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Abstract

In this work, a series of Sm-doped Bi3YO6 electrolytes were synthesized via a simple
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solid-state reaction route. The optimal composition, Bi3Y0.80Sm0.20O6 (BYSO), exhibits

a maximum ionic conductivity of 4.86 × 10-5 S/cm at 300 °C and 8.1 × 10-2 S/cm at

600 °C in air, as measured using platinum-sputtered pellets. These values significantly

surpass those of established low-temperature oxide-ion conductors. Furthermore, the

BYSO-fabricated solid oxide fuel cell device exhibited an oxide-ion conductivity of

0.10 S/cm and a high-power density of 587 mW/cm2 at 550 °C under H2/air, along with

a high open-circuit voltage (≥ 1.00 V). Atomic-scale scanning transmission electron

microscopy reveals that the high ionic conductivity stems from an increased

concentration of oxygen vacancies due to partial Sm occupation at octahedral

interstitial sites within the BYSO lattice, as well as from reconstructed surfaces on the

{111} crystallographic planes. First-principles calculations further indicate that the

improved conductivity is associated with a narrower band gap and a higher proportion

of ionized Sm/Y atoms compared with oxides with other Sm contents.

Keywords: Solid oxide fuel cell, Bi3YO6 electrolyte, sm doping, micromechanisms

INTRODUCTION

Depleting fossil fuel reserves and the environmental peril of global warming highlight a

strong demand for alternative energy solutions. As a result, there has been a significant

increase in scientific and technical interest in various anion conductors. Oxide-ion (O2−)

conductors (solid electrolytes) are currently receiving considerable attention due to

their applicability in energy systems, particularly solid-oxide fuel cells (SOFCs)[1-4].

One issue with conventional Yttria-stabilized zirconia (YSZ) electrolytes employed in

SOFCs is their low ionic conductivity in reduced atmospheres and at low operating

temperatures, particularly below 600 °C. Thus, considerable attention has focused on

developing alternatives to conventional electrolytes that operate at lower temperatures

to address this issue[5]. Popular doped fluorite materials such as Ce0.9Gd0.1O2-δ and

Ce0.8Sm0.2O2-δ (SDC), as well as perovskite (La, Sr)(Ga, Mg)O3 oxides, are often

considered. However, they face their own set of problems, including chemomechanical

stress, electronic conduction arising from chemical reduction, and high reactivity with

other cellular components. In addition, they exhibit poor ionic conductivity at

600 °C[6,7]. Therefore, it remains a compelling incentive to explore oxide-ion

conductors that exhibit greater conductivities at temperatures lower than 600 °C[8,9].
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In solids, oxygen vacancies are the primary source of oxide-ion motion[10]. In recent

years, there have been increasing reports of the migration of interstitial oxygen ions and

the movement of lattice oxygen ions via knock-on processes. Interstitial oxygen-ion

diffusion has been observed in melilite-type oxides, Ruddlesden–Popper phases,

hexagonal perovskite derivatives, and scheelite-type oxides[11-14]. In particular,

materials that contain bismuth, such as Bi2O3, Na0.5Bi0.5TiO3, CsBi2Ti2NbO10-δ, and

Bi3.9Sr0.1NbO8−δCl, have been shown to exhibit high levels of oxide-ion

conductivity[15-17]. The Aurivillius phases, BIMEVOX, Bi2V0.9Cu0.1O5.35 (BICUVOX),

and Bi2V0.7Sb0.3O5.5 behave the most significant ionic conductivity at low temperatures,

compared with other notorious oxide-ion conductors. The crystal structures of

Bi3.9Sr0.1NbO8−δCl, BICUVOX, and Bi2V0.7Sb0.3O5.5 have a Bi2O2 layer that resembles

the fluorite type[18-20]. The migration of oxide ions in bismuth-containing materials,

such as fluorite-type structured Bi2O3, Bi1.4Yb0.6O3, and Bi3YO6, occurs through the

typical oxygen-vacancy process[21-23]. Introducing oxygen atoms into the interstitial

sites of bismuth-containing materials can yield high oxide-ion conductivity.

Electrolytes composed of bismuth oxides possess exceptionally high conductivity at

significantly lower temperatures than other oxide-particle-leading solids. Nonetheless,

their applications have been limited owing to lower stability, especially in reducing

environments (such as H2); however, deployment at mid-range temperatures

(500-700 °C) has been successfully discussed[24,25]. δ-Bi3YO6 (BYO) is structurally

analogous to δ-Bi2O3, as Y3+ is isovalent with Bi3+ and has the same vacancy

concentration with Bi3+ in BYO[26]. Abraham et al. explained the structural defects and

ionic conductivity in BYO using a numerical approach and energy minimization

calculations[22,27,28]. Changes in the oxide-ion vacancy distribution were observed

clearly, confirming a favored vacancy-pair orientation. Ab initio calculations were used

to explore imperfections and trapping effects in the system, and the favored

coordination of the dopant cation (Y3+) and its impact on conductivity were established.

Recently, ionic conductivity has been studied by adding Niobium and Erbium to
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bismuth oxide, but no significant increase was observed[29]. Moreover, the doping of

tungsten into bismuth oxide, reported by I. Abrahams et al., resulted in slightly

increased total ionic conductivity[27]. Generally, rare-earth elements are a popular

option to improve ionic conductance, causing a significant increase in oxide ionic

vacancies that directly affect bond interactions, structure, and crystal volume. For

example, double rare-earth-substituted bismuth oxide systems (Y/Yb-doped BYO) have

been studied, but exhibit reduced ionic conductivity[29]. Recently, Erbium-doped

Bi3YO6 has been examined, also showing no significant contribution to ionic

conductivity[30].

Given the above study, little is known about the optimal conductivity of samarium

(Sm)-doped BYO solid electrolytes and the corresponding device performance when

used to fabricate a solid-oxide fuel cell under reduced atmospheres and at low operating

temperatures. In addition, the micromechanisms by which Sm doping influences the

ionic conductivity of BYO require clarification. To this end, Bi3Y1–xSmxO6 (x = 0.0,

0.05, 0.1, 0.2, 0.3) oxide-ion conductors were first prepared, and the optimum

oxide-ion conductor was then screened out by testing ionic conductivity in air. A

fabricated fuel cell device employing an optimal oxide-ion conductor exhibits high

power density under reduced H2/air atmospheres at low operating temperatures.

Enhanced ionic conductance was correlated with Sm doping-modified atomic and

electronic structure of the BYO. The results provide detailed insight into how Sm

doping modulates the microstructure and properties of BYO, offering a roadmap for

designing a high-performance oxide-ion-conducting electrolyte.

EXPERIMENTAL

Sample fabrication

Ceramic samples of Bi3Y1–xSmxO6 (x = 0.00, 0.05, 0.10, 0.20, 0.30) were prepared by

the conventional solid-state reaction method Supplementary Figure 1]. Stoichiometric

amounts of Bi2O3 (Aldrich, 99.9 %), Sm2O3 (Aldrich, 99.9 %), and Y2O3 (Aldrich,

99.9 %) were used. The raw mixtures were dried, weighed, and ground in ethanol using
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a planetary ball mill for 12 h. After that, the powders were dried and sieved. Polyvinyl

alcohol (PVA) was then added as a binder to prepare the pellets. Samples were pressed

into pellets of 12 mm diameter and 1.5 mm thickness by applying a pressure of 400

MPa. All pellets were annealed at 700 ºC for 4 h at a heating rate of 4 ºC /min to

remove binding impurities, then slowly cooled to room temperature. Subsequently,

these pellet samples were sintered at 850 ºC for 24 h and cooled to room temperature

over 12 h. For electrical measurements, platinum (Pt) was sputtered onto both sides of

the pellets to form electrodes using cathodic discharge.

Structural characterizations

X-ray diffraction (XRD) characterization of the required samples was performed on a

SmartLab diffractometer (Rigaku Corporation, Japan) using Cu Kα (1.5406 Å)

radiation. Data were collected over the 20° < 2θ < 80° range with 0.01° step size. The

morphology, composition, and atomic structure of the samples were investigated using

a Gemini 500 scanning electron microscope (SEM; ZEISS Corporation, Germany) and

a Spectra 300 scanning transmission electron microscope (STEM; ThermoFisher

Scientific Inc., USA), which are respectively equipped with energy-dispersive X-ray

spectroscopy (EDS). Furthermore, to evaluate oxidation states and confirm constituent

elements and oxygen defects, X-ray photoelectron spectroscopy (XPS) was performed

for BYO and Sm-doped BYO samples using the ESCALAB 250Xi system equipped

with a monochromatic Al Kα source (hν = 1486.7 eV) (ThermoFisher Scientific Inc.,

USA).

Ionic conductivity measurements

Ionic conductivity was determined by alternating-current (AC) impedance spectroscopy

using an E4990A impedance analyzer (Keysight Technologies, USA) coupled with a

high-temperature measurement system (Partuloo-1000-DMS) over the frequency range

from 20 Hz to 2 MHz at 250 - 600 ºC. Pallets with Pt electrodes on both sides were

additionally annealed at 700 °C for approximately 20 min in air to ensure good

electrical contact. To confirm measurement accuracy, impedance spectra were recorded
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during two consecutive heating-cooling cycles at automatically stabilized, programmed

temperatures.

Device fabrication

Commercial Ni0.8Co0.15Al0.05LiO2-⸹ (NCAL) powder was used to prepare the fuel cell

device. First, the required amount of NCAL powder was weighed and thoroughly

mixed with 3 wt% polyvinyl alcohol as a binder. Terpineol was then added to obtain a

viscous slurry. The slurry was uniformly coated onto Ni foam. The prepared Ni-NCAL

electrodes were dried and then fixed by heating at 140 °C for 30 min before use. The

fuel cell device was constructed using optimized Bi3Y0.8Sm0.2O6 (abbreviated as BYSO

in the following context) as the electrolyte in a Ni-NCAL/BYSO/NCAL-Ni

configuration. The assembled device was compressed at 200 MPa for 3 min. The cell

had a thickness of 1.7 mm and a diameter of 13 mm, giving an active surface area of

approximately 0.64 cm2. The cell was sintered at 600 °C for 2 h to improve mechanical

strength. For electrochemical testing, hydrogen (H2) was supplied to the anode and air

to the cathode. The cells were heated to 600 °C at a rate of 5 °C/min under these

operating conditions. The flow rates of H2 and air were controlled between 50 mL/min

and 100 mL/min using a mass flowmeter. The current-voltage curves were measured

using a SM102 load unit (China). Electrochemical impedance spectroscopy (EIS) of the

cell was measured using a CS310M electrochemical workstation (CorrTest, China), at

different temperatures (450 °C, 500 °C, and 550 °C). The EIS tests were conducted

from 1 MHz to 0.1 Hz at an amplitude of 10 mV.

Theoretical calculations
In a self-consistent scheme, the structures of Bi3Y1–xSmxO6 (x = 0.0, 0.05, 0.1, 0.2, 0.3)

were determined by solving the Kohn-Sham equation, which is based on fundamental

concepts. The Perdew-Burke-Ernzerhof (PBE) exchange–correlation function within

the self-consistent full-potential linearised augmented plane wave (FP-LAPW)

framework was employed for structural optimization. The modified Becke-Johnson

potential (mBJ) in the all-electron FP-LAPW-based Wien2k code was used to perform
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electronic calculations and improve the accuracy of the results[31,32]. The unit cell

comprises the interstitial region and the non-overlapping (muffin-tin) spheres. Within

the muffin-tin sphere (MT), the basic functions are expanded in spherical harmonics,

whereas in the interstitial region a Fourier series is employed. The MT sphere radii

(RMT) for Bi, Y, Sm and O were 2.22, 2.31, 2.4 and 1.89 a.u., respectively. Here, a.u.

refers to atomic unit. The energy split between the core and valence states was set to -7

Ry. To verify convergence, the RmtKmax = 8 cutoff parameter was employed, where

Kmax is the largest reciprocal lattice vector used for plane-wave expansion, along with

Rmt (the minimum MT sphere radius). The most significant vector in the Fourier

expansion, Gmax, was set to 12 for the charge density. During self-consistent field

(SCF) cycles, we set the energy convergence criterion to 0.0001 Ry and the charge

convergence criterion to 0.001 e. To determine the charge density at each

self-consistent step, the tetrahedron method was employed to integrate over the

Brillouin zone (BZ), which included 159 special k-points in the irreducible wedge and

2000 k-points in the full BZ. A 2 × 2 × 2 supercell was employed for each calculation,

which is sufficiently large to minimize interactions. Optical computations were

performed for the entire first BZ using a 12 × 12 × 12 mesh.

RESULTSAND DISCUSSION

Phase structure and conductivity of the Bi3Y1–xSmxO6 oxides

To investigate the crystal structure and phase purity of the Bi3Y1–xSmxO6 (x = 0.00, 0.05,

0.10, 0.20, 0.30) ceramic system, XRD analyses were performed first. Figure 1A shows

the XRD profiles of all the ceramic electrolytes. The peaks of the undoped BYO

sample are well indexed to the JCPDS card (79-0390). As the doping level increases

from 0.05 to 0.30, the characteristic peaks of the cubic fluorite structure with space

group Fm
_

3m (225) persist across the entire compositional range and match well with

the standard JCPDS No. 79-0390 of the parent compound Bi3YO6[22,30]. Apart from

these, no additional peaks are observed in the XRD profiles, indicating a pure parent

compound without contamination from secondary phases. Figure 1B shows atomic

models of BYO and Sm-doped Bi3Y1–xSmxO6, derived from Rietveld refinement of the

diffraction profiles [Supplementary Figure 2], with the corresponding crystal and
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refinement parameters in Supplementary Table 1. The results show that BYO occupies

four sites in the Fm
_

3m cell, namely the 4a, 8c, 32f, and 48i sites (Bi/Y, O1, O2, and O3,

respectively). This is consistent with a previous study on the defect structure in BYO

using total scattering and simulation[22]. With Sm doping, Y at the 4a site of Bi3YO6 can

be substituted by Sm atoms from the same IIIB group, forming Bi3Y1–xSmxO6 oxides.

Meanwhile, both lattice parameter a and volume V exhibit nonlinear positive deviations

from Vegard's law as Sm concentration increases. This suggests that shifts in a and V

with concentration are governed solely by the relative sizes of the involved ions

(r-Sm3+ = 1.079 Å and r-Y3+ = 1.019 Å) in the basic replacement mechanism[33]. In

addition, the deviation may be attributed to disorder in the oxygen substructure (such as

the presence of oxygen vacancies) and the dopant's occupation of the 48i site[22,23,34,35].

AC impedance spectroscopy is a powerful technique for examining the electrical

transport behavior of various materials. Impedance measurements (Zʹ vs. Zʺ) were

recorded between 250 ºC and 600 ºC for Bi3Y1−xSmxO6 across a range of frequencies.

At low temperatures (250 ºC, 300 ºC, and 350 ºC), the plots show a single semicircle

and a blocking tail for a given oxide-ion conductor with Pt-sputtered electrodes, as

shown in Figure 1C and Supplementary Figure 3A and B. However, at 400 ºC, 450 ºC,

500 ºC, 550 ºC, and 600 ºC, the semicircles fall outside the frequency window; thus,

only the blocking tails are observed, as shown in Figure 1D and Supplementary Figure

3C. In this high-temperature range, the grain resistances correspond to the intercept of

the lower linear part of the tail. EIS curves were fitted with an R(R//Q)(R//Q)

equivalent circuit using ZSimpWin. In this model, the high-frequency R//Q element

corresponds mainly to the bulk/ohmic contribution, and the low-frequency R//Q

element to electrode polarization. The ohmic resistance was taken from the

high-frequency intercept on the real axis, while the polarization resistance was obtained

as the difference between the low-frequency and high-frequency intercepts (or

equivalently, as the sum of the fitted polarization resistances). These values were then

normalized by the electrode area to obtain area-specific resistances[36]. The Arrhenius
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plots of ionic conductivity σ for the examined compositions Bi3Y1−xSmxO6 are

illustrated in Figure 1E. Generally, the ionic conductivity of oxides increases with

temperature. At higher temperatures, rapid oxide-ion dynamics mean that defect

trapping and dopant-induced electron-phonon coupling influence conductivity[30].

Figure 1. Phase structure and ionic conductivity of the prepared Bi3Y1−xSmxO6 (x =

0.00, 0.05, 0.10, 0.20, 0.30) nanocomposites. (A) XRD profiles; (B) Atomic models of

Bi3YO6 and Sm-doped Bi3Y1−xSmxO6 derived from Rietveld refinement profiles; (C and

D) Exemplary impedance plots at 300 °C with fitted equivalent circuit (inset) and

600 °C in air; (E) Arrhenius plots of total conductivity σ for exemplary BYO and

BYSO; (F) Exemplary plots of σ vs. doping level x at 300 ºC and 600 ºC; (G)

Comparison of oxide-ion conductivities of the current BYSO with other well-known

oxide-ion materials.

Figure 1F shows the variation in conductivity of Bi3Y1–xSmxO6 with Sm doping level at
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NOT PEER-REVIEWED

DOI: 10.20517/scierxiv202605.0358.v1 https://www.scierxiv.com/10

two temperatures, 300 ºC and 600 ºC. Conductivity increases as x increases from 0 to

0.2, then decreases at x = 0.3. The conductivities of BYO at 300 ºC and 600 ºC (σ300

and σ600, respectively) are σ300 = 3.15 × 10-5 S/cm and σ600 = 0.041 S/cm, which

agree well with previous reports and confirm excellent conductivity for this

phase[22,30,37]. In a given temperature regime, optimum conductivity was observed for

Bi3Y0.8Sm0.2O6 (BYSO), with a lower activation energy (∆E) of 1.09 eV compared to

the parent compound BYO, as shown in Supplementary Table 2. The lower activation

energy of BYSO is attributable to ion movement among the regular fluorite 8c sites,

whereby ions from 8c sites must pass through two adjacent 32f sites to occupy the

substitutional 48i sites. This phenomenon increases the mobility of ions already present

at the 32f site, and compositions with higher 32f-site occupancy exhibit lower

activation energies[27]. In contrast to the lower doped compositions, the x = 0.4 sample

showed a pronounced drop in conductivity. This decline is likely caused by the

strongest trapping effect and the increased configurational entropy that develop when

two similarly sized and highly charged cations Sm3+ and Y3+ are present in nearly equal

proportions at the highest doping level[23]. A comparable sharp decrease in conductivity

at high dopant concentration was also reported by Verkerk et al. in the Bi2O3-Er2O3

system[38]. In addition, the greater cation and anion disorder at this composition may

restrict oxide ion hopping at elevated temperatures. Strong electron-phonon coupling

may further lower the effective defect concentration, which also reduces ionic

conductivity[39]. This behavior may also be interpreted in terms of the mobile mixed ion

effect, which is commonly associated with the presence of more mobile ions within the

sublattice[40]. Figure 1G compares the ionic conductivity of BYSO with other reported

oxide-ion conductors. The results show that the current BYSO material system can be

utilized and is preferred over well-known oxygen-ion conductors such as

Yttria-stabilized zirconia (YSZ)[41], La2Mo2O9[42], SDC (0.01 S/cm)[6], GDC[43],

NdBaInO4, Ba3MoNbO8.5 and NBTs etc[44-46]. for electrical applications, e.g. oxygen

separation membranes, gas sensors, and solid oxide fuel cells, due to its enhanced

stability and properties.
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Device performance of BYSO-based SOFC

To evaluate the electrochemical performance of the BYSO electrolyte, fuel cell

experiments were conducted, and open-circuit voltages (OCVs) and maximum power

densities (Pmax) were used to assess the Ni-NCAL/BYSO/NCAL-Ni configuration

operated at 450, 500, and 550 °C. Hydrogen was supplied to the anode as fuel, and

oxygen to the cathode as oxidant. Figure 2A shows a schematic illustration of the

SOFC device. A constant OCV was used to assess the fuel cell's performance. Figure

2B shows the results for the BYSO-based SOFC device, with peak power densities of

587, 447 and 353 mW/cm2 at operating temperatures of 550, 500 and 450 °C,

respectively, which are much higher than those reported for fluorite structures such as

BYO, YSZ, SDC, and GDC[13,22,47-56]. Please refer to Supplementary Table 3 for a more

systematic comparison of the power density obtained from our work with those

reported from other works under similar testing conditions. Furthermore, high OCV

values (> 1.01 V) were observed, confirming the absence of short-circuiting. But this

does not mean that there is no electronic conduction for this type electrolytes

themselves[57]. For instance, BYO can be used as electrodes of capacitor[37,58]. The

electrochemical performance of the BYSO was also tested in a reduced H2/air

atmosphere, yielding a small arc with a blocking tail, which can be fitted with a R(RQ)

(RQ) equivalent circuit using ZSimpWin software. However, as reported above, for

such oxide ion-conducting materials, grain resistance has been inferred from the

intercept of the lower linear part of the tail along the x-axis [Figure 2C][36]. The ionic

conductivity for the BYSO, calculated from the lower linear intercept, was about 0.1

S/cm at 550 °C. The overall ionic conductivity was observed to be greater than 0.01

S/cm, confirming the better performance of the BYSO electrolyte, while keeping in

mind that no semiconductor or other nanocomposite is doped to achieve better

performance of oxide ion-conducting materials. Results from the EIS spectra confirmed

improved electrocatalytic activity and efficient charge-transfer kinetics at the

electrode-electrolyte interface, leading to better performance at lower temperatures due

to rapid catalytic turnover and low ohmic resistance.
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A noticeable drop in ohmic resistance occurred at 550 °C, which tells us the electrolyte

works much better at higher temperatures. This high conductivity not only reduces

ohmic losses but also helps the cell’s electrochemical reactions happen faster. The key

reason for this boost is the incorporation of samarium (Sm), which adjusts the oxygen

vacancy concentration, improves oxide ion transport, and lowers the energy barrier for

charge carriers. As the temperature goes down, both ohmic and polarization resistances

steadily rise. That leads to lower ionic conductivity and weaker overall performance.

This pattern is typical for fluorite-type oxides, where oxide ion transport is thermally

activated—lower temperatures make it harder for vacancies to move and slow down the

ORR at the electrode-electrolyte interface.

The increased ionic conductivity could be linked to the uniform, compact, and dense

BYSO electrolyte with irregular shapes and well-defined grain boundaries

[Supplementary Figure 4] and to the oxygen vacancies [Supplementary Figure 5],

which led to faster ionic transport and better electrochemical performance of the BYSO

electrolyte. In Supplementary Figure 5, ODef peak shift correspond to oxygen defects,

corroborated by the rise in the ODef percentage from 42.8% in BYO to 45.14% in the

BYSO electrolyte. Furthermore, Figure 2D and inset show an SEM cross-sectional

image of the BYSO device, with transparent electrode and electrolyte interfaces and a

dense electrolyte layer, indicating no possibility of gas leakage.
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Figure 2. BYSO electrolyte-based performance of the SOFC device at different high

temperatures. (A) Schematic setup of the SOFC device; (B) Performance of the SOFC

with BYSO electrolyte and NCAL electrodes; (C) Electrochemical spectra of the SOFC

device; (D) Cross-sectional SEM micrograph of the fabricated BYSO electrolyte-based

device after testing by using coating. Inset in (C) show photo of the cell before testing

(labeled as 1) and after testing (labeled as 2). Inset in (D) shows a further zoomed-in

view of the BYSO area.

Structural characteristics of BYSO

High-angle annular dark-field imaging (HAADF) in STEM is powerful for determining

atomic column positions, while STEM-EDS can distinguish atomic species due to its

chemical sensitivity[59,60]. Figure 3A shows an atomic-scale HAADF image of a BYSO

particle viewed along the [013] direction. The particle indicated by a red arrow in the

low-magnification HAADF image (inset) displays the corresponding morphology.

Figure 3B presents EDS maps of Bi, Y, Sm, and O, superimposed on the corresponding

HAADF image to reveal the elemental distributions clearly. In the superposition of the

main element Bi map and the HAADF image, individual Bi atoms match well with the

bright Bi atomic sites (4a sites of BYO) in the HAADF image, indicating the reliability

of the EDS maps obtained. From the superposition of the Y map & the HAADF image,
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the bright atomic sites (4a sites) in the HAADF image are also occupied mainly by Y.

In addition, an evident Sm occupation at 4a sites is observed in the superposition of the

Sm map and the HAADF image. The Sm occupation with Bi and Y at 4a site agrees

well with the atomic model of Bi3Y1–xSmxO6 [Figure 1B] revealed by Rietveld

refinement analysis of XRD profiles [Supplementary Table 1]. As seen in the

superposition of the O map and the HAADF image, O can be distributed between the

bright atomic layers of cations or within the atomic layers of cations, which is

consistent with the [013]-oriented atomic models shown in Figure 3C and D. In other

words, Bi/Y/Sm located at position 4a and partially O located at position 48i occupy

the same (002) atomic layers (abbreviated as Bi/Y/Sm/O-48i planes), while O located

at positions 8c, 32f, and the remaining 48i are distributed in the middle of the cation

layer (abbreviated as O-8c/32f/48i planes). It should be noted that some O vacancies

may be clearly observed in the superposition of the O map and the HAADF image,

consistent with XPS [Supplementary Figure 5] and a previous study[22]. It is seen from

Supplementary Figure 5 that the energy difference ΔE between OLat and ODef is 1.72 eV

for BYO, and is 1.56 eV for BYSO. Thus, the difference in ΔE between BYO and

BYSO is negligible. Larger area of ODef peak in the BYSO than that in the BYO is

associated with broader ODef peak of BYSO. Again, the enlarged HAADF image

corresponding to atomic models of Figure 3C and D highlights the distribution

characteristics of Bi, Y, Sm and O on the (002) planes, as shown in Figure 3E.

To further elucidate the characteristics of elemental distribution on the (002) planes,

detailed line profile analyses were performed on Bi/Y/Sm/O-48i planes and

O-8c/32f/48i planes of the BYSO particle. Figure 3F shows the integrated line intensity

profiles of Bi, Y, Sm, and O, together with the corresponding HAADF contrast,

extracted from a local Bi/Y/Sm/O-48i plane (inset). Following the line profile of atomic

columns in the HAADF image, the elements Bi, Y, Sm, and O exhibit correlated

intensity variations at specific bright sites, indicating a consistent atomic distribution

with the atomic model. However, partial Sm intensity peaks are located between the

peaks of the Bi, Y, and O line intensity profiles, implying a special Sm occupation in
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the BYSO crystal structure. Figure 3G shows the integrated line intensity profiles of O

and the corresponding HAADF contrast from a local O-8c/32f/48i planes (inset). As

shown, there is a pronounced variation in O intensity, indicating apparent O vacancies

at the 48i sites in the Bi3Y0.8Sm0.2O6 crystal structure. A possible reason is that a finite

number of oxide ions occupy the 48i site, while the 8c and 32f sites are occupied to a

significant extent[22].

The schematic in Figure 3H offers a potential explanation for the distinct occupation of

Sm at the 4a sites in Figure 3F. An arresting feature of the BYSO atomic model is that

an octahedral interstitial position occupied by cations is located at the centre of the

structure. A Frenkel pair, or Frenkel defect, occurs in a crystal lattice when an atom

leaves its lattice site and becomes an interstitial, creating a vacancy at its original site

due to thermal vibrations[61-63]. Imagine that in the BYSO lattice, there is a probability

for Sm to occupy octahedral interstitial positions because of the complex atomic

coordination environment, forming a Frenkel pair. The pair will recover in most cases.

However, if the vacancy is filled by surrounding cationic ions and then diffuses away, a

Sm atom shifted into an octahedral position will be caged and survive for a relatively

longer period. Although unlikely, it is still possible in thermodynamic statistics that a

small quantity of caged Sm-interstitials in the crystal lattice is due to (local) thermal

fluctuations. The [200] orientation of the BYSO atomic model will transform into the

[130] orientation after rotating 18.43° along the [002] axis. At this point, the Sm atom

in the octahedral interstitial is located in the middle of the two cation positions, which

well explains the EDS observation results of Figure 3F. On one hand, the increase in

octahedral Sm interstitials must generate a higher vacancy concentration in the BYSO

crystal lattice, thereby leading to increased ability of O diffusion. On the other hand,

the octahedral Sm interstitials may be used to explain the expansion of the cubic lattice

parameter by considering Sm ions on the site to be the octahedral interstitial of a

Frenkel defect. As the occupancy of this site increases, one would expect an increase in

the local lattice distortion, resulting in a larger lattice parameter than in Bi3YO6.
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Consequently, the above findings well explain the increased conductivity and lattice

expansion of BYSO compared to those of BYO.

Figure 3. Atomic-scale structure of the BYSO sample. (A) and (B) [013]-oriented

HAADF image and corresponding EDS elemental mappings; (C)-(E) [013]-oriented

atomic models and corresponding HAADF image highlighting two different atomic

layers of Bi/Y/Sm/O-48i layer and O-8c/32f/48i layer in the Fm
_

3m unit cell; (F) and (G)

Concentration variations of elements from two different atomic layers (red arrow

overlaid areas in the insets) of the unit cell; (H) Schematic illustration of proposed

formation mechanisms for the octahedral Sm and vacancies. vac., vacancies; octa.,

octahedral.

Based on the results shown in Figure 3, Figure 4 further illustrates possible changes in

the O ion coordination environment within the BYSO unit cell after the formation of
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Sm ion-related Frenkel defects. On the one hand, Sm ions entering the octahedral

interstitial positions of BYSO will introduce Sm vacancies. On the other hand, the

former octahedral interstitial Sm can also cause the nearest neighbor 48i O atom

(dSm-O-48i = 1.388 Å) to diffuse out of the unit cell first [Figure 4A]. At the same time,

some 32f O ions (dSm-O-32f = 1.758 Å) and 8c O ions (dSm-O-8c = 2.364 Å) adjacent to the

octahedral interstitial Sm ions will also diffuse outside the unit cell [Figure 4B and C].

The main reason for the external diffusion of these O atoms is that octahedral

interstitial Sm ions occupy the positions of these original oxygen ions. The outward

diffusion of O ions will ultimately result in the formation of a certain number of O ion

vacancies around the octahedral interstitial Sm ions [Figure 4D]. It is worth mentioning

that the externally diffused O ions will enter the surrounding normal BYSO unit cells,

forming free O ions that are weakly coordinated with the surrounding cations [Figure

4E]. Obviously, compared to O ions coordinated around cations, free O ions are more

likely to move in the lattice of BYSO under the action of an electric field. Therefore, in

addition to Sm ion vacancies, freely moving O ions can also increase the conductivity

of the sample to a certain extent. Here, it is worth pointing out that theoretical

calculations of the oxygen vacancy formation energy, interstitial oxygen formation

energy, and the density of states explaining the change in oxygen ionic and electronic

conductivity are valuable and will be considered in future work.
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Figure 4. Schematic view showing the potential effect of octahedral interstitial Sm on

the surrounding O ions in the BYSO. (A)-(C) Octahedral interstitial Sm induced

outward diffusion of neighboring O ions; (D) O vacancies formed around Sm; (E)

Formation process of free O ions.

STEM-HAADF and EDS were further used to characterize the surface structural

features of the BYSO sample, as shown in Figure 5. Figure 5A shows a typical surface

structure at the atomic scale of a particle observed along the [110] zone axis, in which

some zigzag surfaces are observed. Indexed fast Fourier transform (FFT) image in the

bottom-right inset highlights that the zigzag surfaces belong to the {111}

crystallographic family. Growth of the BYSO is expected to occur via lattice stacking

along close-packed planes[64]. Figure 5B shows an intensity line profile from the red

rectangle overlaid area in Figure 5A. Careful measurement shows that an interplanar

spacing of 0.327 nm is consistent with the d(111) value of the BYO crystal (JCPDS No.

79-0390). Figure 5C is the corresponding EDS elemental mappings of Figure 5A,

where the Bi, Y, Sm, and O elements are observed to distribute throughout the particle.

Nevertheless, the concentration line profiles [Figure 5D] show some characteristic

Bi-rich-O lean-Bi/Y/Sm-O lean-Bi-rich surface layers at {111}BYSO crystallographic

planes. In other words, there is an apparent O deficiency at around a 2-nm-thick surface

area of the BYSO particle. It is expected that the generation of O deficiency at the
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surface area is closely related to the interaction of Sm, Y, and O at the surface area.

Figure 5E shows an enlarged surface area of Figure 5A, in which some lattice with

bright contrast corresponds to the mixed Bi/Y/Sm columns according to the atomic

model of the BYSO. This is because in the HAADF-STEM image, the contrast of

atomic columns is known to be proportional to the atomic number Z1.7–1.9[65]. Generally,

the atomic number of the elements in the BYSO is the order of Bi (83) > Sm (62) > Y

(39) > O (8). It is therefore difficult to observe the O atoms in the HAADF image due

to its too small atomic number relative to those of the Bi, Y, and Sm. Close

observation of Figure 5E reveals apparent surface reconstruction according to some

extraordinary bright atomic contrast of the {111} crystal planes. The brighter atomic

contrast of the {111} crystal planes means there is more Bi enrichment in the mixed

Bi/Y/Sm columns, which agrees well with the analysis of the EDS concentration line

profiles shown in Figure 5D. That is to say that more Bi atoms might replace original

Y/Sm sites in the BYSO structure, resulting in the Bi-enriched Bi/Y/Sm columns, as

schematically shown in Figure 5F. Here, it can be concluded that the Bi-rich-O

lean-Bi/Y/Sm-O lean-Bi rich structure on the surface layer of {111}BYSO crystal planes

contributes to the increased O vacancies and thus electric conductivity. This further

confirms the presence of O vacancies, as revealed by the XPS results shown in

Supplementary Figure 5.
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Figure 5. Superficial structure observed along the [110] orientation of the BYSO. (A)

Atomic-scale HAADF image. Inset is the indexed FFT of the HAADF image; (B)

Intensity line profile from red rectangle overlaid area in (A); (C) Corresponding EDS

elemental mappings of (A); (D) Concentration line profiles from red rectangle overlaid

area in (A); (E) Locally enlarged surface structure of (A); (F) Proposed atomic model

of surface structure.

Theoretical properties of BYSO oxide

DFT calculations were employed to obtain relaxed structures, optical bandgaps, and

electronic charge densities for the materials. BYO crystallizes in the Fm
_

3m cubic space

group with a fluorite-like structure. Figure 6A-D displays the symmetric crystal

structures of Bi3Y1−xSmxO6 electrolyte samples. Two inequivalent sites are observed,

indicating that Y3+ is bonded to six equivalent O2- atoms in a distorted octahedral

geometry. At the second site, Sm3+ is bound to six oxygen atoms in the doped materials.

All Y-O bond lengths are 2.29 Å, and Sm-O bond lengths vary from 2.29 to 2.32 Å.

Similarly, Bi3+ is bonded to four O2- atoms in a distorted coordination geometry due to
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stereoactive lone pair having Bi-O bond distances ranging from 2.23 to 2.63 Å. Due to

its relatively large ionic radius, Sm/Y3+ typically adopts coordination numbers of six or

more in the Fm
_

3m oxide systems. For Sm/Y3+ to achieve the octahedral coordination

proposed for the parent compound δ-Bi3YO6, the O3:Y ratio must be at least 1.0, since

each oxide ion at an O3 site could be shared by two Sm/Y3+ cations under clustered

arrangements. However, if Sm3+ is assumed to be coordinated exclusively by oxide ions

at O3 sites, the remaining oxide ions at these sites are insufficient to meet the

coordination requirements of Y3+ in the same structural model. Nevertheless, a distorted

octahedral environment around Y3+ remains feasible, either with one oxide ion at an O3

site and five at O2 sites, or with all six oxide ions located at O2 sites. If the proposed

tetrahedral and octahedral geometries for Sm and Y3+ are valid, the remaining oxide

ions must then coordinate with Bi, in agreement with the well-known stereochemical

activity of the Bi 6s2 lone pair, which produces asymmetric coordination environments.

There are three inequivalent O²- sites. In the first O2- site, O2- is bonded to one Y3+ and

three equivalent Bi3+ atoms to form a combination of distorted edge and corner-sharing

OYBi3 trigonal pyramids. The second and third O2- sites are bonded to one Y3+/Sm3+

and three equivalent Bi3+ atoms to form a fusion of distorted edge and corner-sharing

OYBi3 trigonal pyramids. BYO can be regarded as a Y₂O₃-stabilized derivative of

Bi2O3, especially for the high-temperature δ-Bi2O3 fluorite-type oxide family,

inherently with a highly defective, dynamically disordered oxygen sublattice. The

incorporation of Y3+ acts as a stabilizing gene that stabilizes the high-temperature

δ-Bi2O3 fluorite framework into a wider temperature range, while maintaining a high

concentration of mobile oxygen vacancies. Thus, BYO may be regarded as a

Y₂O₃-stabilized Bi2O3-derived defective fluorite oxide, in which structural stabilization

and vacancy-mediated oxide-ion transport are genetically coupled[66]. Sm3+ does not

simply “dope” BYO; it edits the defective-fluorite genome by reshaping the local

coordination environment around oxygen vacancies, thereby changing the admitted

oxide-ion migration landscape.
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We used the Murnaghan state equation to determine the state characteristics, describing

how a body’s volume responds to pressure and how far the system is from

equilibrium[67]. This state equation is one of many in shock physics and earth sciences

that model the behavior of matter under severe pressure. It bears Francis D.’s name.

The equation is written as:

E V =E0+
V0
V

B0
/

B0/−1
+1 − B0V0

B0−1
(1)

Where V0 is the reference volume, and V is the deformed volume. B0' is the derivative

of the bulk modulus with respect to pressure, and B0 is the bulk modulus. The volume

at which the energy is minimal indicates that, for larger volumes, the energy increases;

this is the optimized equilibrium energy, confirming that the system is in equilibrium.

Figure 6E-F and Supplementary Figure 6 displayed volume optimization plots of

Bi3Y1−xSmxO6 (x = 0.00, 0.05, 0.10, 0.20, 0.30) ceramic samples by the Murnaghan

equation of state.

Most of the physical properties of solids are related to their band structure. As such, the

characteristics and levels of the electronic bandgap primarily determine the

semiconductors’ optical properties. The optical band structure is calculated using strong

symmetry along the lattice’s first Brillouin zone (BZ). The features of the energy band

structure of the BYSO were shown in Figure 6G, while for other ceramic samples,

Bi3Y1−xSmxO6, were shown in Supplementary Figure 7, which indicates the bandgaps in

the 1.0-2.0 eV range. Direct bandgap materials, also known as active semiconductors,

were suggested by observing the conduction band minimum (CBM) and valence band

maximum (VBM) at a point in the BZ. Analyzing the band structures of these

compounds reveals that their VBM and CBM are situated at the Γ-symmetry point.

Indirect-bandgap optical excitation responded very weakly, particularly near the

absorption threshold. The optical band gap of Bi3Y1−xSmxO6 (x = 0.00, 0.05, 0.10, 0.20,

0.30) decreased when the Sm doping ratio increased to x = 0.20 and then started
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increasing for x = 0.30. As a result, the direct bandgap BYSO sample possesses

smallest band gap compared with other Bi3Y1−xSmxO6 samples.

Figure 6. First-principles calculations of the Bi3Y1−xSmxO6 structures. (A-D)

Symmetric crystal structures of Bi3Y1−xSmxO6 (x = 0.00, 0.10, 0.20, 0.30) samples along

the (100) dimension; (E) and (F) Volume optimization plots of BYO and BYSO by the

Murnaghan equation of state; (G) Energy band structure of BYSO by modified

Becke-Johnson approximations; (H-I) Electronic charge density of BYO and BYSO

unit cells along (100) plane direction.

The estimated differential charge density of the unit cell provides a visual picture of the

bonding characteristics and electron transit between atoms. The electronic charge

density of BYO and BYSO unit cells were displayed in Figure 6H and I. Other

electronic charge densities of Bi3Y1−xSmxO6 (x = 0.05, 0.10, 0.30) can be found in

Supplementary Figure 8. The green and red lines denote a decrease, while the yellow

line represents an increase in low electron-gaining and probable electron-losing

tendency. As a consequence, the strong electron-losing tendency of atomic Bi/Y, and

the high electron-shedding tendency of atomic O, could all be indicators of possible

interpretations. In contrast to the weak chemical interactions formed by Sm-O, the

couple generates remarkably persistent chemical bonds. The figure shows the number
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of electrons lost (blue) and the number of electrons added (red) on the scale bar. The

rule of thumb is that the more electrons are traded, the darker the color. The electron

cloud surrounding the Sm atom exhibits highly polarized characteristics. According to

the electronegativity system, which classifies atoms by their tendency to attract

electrons, oxygen atoms can lose electrons rapidly and efficiently. Still, Sm atoms are

not very good at attracting them, which would lead to the generation of O vacancies.

Because electrostatic attraction and repulsion centers do not align, a solid polar

covalent connection is formed around the Bi and O atoms. Charge distributions are

nearly spherical, and the Sm/Y atom is more ionized and distinct than the other atom,

which may explain the enhanced ionic conduction in the material.

CONCLUSIONS

In summary, a pure BYSO oxide solid electrolyte with well-defined, uniformly

distributed particles has been successfully fabricated via compositional optimization

and a simple solid-state reaction. The obtained BYSO oxide exhibits excellent electrical

conductivity of 4.86 × 10-5 S/cm at 300 ºC and 8.1 × 10-2 S/cm at 600 ºC. Furthermore,

SOFCs fabricated with the optimal BYSO electrolyte deliver a significant power

density of 587 mW/cm2 and an ionic conductivity of 0.1 S/cm at 550 °C with an

open-circuit voltage exceeding 1.0 V under a reduced H2/air atmosphere. Thus, BYSO

constitutes an essential class of oxide ionic conductors with potential applications in

various energy-related technologies. Multiple microstructural characterization

(STEM-HAADF/EDS, XPS, and theoretical calculations) confirms that the high ion

conductivity of the BYSO is related to an increase in oxygen ion vacancy induced by

both partial Sm occupation at the distorted octahedral interstitial (namely Frenkel

defect) and Sm doping-induced surface reconstruction at {111}BYSO crystallographic

planes. Elevated O ion mobility by octahedral interstitial Sm, narrow bandgap, and

highly ionized Sm/Y atoms also contribute to the high ion conductivity of the BYSO.
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