part
of the BOs octahedra are arranged in a face-sharing manner along the c-axis, forming chain-like
or columnar structures that result in pronounced crystallographic anisotropy [57; 58]. This
anisotropy significantly influences the physical properties of the material, especially ion migration
behavior, which shows strong directionality. For example, in typical oxygen ion or proton
conductors such as Basln:AlZrOuws, ion diffusion predominantly occurs along specific
crystallographic directions, exhibiting excellent directional conductivity [59; 60]. In addition, the
face-sharing chains easily form layered structural units, which are conducive to rapid one-
dimensional ion migration.

However, compared with the cubic perovskite structure, the hexagonal phase is often
thermodynamically less stable, mainly due to stress concentration and lattice distortion introduced
by the face-sharing arrangement [61]. Nevertheless, this structural diversity provides a broader
space for the design of functional materials. Many hexagonal perovskite-type materials, such as
BasIn:Al:ZrO1; and YMnO:s, have been extensively studied and applied in cutting-edge fields
including ion conduction, nonlinear optics, and magnetoelectric coupling, demonstrating great
potential for multifunctional integration [62; 63].
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Figure 3. Cubic perovskite unit cell of Sr(Mo,Ga)O3-d [54].

Figure 4 illustrates a schematic comparison of the 9R hexagonal perovskite and its derivative, the
palmierite structure. The 9R perovskite (A3B3;O¢) generally follows the stoichiometry of the
typical perovskite formula ABX; and is a representative example of a perovskite structure. It
belongs to the hexagonal perovskite family, typically formed by repeating ABOs layers stacked
along the c-axis. The stacking sequence can be described as (hhc)s, where h denotes a hexagonal
AO:;s layer and c stands for a cubically packed AO:s layer. In an ideal 9R hexagonal perovskite, the
BOs octahedra are corner-sharing, forming a continuous three-dimensional octahedral framework.
This continuous network is a key feature of many perovskite-type oxide ion conductors (such as
LaGaOs and BaZrOs), where ionic transport typically relies on the migration of oxygen vacancies
within and between the octahedral units [64; 65].

The palmierite structure (AsB20s) can be regarded as a cation- and oxygen-deficient derivative of
the 9R hexagonal perovskite. Its main difference from the 9R perovskites is that the oxygen ions
in the cubically packed AOs layer are partially removed, converting it into an AO: layer, which is
denoted as a ¢’ layer. This oxygen deficiency has a significant structural impact: it introduces
ordered octahedral vacancies into the framework, disrupting the continuous BOs network and
resulting in isolated BOa tetrahedra, such as VOu. In other words, the palmierite structure can be
seen as a special derivative of the 9R polytype generated through ordered defect engineering. In
this derivative, the octahedral sites within the central metal triplets are often unoccupied, creating
regularly arranged voids along the interlayer direction and forming isolated tetrahedral units.

According to the experimental results and Rietveld/ND refinements by Fop et al., A3V20s
crystallizes in the R-3m space group [51]. The A-site cations are distributed over two Wyckoff
positions: 3a (A1) and 6¢ (A2). The V atoms exclusively occupy the Wyckoff 6c sites, forming
isolated VO tetrahedra, while the oxygen atoms are located at the 6¢ (O1) and 18h (O2) positions.

13
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Figure 4. Comparison between the 9R hexagonal perovskite and palmierite structures[51].

Unlike the 9R perovskite, the palmierite structure features VOs tetrahedra with significant
rotational freedom, which is essential for both proton and oxide ion migration. Fop et al.
demonstrated through AIMD simulations that oxide ions migrate via the rotation of VOa units,
forming transient V,0O7 dimers that enable oxygen to hop between sites (01-01, 01-02, 02-02).
The preferred proton sites were identified using BVSE calculations and DFT, which showed that
protons tend to reside near the apical O1 positions and can form a two-dimensional or even three-
dimensional exchange network within the ab plane. Compared with conventional octahedral-based
conductors, this mechanism highlights the unique multidimensional transport potential of
materials based on isolated tetrahedral units.
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2.2 X-ray Diffraction (XRD) and Neutron Diffraction (ND)

To analyze the crystal structure of the synthesized materials, X-ray diffraction (XRD) is
undoubtedly the most fundamental and widely used characterization technique. When incident X-
rays interact with the regularly arranged atomic planes in a crystal, they are elastically scattered
by the electron clouds surrounding the atomic nucleus. Constructive interference occurs when the
reflected X-rays from adjacent planes satisfy the condition described by Bragg’s Law:

nA = 2dsinf (2)

where n is the diffraction order (integer), A is the X-ray wavelength, d is the interplanar spacing,
and 0 is the Bragg angle. By measuring the 20 positions and relative intensities of the diffraction
peaks in the sample’s pattern, the interplanar spacings and lattice parameters can be accurately
calculated, which in turn makes it possible to deduce the crystal symmetry, space group, and
atomic arrangement within the unit cell. Furthermore, the number, position, and intensity
distribution of the diffraction peaks can be used to identify the types of phases present, their
relative amounts, and whether any impurity or amorphous phases exist. Modern powder XRD
experiments typically employ monochromatic Cu Ko radiation (wavelength =~ 1.54 A), and the
resulting diffraction pattern provides the essential data basis for phase analysis, determination of
lattice parameters, and subsequent Le Bail and Rietveld refinements.

After acquiring the XRD patterns, the data are refined sequentially using the Le Bail and Rietveld
methods. The primary purpose of the Le Bail method is to confirm the lattice parameters of the
sample. A key feature and limitation of this method is that the fitting does not consider the specific
atomic positions or occupancies; thus, at this stage, the peak intensities are used only for fitting
the peak shapes. The working principle is to adjust the unit cell parameters, zero-point error, and
peak shape and width parameters to achieve the best fit to the experimental pattern. As a starting
point, a specific instruction file and a .cif file containing the space group information of a known,
similar compound are provided to the software to prevent ineffective searching. Then, full-pattern
profile fitting is performed to resolve overlapping peaks, and a least-squares method is used
iteratively to optimize the fit until the calculated peaks align with the experimental ones and the
fitting converges. Because the structure factor is not considered in this stage, the calculated peak
intensities may deviate from the true values. The main parameters refined at this stage include the
instrumental parameters (which determine the peak width, asymmetry, and the position) and the
unit cell parameters (which determine the peak positions).

After that, the Rietveld method is applied for further refinement. It is performed based on the
lattice parameters and space group determined by the Le Bail fitting. The Rietveld method refines
the detailed atomic positions, occupancies, and isotropic atomic displacement parameters within
the unit cell. This method also employs full pattern fitting by comparing the theoretical model,
which includes atomic coordinates and occupancies, with the experimental XRD pattern. During
refinement, a Hessian matrix is automatically calculated and converted into a covariance matrix
to indicate any strong correlations between refined parameters, which helps optimize the
refinement constraints. The main parameters refined in this step include the overall histogram
factor (which determines the intensity of the fitted peaks), the atomic positions, occupancies, and
the isotropic displacement parameters.

In addition to XRD, neutron diffraction (ND) is also an important part of the structural analysis.
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One similarity with XRD is that neutron diffraction (ND) also obeys Bragg’s Law, which describes
the condition for constructive interference between incident beams and the regularly arranged
atomic planes in a crystal. However, the fundamental difference is that the incident particles in
ND are neutrons, which interact directly with the atomic nuclei rather than with the electron clouds
surrounding them. As a result, the scattering sensitivity of neutrons does not show a simple linear
relationship with atomic number but instead depends on the nuclear scattering length of each
element. In addition, ND allows measurements to be performed at different temperatures, which
is particularly important for investigating the crystal structure of materials under high-temperature
conditions. Here we use ND to supplement to the research of crystal structure, because XRD
mainly relies on the interaction between X-rays and electron clouds, making it more sensitive to
heavier elements in the structure (such as Sr and Ba), but less effective for probing the distribution
of light elements such as oxygen. In contrast, ND probes atomic distributions through the
interaction between neutrons and atomic nuclei, which allows us to more effectively identify
oxygen vacancies as well as ordered or disordered oxygen arrangements, thus a more
comprehensive understanding of the sample structure can be provided. Therefore, ND was
employed for additional measurements.

2.3 Inductively coupled plasma-Mass Spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a highly sensitive and high-
resolution elemental analysis technique that is mainly used for quantitative and qualitative
determination of multiple elements in samples at trace (ppb level) to ultra-trace (ppt level)
concentrations. Its principle is to use a high-temperature plasma (typically an argon plasma) to
atomize and ionize the elements in the sample, after which the resulting ions are separated and
detected according to their mass-to-charge ratio (m/z) by a mass spectrometer. Solid samples are
first dissolved and then nebulized into fine droplets by a nebulizer, which are carried by a carrier
gas (usually argon) into the plasma torch. Argon gas is partially ionized at high temperatures
(6,000—10,000 K) to form a high-temperature plasma, which is sustained by a high-frequency
alternating electromagnetic field generated by a radio frequency (RF) generator through a coil
wound around the outside of a quartz torch. This provides sufficient energy for the atomization
and ionization of the sample. The liquid droplets are rapidly vaporized in the plasma to form dry
particles, which are then further broken down into atoms and ionized into positive ions in the high-
temperature environment. At the end of the torch, the resulting ion stream passes through a sampler
cone and a skimmer cone into a low-pressure mass spectrometer chamber, where the ion beam is
focused and accelerated by an ion lens system, while most neutral particles and excess gas are
removed. The focused ions then enter the mass analyzer, which is typically a time-of-flight (TOF)
analyzer. There, the ions are separated according to their mass-to-charge ratio (m/z), pass
sequentially into the detector (such as an ion multiplier), and are counted or converted into
electrical signals. Finally, the data system outputs the relative abundance and concentration of
each element or isotope in the sample.
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3 Experiment

This chapter will introduce the experimental steps of the entire research, including the solid-state
synthesis of the material, its structural analysis (including XRD, ND), and its conductivity test
(EIS)

3.1 Solid-State Synthesis

In general, the solid-state synthesis of materials can be divided into two parts: for A3V,0Os, that is,
the reproduction of the research results of Fop et al., and the synthesis of new substituted powders.
This study uses Mo to substitute A3;V,Os to generate two series: Sr3VoMoxOgixz and

Ba3V2M0x08+x/2-
Raw materials

Grinding Calcination

Ball milling a

Characterizations  Pellets Hydraulic Press  Fine Powder
Figure 5. Process of Solid-State Reaction for Perovskite Materials [66].

The first step is the calcination of Sr3V,0s and BaszV,0s. The synthesis method is based on the
work of Fop et al. The whole synthesis steps are shown in Figure 5. The fabrication of the pellets
will be discussed in section 3.3 since we need the refinement of the powders to identify the
chemicals that have been calcinated. These two materials are marked as HOO1 and HO002
respectively. The calcination procedure for both samples is essentially the same; Sr;V,Os is
described here as an example. To synthesize 2 g of Sr;V:0s, the corresponding amounts of
strontium carbonate powder (SrCO3) and vanadium pentoxide powder (V20s) were weighed out
and placed in a mortar, then thoroughly mixed using a pestle. The masses of the required
precursors are listed in Table 1. Next, the uniformly mixed powder was placed into a 10 mm
diameter mold and pressed into a cylindrical pellet under a pressure of 1000—1200 lbs. using a
hydraulic press. The pellet was then placed in a reaction dish and transferred to a furnace shown
in Figure 6. During calcination, the crucibles were stacked as shown in Figure 6 to take advantage
of the fact that the temperature field near the center of the furnace chamber was usually the most
stable and uniform. This vertical arrangement allows multiple samples to be positioned closer to
the central axis, thereby improving temperature control consistency and ensuring reproducibility
and comparability of the calcination results. The sample was heated from room temperature to
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1100 °C with the rate of 150 °C per hour and was held at this temperature for 10 hours. Then it
was cooled to room temperature at a rate of 300 °C per hour. The reaction of the precursors at high

temperature is shown in Formula:

351"603 + V205 g ST3V208 + 3602

(3)

Principle Required Mass(g)

Actual Mass(g)

SrC0y

1.7977

1.7987

V205

0.7382

0.7390

Table 1. Mass of Precursors for H001(Sr3V:0s)

For Ba;V,0s, the SrCO3 was replaced by barium carbonate (BaCO3), and its reaction is shown in

Formula:

38(1(:03 + V205 g Ba3V208 + 3602

(4)

Principle Required Mass(g)

Actual Mass(g)

BaCO0,

1.8447

1.8447

V205

0.5667

0.5672

Table 2. Mass of Precursors for H002(Ba3V:0s)

Figure 6. Set up for The Calcination
After the first calcination of HO01 and H002 was completed and XRD analysis was carried out, it
was confirmed that HO02 (Ba3V20sg) had been successfully synthesized, whereas HOO1 still
contained some side phases. The specific testing procedures and results will be presented in the
later section. Subsequently, HOO1 underwent a second calcination under the same conditions, and
the XRD results confirmed that Sr3V,0s had been successfully synthesized. For these two samples,
Mo substitution was carried out in two series: Sr3V2xMoxOs+y2 and BazV,xMoxOs+x2. For each
series, four samples were prepared with different substitution levels (x = 0.1, 0.2, 0.3, 0.4), as
shown in Table 3. In addition to the strontium/barium carbonate and V.Os mentioned earlier, Mo
substitution was achieved by adding molybdenum trioxide (MoQs) as a precursor during the

calcination step. The sample designations and the required masses of precursors are listed in Table
4.
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Sr;V, Mo, O,/ Ba;V,,Mo,0O;.,/

Sample Expected Sample Expected
number chemical number chemical

Ho003 Sr;V, yMo, ;0505 H009 Ba,V, Mo, ;0; »5
H004 Sr;V, ;Mo,,0,, H010 Ba,V, ;Mo, ,0, ,
H005 Sr;V, ;Mo, ;04 ;5 HO11 Ba;V, ;Mo ;05 45
HO006 Sr;V, Mo, .05, H012 Ba;V, ;Mo, ,O;,

Table 3. Name of the Samples and Their Corresponding Chemicals

Principle Required Mass(g) Actual Mass(g)
H003 | HO004 | HOO5 | HO06 | HO03 | HO004 | HO05 | HO006
SrC0,4 1.7785 | 1.7598 | 1.7416 | 1.7235 | 1.7788 | 1.7597 | 1.7416 | 1.7234
V505 0.6939 | 0.6504 | 0.6079 | 0.5662 | 0.6939 | 0.6504 | 0.6080 | 0.5661
MoO:s 0.0578 | 0.1144 | 0.1698 | 0.2241 | 0.0579 | 0.1144 | 0.1689 | 0.2242

Table 4(1). Mass of Precursors for Sr;V:Mo0xOs+x2

Principle Required Mass(g) Actual Mass(g)
H009 | HO010 | HOO11 | HOO012 | HO09 | HO10 | HOLL | HOI2
BaC 0, 1.8296 | 1.8147 | 1.8001 | 1.7857 | 1.8296 | 1.8147 | 1.8001 | 1.7856
V,05 0.5340 | 0.5018 | 0.4701 | 0.4389 | 0.5340 | 0.5018 | 0.4701 | 0.4387
MoO:s 0.0445 | 0.0882 | 0.1311 | 0.1737 | 0.0444 | 0.0883 | 0.1313 | 0.1737

Table 4(1). Mass of Precursors for Ba;V;Mo0xOs+x

The reactions of these 2 series are shown in formula 5 and 6 respectively:
3STC03 + V205 + xM003 d ST3V2—xM0x08+x/Z + 3602 (5)
SBaCO3 + V205 + xM003 d Ba3V2_xM0x08+x/2 + 3602 (6)

It should be noted that the missing sample numbers are not named sequentially, because HO07 and
HOO08 are chemically identical to H003 and H004 in terms of the intended synthesized phases.
They were prepared separately to verify whether drying the precursors at 200 °C for one hour
would affect the purity of the target samples. The comparative results will be presented in the next
section.
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3.2 Diffraction and Refinement

After all the samples were successfully synthesized, XRD and ND were employed to verify
whether the desired phases were obtained. XRD measurements were carried out using a
PANalytical X’Pert Pro X-ray diffractometer with a Cu Ka source (1.54 A) operated at 45 kV and
40 mA, over a recording range of 10° <20 < 100°. The XRD procedure was divided into two parts:
an 8-minute quick scan was used to estimate the approximate proportion of impurities in the
samples. The resulting patterns were analyzed using the Match! software. During this step,
samples HO05, HO06 and HO12 were discarded because the intensity of side phases could not be
sufficiently reduced, even after repeated calcination, and the results will be shown in the next
chapter. Once the intensity of side phases in the remaining samples was confirmed to meet the
required criteria, a 32-minute-long scan was performed to ensure that the patterns would be clear
enough for refinement.

The XRD patterns obtained from the 32-minute-long scan was refined using two methods in
sequence: the Le Bail and Rietveld methods. The refinements were performed using the GSAS-II
software. After fitting the background, Le Bail refinement was first employed to adjust the lattice
parameters and instrument parameters so that the calculated peak positions, widths, and
symmetries matched the measured patterns. Subsequently, the Le Bail refinement was deactivated,
and the Rietveld method was used for further refinement to ensure that the calculated peak
intensities closely matched the measured pattern. During the refinement process, the weighted R-
factor (WR) quantitatively indicates the degree of agreement between the calculated and
experimental data: when the wR value is below 10%, the refinement is generally considered
sufficient to represent the actual crystal structure. Additionally, the covariance matrix can be used
to check whether there are strong correlations between refinement parameters, allowing
appropriate constraints to be set to improve the accuracy of the refinement. It should be noted that
although the wR value quantitatively reflects the accuracy of the refinement, it is not the sole
criterion for evaluating the goodness of fit; the difference profile is also an important indicator for
assessing the quality of the refinement.

For the ND measurements, each sample was analyzed at two temperatures: room temperature and
780 K, using the same angular range as the XRD scans. The room-temperature ND data were
refined together with the corresponding XRD patterns in a combined approach, while the ND
patterns collected at 780 K were refined independently. Through this approach, we aimed to gain
deeper insight into how the oxygen ion sublattice evolves, from an average structural perspective,
as the Mo substitution level changes within the moderate working temperature range (around
500 °C). This systematic study provides important experimental evidence and theoretical support
for understanding the relationship between the structure and ionic conductivity of the Sr/Ba series
materials. The experimental plan is shown in Table 5. PEARL diffractometer of the TU Delft
Reactor Institute (the Netherlands) was used to conduct the experiments. For each sample, 2.0g
was taken out and placed in a V-Ni null-scattering alloy can with 6mm diameter. The sealed
sample can was then mounted inside a neutron-transparent vacuum chamber, which was evacuated
to a primary vacuum of about 1073 mbar to prevent unwanted gas scattering during data acquisition.
Neutron diffraction patterns were recorded over a total measurement time of approximately 4-5
hours, employing a neutron wavelength of 1.667 A. This wavelength was selected through the
(533) reflection of a single-crystal Ge[533] monochromator to ensure high resolution and optimal
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intensity. For high-temperature diffraction experiments, the sample temperature was precisely
controlled and maintained using a resistive heating system.

e Sample e Mass (g) o Measurement e Measurement time at
time at RT (hr) 780 K (hr)
o Sr3V20s o 24 o 4-5 e 4-5
e Sr3V1.9Mo0o.10s.05 o 24 o 4-5 e 4-5
o Sr3Vi1.Mo.20s.1 o« 24 o 4-5 e 4-5
e BasV20s o 24 o 4-5 e 4-5
e BasV1.0M00.10s.05 o« 24 o 4-5 o 4-5
e BasV1.sM00.20s.1 o 24 o 4-5 o 4-5
e BasV1.7M00.30s.15 o 24 o 4-5 e 4-5

Table 5. Experimental Plan on Pearl Diffractometer

3.3 Fabrication of Pellets

To perform EIS, a hydraulic press was used to form the powder samples into pellets with a
diameter of 6.35 mm and a thickness of approximately 2 mm. The pressed pellets were then placed
in the furnace for sintering to obtain the final pellets for testing. Two key points must be ensured
during pellet preparation: the pellets must not have visible cracks, and the density must meet the
required condition (greater than 90%) to ensure that no macroscopic structural defects lead to
increased resistance, thereby ensuring that the EIS results are accurate and reliable. The
Archimedes method is applied to determine the density of the pellets. The measurement setup is
shown in Figure 7. The samples were weighed at the dry state in the upper tray, then fully
immersed in distilled water by placing on the metal net. Since the density of distilled water can be
approximated as 1 g/cm? the difference between the two weights represents the sample’s volume.
The measured volume and the theoretical density from the combined refinement at room
temperature were then used to calculate the pellet’s relative density, as shown in the following
formula:
Dry weight 1

(Dry weight — Wet weight) % principle density

Densification = x100% (7)
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Figure 7. Set up for The Densification Measurement

Meanwhile, due to a series of earlier characterization tests, the quantity and quality of the first
batch of synthesized samples were no longer sufficient for pellet preparation attempts. To carry
out the subsequent experiments and ensure the reproducibility of the earlier results, a new batch
of samples, as shown in Table 6, was synthesized after discarding the compositions that could not
be successfully prepared in the first batch. Le Bail refinement was performed on this new batch to
confirm whether the unit cell parameters were close to those of the first batch, thereby ensuring
that they could be used for the preparation of corresponding pellets.
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Sr k} vz.xM0x08+x/2 Ba3 v2—xM ox08+x/2

Sample Expected Sample Expected
number chemical number chemical

HO015 Ba;V,0, H019 Sr;V,0;

Ho16 Ba,V, Mo, ,0;,s H020 Sr;V,; gMo, ;05 o5
HO017 Ba;V, ;Mo,,0;, HO021 Sr;V, sMo, ,0; 4
HO018 Ba,V, ;Mo, ;0; 45

Table 6. Name of the Samples and Their Corresponding Chemicals
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4 Results and Discussion

41 Solid-State Synthesis

4.1.1 Reproduction of Fop’s Work

We first conducted a reproducibility verification of the work by Fop et al., namely the synthesis
results of the sample without substitution (X=0). Since the original paper did not provide
explanation for calcination temperature, duration, and number of cycles, multiple calcination
cycles was carried out based on the reported process (calcination at 1100°C for 10 hours). After
each calcination, an 8-minute quick XRD scan was performed to confirm whether the product was
formed. If side phases were present, the crashed powder was re-pressed into pellets and calcined
again. The results of the first calcination's quick XRD scan for the Sr3V,0s and Ba;V,0z samples
are shown in Figure 8. By analyzing the patterns from Software Match!, it can be seen that for
Sr3V,0s, after the first calcination, some side phases (V,0s) still appear around 30° for the HOO1
sample (Sr3V»0s), while no such side phases are present for the H002 sample (Ba3;V,Os).
Therefore, Sr3V,0s underwent a second calcination. The comparison of the XRD quick scans
between the first and second calcinations is shown in Figure 9. At this point, the side phases have
disappeared. This phenomenon can be explained by the following reason: Since the ionic radius
of Sr?* (1.18 A) is smaller than that of Ba?" (1.42 A), the larger Ba2* can promote lattice expansion,
making it easier for V,0s. to diffuse into the lattice, thereby accelerating the reaction. Sr**, on the
other hand, requires more precise diffusion and reaction conditions, and the first calcination time
might be insufficient, or diffusion might be limited [67; 68]. In addition, in the Sr-V-O system,
intermediate phases such as SrV>07 and SrV;Og are relatively stable at intermediate temperatures,
making it more difficult for them to convert into the target phase [69; 70]. In contrast, such
intermediate phases are observed during the calcination of Ba series, it might be because they are
less commonly formed in the Ba-V-O system or tend to convert more readily into the final product.
This conjecture can be further verified through TGA-DSC testing.
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Figure 9. XRD Patterns for The First and Second Calcination of Sr3V,0s
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4.1.2 Molybdenum substitution

After the reproduction step, we investigated the Mo-substituted samples. Based on the synthesis
experience of Sr3V,0s, the same method of multiple calcination cycles combined with quick XRD
scans after each calcination was used to verify the sample purity. Taking sample H003
(Sr3V1.9Mo0.10s.05) as an example, as shown in the Figure 10, after the first calcination, the fitting
results from the Match! software indicated that Sr3V9Mog.10s.05 still contained side phases such
as V,0s, MoQOs, and SrMoOs. Therefore, further calcination was carried out to confirm whether
the sample purity could be improved. The Figure 11 shows the XRD quick scan patterns of the
Sr3V1.9Mo0.10s5.0s sample after three calcination cycles. It can be clearly seen that with the increase
of calcination times, the intensity of side phases at 26.2°, 27.4°, and 31.3° gradually decreased.
Compared to H003, the sample H009, namely Ba3Vi9Mog.10s.0s, required only two calcination
cycles to remove the side phase (as shown in the Figure 12). Overall, the Sr series samples all
required three calcination cycles, while the Ba series samples all underwent two, which is similar
to the previous results of Sr/BaszV»Os: the Ba series required fewer calcination cycles than the Sr
series, but compared to the unsubstituted samples, still needed more calcination. This phenomenon
may be caused by the following reasons: during the mixing of precursor powders, MoO3 powder
was observed to be prone to agglomeration, making it difficult to mix evenly with other precursors,
leading to incomplete reactions and thus requiring multiple calcination steps; at the same time,
MoOs has high volatility at high temperatures, and since calcination was conducted in air, MoO3
tends to sublimate in air, resulting in partial evaporation during the first calcination and thus
reducing the actual Mo content participating in the reaction, affecting the formation of the target
phase [71; 72]. These two points have already been confirmed in the first XRD scan of
S13V1.9Mo0.10s.05. In addition, the substitution of Mo may also alter the diffusion rate, affecting
the cation diffusion rate and thereby delaying the formation of the main phase.
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Figure 11. Comparison of The XRD Patterns of Sr3V19Mo0¢.10s.0s from The First to The

Third Calcination

27



2nd calcination Ba M 004
\."Lﬁ——-l J

Relative Intensity (a.u.)

1st calcination

b4

I
10 20 30 40 50 60 70 80
2 Theta (°)

Figure 12. Comparison of The XRD Patterns of Ba3V1.9Mo0y.10s.0s between The First and
Second Calcination

Subsequently, we compared the XRD results of samples synthesized from pre-dried precursors
(HO07 and HOO08) with those from undried precursors (H003 and H004). Figure 13 and Figure 14
respectively show the comparison results of Sr3Vi19Mo0o.10s.05s and Sr3Vi1sMoo2Os.1 after three
calcination cycles. It is clearly observed that for Sr3Vi9Moo.1Os.0s, the sample synthesized from
pre-dried precursors (HO07) exhibited a side phase of V,Os. For Sr3V8Mo0.20s.1, the dried sample
showed a clear side phase of SrMoOs. The reason for this phenomenon is that the drying
temperature (200 °C) caused some precursors, such as V:0s, to form large primary particles,
reducing the surface reactivity and leading to incomplete reaction during subsequent high-
temperature treatment. These crystallized phases are difficult to fully react with other components,
resulting in the retention of side phases even after three calcination cycles [73; 74]. In addition,
during the drying process at 200 °C, some metal salts (such as carbonates, MoOs, V20Os, etc.) may
have already undergone partial low-temperature reactions or interactions, forming metastable
intermediate phases or oxide clusters [71; 75]. These intermediate structures are difficult to break
during the subsequent high-temperature sintering, thus hindering the uniform formation of the
target phase and leading to increased side phases. Meanwhile, during drying at 200 °C, possible
hydrates or trace liquid phases in the system may have evaporated too quickly, causing ions such
as Mo®" or V°' to migrate and enrich in local regions [76; 77]. Since no stirring or mechanical
dispersion was performed on the precursor powders during drying, the “layering effect” or “film
formation effect” could have caused uneven elemental distribution [78; 79]. MoOs is prone to
recrystallize during heating, forming flaky or blocky particles, and its intrinsic reactivity is limited.

28



The drying process can promote its agglomeration, reducing the contact interface with V,0Os,
SrCO;, etc., during subsequent reaction [75]. As a result, the dried solid exhibits compositional
inhomogeneity, making it difficult to form a single-phase product during sintering, which explains

the formation of the SrMoQOj side phase.
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Figure 13. Comparison of The XRD Patterns of Sr3V1.9Mo0¢.10s.0s between Dried Precursors

and Normal ones
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Figure 14. Comparison of The XRD Patterns of Sr3V13Mo00.20s.1 between Dried Precursors
and Normal ones

The reasons we chose not going for further studies for x=0.3 and 0.4 in the Sr series and x=0.4 in
the Ba series in the subsequent experiments are analyzed from the Figure 15. Here are the quick
XRD scan patterns after the second calcination for the Ba series. For HO12 (x=0.4), even after two
calcination cycles, there are still obvious BaMoOs side phases. Since significant BaMoOy side
phases were observed after the first calcination, a further comparison was made by placing the
first and second calcination XRD results of HO10 (x=0.2) and HO12 (x=0.4) together, as shown in
the Figure 16. It can be seen that for Ba;V1sMo020s.1 (Figure 16a), after the second calcination,
the intensity of the side phases was significantly reduced, indicating that the side phases could
continue to participate in the reaction to form the primary phase. However, for x=0.4, the intensity
of the side phases did not decrease significantly after the second calcination, suggesting that there
might be a solubility limit at x=0.4, where Mo®" could no longer be uniformly incorporated into
the V sites of the lattice, and the excess Mo®" was expelled to form stable side phases. Alternatively,
at high substitution levels, part of the Mo®" might tend to form more thermodynamically stable
side phases with Ba?* and V>, such as BaMoQs, which are thermodynamically stable at high
temperatures and difficult to reincorporate into the main phase lattice even after the second
calcination, resulting in almost unchanged side phase content. In addition, if Mo is unevenly
distributed at high substituting concentration, the local Mo content in some areas may far exceed
the local capacity, leading to Mo-rich side phases, and the second calcination cannot improve such
macroscopic segregation. The same phenomenon was observed in the Sr series samples with x=0.3
and x=0.4 (shown in the Figure 17); therefore, these three samples were also abandoned and not
further characterized.
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Figure 15. The XRD Patterns of Ba Series Samples after The Second Calcination
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42 Refinement Results

Before the discussion, the ICP-MS results are worth mentioning. Table 7 shows the ICP-MS test
results of 7 selected samples after the solid-state synthesis steps. It can be noted that except for
Sr3V20gs, all samples show a significant deficiency of A-site elements. Several mechanisms can be
used to explain this phenomenon. The most likely explanation is that during the calcination process,
oxides or carbonates of Sr and Ba may partially sublimate or decompose at high temperatures.
Especially for BaCO3, it tends to decompose into BaO and CO» above 1000°C, and under certain
conditions, BaO may volatilize [80]. Meanwhile, if acidic components (such as V>0s or MoO3)
are present in the atmosphere or system, they may promote the loss of Ba?* or Sr?* [81]. During
high-temperature reactions, A-site elements may combine side phases to form volatile or
undetectable intermediate products [82]. This is especially likely in the presence of Mo
substitution, which may induce locally non-ideal reaction pathways, ultimately resulting in a
decrease in the actual content of A-site ions with increasing Mo content. Another possibility is
that MoOs; and V;0s may form a low-melting eutectic phase (around 500-600°C) at high
temperatures, forming a localized molten liquid phase. This liquid phase may "trap" a portion of
A-site elements (Ba®" or Sr**) but later separate from the main phase and fail to be uniformly
sampled during grinding, resulting in a measured deficiency [83; 84]. Additionally, under Mo®*
substituting conditions, to maintain charge neutrality, the structure may spontancously generate
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A-site vacancies, for example forming a structure like Bas-V,-«Mo0xOgix2, as a reasonable
chemical compensation mechanism. This may require charge balance modeling for further
verification [85].

Sr3V;.xM0, 03/

X Sr Vv Mo

Sr;V,04 293 2
5

Sr3V; oMoy 105 05 285 1875 0.124
4

Sr3V, Mo, ,0g 4 283 1813 0.187
7

Ba;V, Mo,Og,,,

X Ba Vv Mo

Ba;V,0q4 279 2
9

Ba;V, Mo, ;05 o5 2.79 1.901 0.099
5

Ba;V, jMo, ,0; 4 257 1.822 0.178
8

Ba;V, Mo, ;054 +5 270 1.736 0.264
2

"l:a_ble 7. ICP-MS Results of the Selected Samples

4.2.1 Le Bail Refinement

After obtaining powders with sufficiently high purity, a 30-minute long-time XRD scan was
applied to each sample powder respectively, for use in XRD refinement. The Le Bail method was
first used. The unit cell parameters obtained from the Le Bail refinement of the room temperature
XRD data are shown in the Figure 18. It can be clearly observed that as the degree of Mo®"
substitution for V' increases, all seven samples exhibit a gradual increase in a and a gradual
decrease in c. The increase in a can mainly be explained by two reasons: the ionic radius of Mo®
is larger than that of V>* (0.59 A > 0.54 A), which to some extent causes stretching of the crystal
in the ab-plane [67; 68]. At the same time, as Mo®" substitutes for V>* in the structure, it brings
stronger Mo—O bonds due to its higher charge. Although Mo—O bonds are shorter, their strong
bonding introduces local distortions in the surrounding tetrahedral units [86]. These distortions
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are easier to accommodate in the a-axis, which lies in the plane of the structure. This causes in-
plane tension, leading to the expansion of the a-axis. In other words, the lattice stretches more
easily sideways because the hexagonal framework is more flexible in that direction.

For the c-axis, although the larger ionic radius would theoretically lead to an increase in the unit
cell parameter, other factors cause the crystal to shrink along the c-axis. With the increasing
substitution of Mo, it also increases the oxygen content in the structure — from Og to Ogix> —
which fills existing oxygen vacancies. These additional oxygens enhance connectivity between
polyhedral units along the c-axis, effectively tightening the structure in that direction [87].
Moreover, Mo—O bonds are shorter and stronger, so when Mo occupies the tetrahedral site, it pulls
the connected oxygen atoms closer [86]. This causes the layers to pack more tightly along the
stacking direction, leading to a contraction of the c-axis. It is a kind of axial compression driven
by chemical pressure and charge compensation.

In addition, since no high-temperature XRD was performed, only the high-temperature neutron
diffraction data were subjected to Le Bail refinement, and the results are shown in the Figure 19.
Compared with the refinement results at room temperature, it can be seen that the unit cell
parameters have increased significantly. This is because atoms in the crystal are confined in
potential wells. As the temperature rises, their thermal vibrations become stronger, which
increases the average interatomic distances and leads to lattice expansion (in both a and c). The
thermal expansion coefficients of a and ¢ are often different in hexagonal or layered structures.
Typically, the c-axis shows more obvious expansion because it corresponds to the interlayer
distance or octahedral stacking, which is structurally "looser." This agrees with the observation in
the Figure 19, where the increase along the c-axis is more pronounced.
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Figure 19. The Unit Cell Parameters of the Selected Samples in 780K Done by the the Le
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To make sure the production of the powders is reproduceable, and more powders can be used to
produce the pellets, Le Bail method was used again on the second batch to verify their structure,
the results are shown in the Appendix B. The comparison of the results is shown in the Figure 20
and Figure 21: it can be clearly seen that the second batch shows the same trend in the unit cell
parameters in the first batch, showing that the substitution of Mo into the A3V»0Ogs is reproduceable.
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Figure 20. The Comparison of The Unit Cell Parameters of the Ba Series Samples between
The First and Second Batch in Room Temperature
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Figure 21. The Comparison of The Unit Cell Parameters of the Sr Series Samples between
The First and Second Batch in Room Temperature

4.2.2 Rietveld Refinement

After completing the Le Bail refinement, the lattice parameters of the samples were obtained, and
the crystal structure was well understood. However, the Le Bail refinement does not provide
information on atomic positions, occupancies, or thermal vibrations. Therefore, we proceeded
with Rietveld refinement to analyze the structure in more detail. The refinement results are
presented in the Appendix A. Figure 22 shows the structural models obtained from the combined
refinement of Sr;V,0s (H001) and Bas;V,0z (H002) at room temperature. It is clearly observed
that the refined structural models are generally consistent with the results reported by Fop et al.:
the A-site atoms occupy two positions, Al(marked with orange) and A2(marked with green),
corresponding to Wyckoff sites 3a and 6¢, respectively here the green one is the A1 while the
blue one represents A2. V occupies a single position marked with red in the red tetrahedral,
Wyckoff site 6¢, while O atoms occupy two positions, Wyckoff sites 36i(in pink) and 18h(in blue)
[51]. This further demonstrates that the reproduction of the work by Fop et al. was successful [51].
What needs to be mentioned is that here Oxygen is split because of the scattered density shown
in the Fourier map (Figure 23).
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Figure 23. Fourier Map of Sr3V,0s (H001), it can be clearly shown that before split there is obvious
scattering density(in red circle) around the O1 and O2.

In the A3V,0s structure, the B-site cations may occupy two different metal positions, M1 and M2.
M1 is typically tetrahedrally coordinated but may also appear in distorted octahedral or five-fold
coordination geometries. M2 generally exhibits octahedral coordination. According to the results
reported by Fop et al, in Figure 4, V°* usually occupies the M1 site, forming VO tetrahedra or
distorted units [51]. Upon substituting the A3V,Os structure with Mo, Mo®" ions are expected to
primarily occupy the M1 site, due to their similar ionic radii and oxidation states, as they belong
to the same group of elements. Mo®" is more likely to replace V> at the M1 site, resulting in a
combination of tetrahedral and octahedral units [88]. Also because M1 site is tetrahedrally
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coordinated, it might lead to MoO4>-like structural units [89]. However, it is also possible for Mo
to enter the M2 site (octahedral coordination), particularly under conditions of high Mo
substitution levels or when structural distortions occur due to temperature, atmosphere, or other
factors.

Before performing the Rietveld refinement, several constraints were applied in GSAS-II to ensure
that the refinement would not produce unphysical results (such as atomic occupancies greater than
1 or negative Uiso values). The sample HO10 (Ba3V1sMo0020s.1) is used here as an example to
discuss the structural effects induced by Mo substitution. Figure 24 presents the refinement results
for Ba;V13Moo20s.1. First, Mo substitution does not guarantee that a single lattice site is occupied
by a specific atom; instead, Mo and V are randomly distributed according to a certain ratio. In
Ba;V10s, V usually exists in the form of V' (d0), which leads to a more symmetric and uniform
coordination environment, without significant displacements or local defects. Moreover, in the
refinement of Ba3VisMoo.0s1 samples, the scattering density was observed in the Fourier
diagram (shown in Figure 25). Therefore, in addition to substituting V at the Wyckoff site 6¢ with
Mol, an additional Mo2 atom was introduced at the Wyckoff site 3b. These two Mo positions
were assigned different occupancies to improve the realism of the fit. Mo substitution also causes
positional shifts or distortions of oxygen atoms. These effects were modeled by splitting the
oxygen positions and assigning them different coordinates and occupancies. After several trials, it
was found that splitting O into six closely related positions led to better fitting results. As a result,
O1 was split to achieve improved refinement. However, even after the splitting, O1 could not
adequately reproduce the neutron diffraction electron density (shown in Figure 25b). Therefore,
the coordinates of O1 were duplicated to create a new oxygen atom, O3 (Wyckoff site 18f), and
further adjusted to improve fitness. In Figure 24, the cyan spheres represent O1, blue represents
02, orange represents O3, green and black represents the A1 and A2 site cation (Ba*") respectively,
the red represents the V at M1 site, yellow represents the Mo at M1 site, and pink represents the
Mo at M2 site. The red polyhedral corresponds to those formed around V3" and Mo®" at M1 site,
while the pink polyhedral corresponds to those surrounding Mo®" at M2 site. It was guessed that
at M1 site, V°' is still VOyq tetrahedral unit, while the substituted Mo forms the MOs Octahedral
unit. Detailed explanations will be presented as follows.
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Figure 24. The Structure Model of H010(Ba3V13M00:0s.1) in Room Temperature, without
the polyhedral(a), with polyhedral(b) and the Refinement Fit Result(c)

Figure 25. Fourier Map of Ba3;V13Mo00.20s.1(H010), it can be clearly see that there is scattering density(in
red circle) around M2 site.

When setting the constraints, it was first assumed that Mol primarily substitutes for V in the
original structure, and thus their coordinates along the Z-axis were constrained to be the same.
Additionally, since both are B-site cations, their thermal vibration parameters were considered
equivalent. Therefore, the Uiso values of V, Mol, and Mo2 were set to be equal. In order to
maintain the overall stoichiometry in the refined model, constraints were also applied to the
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fractions of Mo and O. After the split, Mol was assigned to the Wyckoff site 6¢c and Mo2 to the
Wyckoff site 3b. Accordingly, the occupancy of Mo was constrained as follows:
fMol+6+ fMo2+3=0.6 (8)
Here, fMo1 and fMo2 represent the fractional occupancies of Mo on the two respective sites.
Since the palmierite structure is based on the c’hh stacking sequence, where three structural units
combine to form the unit cell, the total Mo content in the unit cell should be three times that in the
formula unit—i.e., 0.6 in this case. For the same reason, similar constraints were applied to the
oxygen atoms to ensure that their total occupancy also reflects the stoichiometry of the full unit
cell.
fO1+36+ f02+36+ f03+18=24.3 (9)

Here, fO1, fO2, and f03 represent the fractions of O1, O2, and O3, respectively. During the
refinement process, the Uiso of O3 frequently tended to be negative, which was physically
unreasonable. Therefore, the Uiso values of all three oxygen sites were constrained to be equal to
ensure a physically meaningful refinement result. The structure parameters of the refinement

results are shown in Figure 26
Structure parameters

X )'¢ 2 Occ. U Site Sym.

1] Ba Bal 0.00000 0.00000 0.00000 1.000 0.014 3a -3m
2 Ba Ba2 0.00000 0.00000 0.20459 1.000 0.012 &c 3m
3I v V 0.00000 0.00000 0.40630 0.900 0.004 éc 3m
4 0 01 0.02500 0.03980 0.32773 0.1&3 0.009 361 1
S0 02 0.18100 -0.13940 0.5659¢6 0.510 0.009 361 1
€ 0 03 0.33333 0.18000 0.66667 0.004 0.009 18f£ .2
7 Mo Mol 0.00000 0.00000 0.40€29 0.085 0.004 6c 3m

Mo Mo2 0.00000 0.00000 0.50000 0.011 0.004 3b -3m

Figure 26. Structure Parameters of H010(Ba3V13M0920s.1) in Room Temperature

Based on the structural model presented in Figure 24, the refined occupancies of Mol and Mo2
are 0.095 and 0.011, respectively, summing to 0.106. This results in an approximate Mo-to-V ratio
of 1:9, consistent with the expected substitution level. Furthermore, in contrast to the VOa
tetrahedra observed in the structure without substitution, Figure 24 shows that Mo®* form MoOs
octahedra in the substituted sample. This indicates that Mo substitution induces structural
transformation rather than simple site substitutions.

This structural change is likely a result of the higher valence state of Mo®", which tends to attract
more oxygen to stabilize its local environment. Due to the natural preference of Mo®" for
octahedral MoOs, which occurs because Mo®" has a d° configuration and exhibits a significant
second-order Jahn—Teller (SOJT) effect, it can lower the electronic energy through slight
distortion in an octahedral environment [90]. Furthermore, the strong covalency of the Mo—O bond
and the high charge density allow for more effective distribution of electrostatic repulsion and
optimization of bond length matching in octahedral coordination [91]. This coordination tendency
can be observed in various structural types such as a-MoQOs, BixMoQOg, and SrMoOs in oxide
crystal chemistry [92]. The octahedral structure observed at the M1 site can be explained easily:
as shown in Figure 25a, the Rietveld refinement results treat the same crystallographic position as
one location. The local structure (the actual polyhedron) depends on whether V or Mo is located
there—when V is present, it is tetrahedral; when Mo is present, the two surrounding oxygens come
closer/occupy the site, increasing the coordination number to 6. Oxygen may come from movable
oxygen sites or interstitial positions in adjacent layers or result from valence state adjustments of
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nearby V to achieve charge and geometric stability. This is evidenced by the removal of the extra
03 shown in Figure 27: after O3 was removed and the structure was refined, the M1 site only
exhibited tetrahedral structure, while the Mo at the M2 site still displayed octahedral structure with
six coordination. This result indicates that the occupancy of the O3 site is closely related to the
presence of Mo, with the additional coordinating oxygen providing the average structural
conditions required for a stable octahedral configuration for Mo, whereas V tends to maintain a
tetrahedral structure without extra oxygen coordination. This verifies the inherent preference of
Mo®* for octahedral environments in this system and the resultant oxygen rearrangement effect.
This conclusion can be further verified through the *'V MAS NMR, since there is a significant
difference between the chemical shift of tetrahedral and octahedral.
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Figure 27. The Structure Model of H010(Ba3V15Mo00.20s.1) in Room Temperature, without
03(a) and Refinement Fir Result(b)

This average structural reconstruction also indicates the material is evolving toward a framework
that may be more favorable for ionic migration. Octahedra serve as fundamental building blocks
for conducting pathways in many ion-conducting materials. These octahedra may form corner- or
edge-sharing networks that support ion migration, which could help improve the material’s
conductivity and structural stability.
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Notably, as shown in Figure 28, which presents the Rietveld refinement of the neutron diffraction
pattern for Ba;V,0s at 780 K, the MoOs octahedral units observed at room temperature disappear.
Instead, tetrahedral MoQOs (marked as pink) and VO (marked as red) environments appear.
Moreover, the refinement at high temperature no longer requires the inclusion of additional Mo
and O sites (in the figure, O1 is shown in cyan, and O2—at Wyckoff site 18f—is shown in blue).

This suggests that the material undergoes a thermally driven structural simplification and
reconstruction at elevated temperatures. Several explanations are plausible: first, octahedral units
may lose coordinating oxygen atoms at high temperature, due oxygen migration (O3 migrates into
02), resulting in a reversion to tetrahedral geometry. Same things happen on the M1 and M2 site:
thermal expansion and enhanced ionic motion at high temperatures tend to drive the structure
toward a more symmetric and stress-relieved state, where the M1 becomes fully occupied and
M2 becomes empty because of the migration of Mo at M2 site into M1 site. The octahedral motifs
induced by Mo®" may thus collapse into the MoO, framework.

The complete conversion to tetrahedral coordination also implies that Mo®* fully substitutes for
V** at high temperatures, and that the disordered or dual-site occupancy behavior disappears. This
indicates a certain degree of thermal stability and reversible structural response in the material.

Figure 28. The Structure Model of H010(Ba3V1.5M00.:0s.1) in 780K
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It should be noted that this structural behavior is only observed in the Ba series. In the Sr series,
Mo substitution does not lead to any detectable occupancy at the M2 site. This can be explained
by the fact that compared to Ba3;V,0s, Sr3V,0s shows smaller lattice parameters (shown in
Appendix A), which results in higher formation energy of interstitial oxygen. That is why MoOs
octahedral cannot be observed in the Sr series samples. Figure 29 presents the relative occupancy
ratios of M1 and M2 sites at room temperature in the Ba samples. For the Ba series, when x = (0.2
and 0.3, a portion of Mo starts to occupy the M2 site, and the occupancy increases with higher
substitution levels. This indicates that the site preference of Mo may be directly influenced by the
size of the A-site cation and the surrounding crystal chemical environment. Specifically, the larger
ionic radius of Ba compared to Sr results in lattice expansion, as already confirmed by the Le Bail
refinements in Figures 19 and 20. As a result, the M2 site in Ba-based samples offers more spatial
freedom, making it easier for Mo to occupy. In contrast, the smaller Sr ion provides a more
constrained environment, making it difficult for Mo to form stable octahedral coordination. Even
at higher substitution levels, Mo in the Sr series remains confined to the M1 site, where it adopts
a tetrahedral configuration.

M1 site mM2 site
100%

95%
90%

85%

Percentage (%)

80%
75%

X
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Figure 29. Relative Occupancy Ratios of M1 and M2 sites at Room Temperature in The
Ba-Series

Figure 30 shows the variation in the average Z-coordinate of the M1 site with increasing Mo
content in both Sr and Ba samples. With the increase of Mo substitution, both the z coordinates of
Mo and V in M1 site show a significant decrease, which means a slight shift of the transition metal
ions along the c-axis. This displacement is likely due to structural changes introduced by Mo
substitution. Compared to V, Mo has a higher charge and slightly larger ionic radius, which may
affect the coordination and lead to distortions along the c-direction. Mo also shows a preference
for forming octahedral rather than tetrahedral coordination, which may further influence the lattice
geometry. While most B-site cations still form VO, tetrahedra, the presence of some MoOs
octahedra is enough to induce changes in the local stress field and electrostatic potential. The
larger size and rigidity of MoOs units may cause distortion to propagate into neighboring regions,
leading to a slight shift of the M1 position to accommodate overall geometric continuity and

46



charge balance. This substituting-induced adjustment results in the observed reduction of the M1
Z-coordinate with increasing Mo content, reflecting a weakly coupled structural response.
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Figure 30. Average Z-coordinate of The M1 Site with Increasing Mo Content in Sr(a) and
Ba(b) Samples

4.3 Fabrication of the pellets

As ceramic powders, the pressed pellets are extremely fragile. To avoid wasting valuable material,
a larger quantity of Sr3V,0Osg and Ba;V,0s, designated as HO13 and HO14 was synthesized first, to
serve as test samples for determining the optimal pressing pressure. Table 6 presents the density
results of the samples sintered under different pressures. For these tests, the pellets were heated at
a rate of 150 °C per hour up to 1250 °C, held for 10 hours, and then cooled to room temperature
at a rate of 300 °C per hour. It should be noted that, compared to the calcination step where the
samples were held at 1100 °C for 7 hours, this increase in temperature and dwell time was intended
to produce pellets with higher density.
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Pressure HO13 Pressure HO14

30001bs 85% 22501bs 98%

40001bs 90% 25001bs Cracked after the
measurement of
densification

45001bs 87% 27501bs Cracked before
sintering

Table 6. Test of The Densification of H013 and H014 with Different Pressure

After the test fabrication of the HO13 and HO14 pellets, as mentioned in the section 3.3, samples
HO015-H021 are prepared for the fabrication of the pellets. The Le Bail refinement was applied to
the new powders again to check the unit cell parameters, and the Figures 20 and Figure 21 have
shown the results. Similar parameters mean that the Mo substitution is reproduceable, and the new
powders can be used to test the fabrication of the pellets.

Finally, a pressure of 4000 Ibs was selected for preparing the Sr-series pellets, while 2250 Ibs was
chosen for the Ba-series pellets. For each pellet, 0.3 g of powder was used. The initial preparation
conditions and the corresponding results are shown in the Figure 31.

Sr. 3 VZ-XM ox08+x/2

(0.3g, 40001bs, 150°C/h to 1250°C and 1250°Cfor 10h)

X=0 Sr3V20p 90%
X=0.1 SraV; oM0og 103 ps E8%
X=0.2 SrsV; Moy 20s ; 94%
BaV, ,Mo,0Oy,,,,

(0.3g, 22501bs, 150°C/h to 1250°C and 1250°C for 10h)

X=0 Ba;V,04 99%
X=0.1 BasV; oMop ;05 5 980/0
X=0.2 Ba,V; gM0g ;05 4 a9’%
X=0.3 BasV; Moy 304 15 95%

Figure 31. Densification of The First Sintering for All Selected Samples

While most of the pellets achieved the expected density, the Sr3V1.9Mo0.10s.05 pellets did not reach
the target, and the Ba-series pellets proved to be very fragile, frequently cracking when taken out
of the water during the Archimedes measurement. To improve both the density and mechanical
strength, PEG-400 was added as a binder. After pressing, one drop of PEG-400 was applied to
each pellet using a dropper. To ensure that the PEG-400 fully penetrated the pellets and did not
decompose explosively during rapid heating— which might create ‘stomata’ (pores) in the pellet
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structure— the heating schedule was adjusted [93]. First, the pellets were held at 30 °C for one
hour to allow complete infiltration of the PEG-400. Then, the heating rate was reduced to 30 °C
per hour to ensure that the PEG decomposed slowly and thoroughly. The densities of the pellets
prepared with this modified sintering procedure are shown in the Figure 32.

Sr. 3 I/Z-XM Ox08+x/2
(0.3g, 40001bs, 30°C/h to 1250°C and 1250°Cfor 10h)

X=0 Sr3V>0s 95%
X=0.1 5r3V/;6M0g 10 05 94Y%
X=0.2 513V 6M0g 205 93%
(0.3g, 2250Ibs, 30°C/h to 1250°C and 1250°C for 10h)

X=0 Baz V04 99%
X=0.1 BasV; MOy 10 05 98%
X=0.2 BasV; sM0oy 204 ;1 92%
X=0.3 BasV; Moy 30515 98%

Figure 32. Densification of The Final Sintering for All Selected Samples

In addition, it is worth mentioning that, as shown in the figure, for the pellets prepared from the
Ba series powders, it can be clearly observed that with the increasing level of Mo substituting, the
color of the pellets gradually darkens from the initial white (shown in Figure 33). The main reason
for the color darkening is the enhanced light absorption ability of the samples, which may be
attributed to three possible factors. The primary reason is that Mo substitution introduces
additional oxygen ions (Os — Os:x2) to compensate for the charge imbalance caused by Mo®".
However, the excess oxygen may not be fully incorporated into the lattice, resulting in local charge
imbalance in the crystal structure. In such cases, the system may tend to induce the reduction of
B-site cations, i.e., V3" — V* or Mo® — Mo*", to neutralize the extra positive charge brought by
Mo°[94]. This process leads to d0—d1 charge transfer transitions, introducing new absorption in
the visible light range, which macroscopically appears as a deepening of color [95]. This
phenomenon can be verified by XPS to check whether Mo®" or V*' species are present in the
crystal. The other two reasons are less common. Firstly, Mo substitution may locally alter the
density of states (DOS); if defect levels or Mo 4d states merge into the bottom of the conduction
band, it can result in an effective bandgap narrowing or red-shift of the absorption edge [96]. This
can be verified by UV-Vis measurements of Eg to see if there is a trend of bandgap narrowing
[97]. Secondly, higher substitution levels are often accompanied by suppressed crystal growth and
increased defects, which may reduce surface scattering and increase light absorption, making the
color appear darker, but this is considered only a secondary reason [98].
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Figure 33. The Pellets after sintering gradually become darker as the degree of substitution
increases.

In the oxygen/proton conductor system, the density of the sample has a decisive influence on the
measurement of the true conductivity, especially when there are many pores at the grain
boundaries. The poor contact between the grains will introduce additional grain boundary
resistance, masking the intrinsic conduction behavior. The traditional high-temperature and long-
time sintering currently used can promote grain growth to a certain extent, but it is also easy to
cause uneven grain boundaries and incomplete pore closure, and high temperature and long time
may induce excessive lattice rearrangement or secondary phase precipitation. As an advanced
rapid densification technology, Spark Plasma Sintering (SPS) combines external pulse current,
mechanical pressure and rapid heating. It can achieve ceramic preparation with a near-theoretical
density at a relatively low temperature and in a very short time, while effectively controlling the
grain size and avoiding abnormal growth and the formation of irregular grain boundary structure.
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Subsequently, the SPS conditions (such as sintering pressure, current density, heating rate and
holding time) can be systematically designed, and the changes in grain size, porosity and phase
composition of the materials before and after SPS can be compared and analyzed by combining
XRD and SEM characterization.

Here, in order to improve the densification of the pellets, we used the SPS to fabricate the pellets.
Apart from the technique, the set up for the fabrication was also different: due to the limit of the
machine, the minimum diameter of the pellets are limited to 10mm, also, because the minimum
force that the machine can apply is 5kN, so the thickness of the pellets were not suggested lower
than Smm. However, Smm is not acceptable for the conductivity test as the excessive thickness
will lead to an increase in voids within the structure, thereby causing the results of the resistance
test to deteriorate. Finally, we conducted three attempts using the HO15 sample (Ba3V,0s), since
the pressure was much higher than the original method, temperature was reduced to 1100°C. The
experiment parameters and results of the experiment are shown in Table 7. The test of
densification was still done by the Archimedes method.

Thickness Heating/Cooling Time | Holding Time Results

2mm Smins/5Smins 20 mins Cracked

2.5mm 10mins/10mins 20 mins Cracked

3mm 15mins/15mins 20 mins 99.39% (partially
cracked)

Table 7. Test Results of SPS

Though the densification of the last test was good enough for the pellets, the main problem was
that it left a main part with an irregular shape, which was hard for applying the Pt sputtering on
the surface. In the end, the pellets that have been sintered in Figure 32 were selected for the further
conductivity test.
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5 Conclusion

In this study, the effect of introducing Mo into A3V»Os (with A = Sr or Ba) on its crystal structure
is explored by the us. By preparing a series of Mo-substituted samples using solid-state synthesis
their structures are studied with X-ray and neutron diffraction, supported by Le Bail and Rietveld
refinement. Even with a small amount of Mo added, the structure started to change. The lattice
became slightly wider in the a-direction and a bit shorter along c, suggesting that the substitution
introduced some uneven stress into the crystal. This is probably related to the difference in size
and charge between Mo and V, and how the average structure adjusts to that.

More detailed refinements showed that Mo does not simply replace V in a one-to-one fashion. In
the Ba-based compounds, Mo tends to occupy a second B-site (M2) at higher concentrations, and
by replacing the V with Mo, both the tetrahedral VO4 and Octahedral MoOg are observed at M1
site. This kind of structural adjustment is not observed in the Sr-based samples, likely because the
smaller Sr ion leads to a more constrained framework that limits the flexibility of the lattice. The
difference between the two A-site systems highlights how the chemical environment plays a role
in determining site preference and structural response to substitution.

Interestingly, neutron diffraction measurements at elevated temperatures showed that the
octahedral distortions introduced by Mo substitution tend to disappear, and the structure reverts to
its original tetrahedral form. This observation suggests that the Mo-induced changes are not
permanent and that the material shows a reversion of the hybrid 9R and palmierite units to just the
palmierite units at high temperatures, which is an encouraging sign for its long-term structural
stability under operating conditions.

Overall, these findings demonstrate that Mo®" substitution can be used to deliberately tune the
average geometry and lattice symmetry of palmierite-type oxides. The fact that Mo can occupy
multiple sites and influence polyhedral connectivity may also have implications for ionic transport,
though this remains to be explored further. This study provides a structural basis for future work
on the functional properties of these materials and may support their development for applications
in solid-state ion conductors or energy devices.

52



6 Outlook

This study focuses on the 9R hexagonal perovskite derivative A;V»>0z (A = Sr, Ba) system, and
achieves the regulation of the material's crystal structure through Mo substitution. Combining
multiple characterization techniques such as XRD, ND and ICP-MS. However, to advance this
system from basic research to more efficient, controllable and applicable ion conductors, it is still
necessary to specifically solve key problems such as insufficient preparation density, insufficient
average structural information, and insufficient matching between macroscopic performance and
microscopic mechanisms. In order to further deepen the understanding of the mechanism of this
type of layered isolated tetrahedral oxides and improve the comparability and application
feasibility of experimental results, subsequent research can continue to advance from the following
aspects.

After completing the characterization of the structure and the preparation of pellets, the next step
to be carried out naturally is the test of the material's conductivity. Electrochemical Impedance
Spectroscopy (EIS) is an AC electrochemical characterization method based on small-signal
perturbation, which can be used to study charge transport, electrode interface behavior, ion
migration, and electrochemical reaction kinetics in materials or electrochemical systems. Its basic
principle is to apply a small-amplitude (typically 5-50 mV) sinusoidal AC voltage perturbation to
the electrochemical system under a certain bias (such as open-circuit potential or a set potential)
and then measure the current response of the system to this perturbation. By comparing the
amplitude and phase difference between the input voltage and the output current, the magnitude
and phase angle of the impedance can be obtained. The impedance is expressed in complex form:
Z(w) =Z'(w) +jZ"(w) (10)

where Z' is the fundamental part (the resistive component), Z'' is the imaginary part (the
capacitive or inductive component), and w is the angular frequency. In practice, EIS is typically
performed by scanning over a wide frequency range (e.g., 102 Hz to 10° Hz) to record the
frequency response of the impedance, which allows different processes to be distinguished across
different frequency regions. EIS results are usually presented as Nyquist plots (Cole—Cole plots)
or Bode plots. To interpret the experimental results, an equivalent circuit model corresponding to
the actual system is usually established. The electrolyte resistance, charge transfer resistance at
the interface, interfacial capacitance, and diffusion coefficient can be obtained by fitting
experimental data. By controlling the atmosphere and temperature, it is often possible to
selectively measure the conductivity for specific ions: for proton conductors, measurements are
typically carried out under humid conditions (such as a H,O/air mixture) or at elevated
temperatures to enhance proton transport; for oxide ion conductors, tests are usually performed
under conditions with a known oxygen partial pressure (such as dry air or an O, atmosphere). To
ensure the accuracy of the impedance test results, the tablets were first subjected to Pt sputtering
treatment to form a uniform and dense metal film on the tablet surface, significantly reducing the
contact resistance between the tablet surface and the electrode fixture and avoiding false contact
or high contact impedance caused by rough, oxidized or porous surfaces. Meanwhile, for each
pellet, tests should be conducted using oxygen, dry air and moist air respectively to
comprehensively evaluate the conductivity of the material. Due to the project time limit, the
conductivity test could not be completed and will be continued by subsequent researchers.
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XRD and ND can efficiently obtain long-range ordered structural information of materials, but
their ability to analyze local defects (such as oxygen vacancy distribution, coordination diversity,
light element occupancy and local disorder) is limited, especially for the dynamic rotation
behavior of isolated VO, tetrahedrons, the local electronic environment after substitution and its
direct connection with oxygen/proton migration, there is still a lack of strong experimental
evidence. Solid-state Nuclear Magnetic Resonance (NMR) (such as 'H, ?H, "0, 'V and other
nuclides) is sensitive to light elements and local structures. Combined with isotope labeling (such
as enriched '"O) and variable temperature testing (VT-NMR), it can quantify the rotational
freedom of VO units, the dynamic behavior of vacancies, and the possible occupation positions
and diffusion rates of protons. Subsequently, solid-state NMR studies with multiple temperature
ranges and time scales can be designed and cross-validated with BVSE/DFT simulation results to
analyze the effects of Mo substitution on V—O coordination and the dynamic formation/breaking
of O—H bonds, fill the gap in the analysis of local disorder and dynamic processes by diffraction
methods, and form a full-scale structural-conduction coupling perspective from long-range order
to local disorder.

In order to improve the interpretability of experiments and the predictability of substitution
schemes, the coupling of computational methods such as first-principles calculation (DFT),
molecular dynamics (AIMD), and bond valence site energy (BVSE) with experimental data can
be strengthened in the future. By optimizing the structure through DFT, calculating the oxygen
vacancy formation energy and the VO unit rotation barrier, and combining AIMD to simulate the
ion diffusion path and diffusion coefficient, the effects of different substitution concentrations and
vacancy concentrations on the migration energy barrier can be quantitatively revealed at the
atomic scale. Comparing the theoretical results with the experimental measurements of
NMR/EIS/ND in a closed-loop data loop can effectively verify the quantitative relationship
between structure-diffusion-conductance and provide a theoretical design basis for new
substitution schemes and better lattice control paths.

Single Mo substitution has been shown to effectively induce the formation of oxygen vacancies
and partially regulate the order of tetrahedral units. However, in the research direction of B-site
metal substitution, many metal cations have been shown to significantly optimize the conductivity
of oxides: such as Nb*>*, Ti¢*, W¢*, etc. These ions can be tried to be substituted to generate new
substances for comparison, or multiple substitution (such as Mo-W, Mo-Nb co-substitution) can
be introduced to further increase the vacancy concentration and enhance the rotation/connectivity
of the VOy tetrahedron, thereby optimizing the migration channel of oxygen ions or protons. In
addition, A-site or double-site co-substitution (such as the introduction of rare earth ions with
smaller radius at the Sr/Ba site) can be explored to adjust the lattice tension and the arrangement
of isolated VO tetrahedrons, promote the formation of ion hopping paths with lower potential
barriers, and combine ICP-MS to accurately determine the actual substitution content and valence
distribution to verify the defect chemistry regulation effect.
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Appendix B6. The Le Bail Refinement Results of HO17(Ba3V1.3sMo020s.1) at Room
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