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Nowadays, by no means fortuitous, pollution-free and bio-regenerative solid oxide fuel cells
(SOFCs) have arisen to be a competitive candidate as next generation renewable energy, which
exhibiting high energy efficiency and flexible fuel choices. However, fast oxide-ion
transportation of electrolyte could only be ensured in high working temperature by
conventional views, which can decrease the voltage loss and further determine the electrical
performance of SOFCs. Herein we report an in-situ and non-contact method to monitor the
working condition of SOFCs and it is potential to become a promising optical temperature
sensor to detect the working temperature of electrolyte materials. With the combinative
protocol between density functional theory calculation and upconversion (UC) luminescence,
the entanglement between thermal-driven formed O-ion Frenkel pair (native solubilizer) and
Bi** dopant (competitive inhibitor) in La2Mo0209 derivatives has been unraveled, especially at a
lower temperature required by a future SOFCs device. It is a potential route for screening and
characterizing the candidate electrolyte onsets in lower temperature without sacrificing

electrical performance.
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Introduction

Demands on renewable energy alternations are increasingly fierce. Solid oxide fuel cells (SOFCs)
has become a competitive candidate that no charging needs to initiate operation, which also exhibits
environmental benignity and high energy density. The in-system bio-circulating regenerative SOFCs
have aroused huge interests, as it indeed serves as the embedded inclusion type renewable electrical
generations. It has been recently applied in the deep-space exploration aircraft of China called
“Lunar-Palace-One-Project”. This inclusion results from their ability to optimally support the
biologic internal recycle system and supply enough energy for living needs of astronauts at
environment of moon, which can be attributed to recent outstanding progress on oxygen storage
materials for electrodes, catalysts with high efficiency for oxygen/hydrogen generation and fast ion
conductors [1-4]. Conventional views demonstrate that the high performance of SOFCs should be
determined by fast ion transportation throughout the electronically insulated electrolyte [3], which
can usually be achieved under high temperature environment. Hence, this caused that most ordinary
electrolyte such as yttrium-stabilized zirconia (YSZ) [5-6] have to operate at least above 800 °C to
ensure ion conduction ability. To solve the problem of such high working temperature, screening and
characterizing the candidate electrolyte onsets in lower temperature without sacrificing high oxygen
ion transportation ability, become urgent. Previous reports proved that native defects could be a
predominant factor that controlled the oxygen ion motion of electrolyte [7], in which anion Frenkel
(a-Fr) pairs are the most important one, as well as in -LaMo020O9 at evaluated temperature [8-10].
Since a-Fr pairs could be dominant to influence the ion conductivity, understanding the initial
formation mechanism of a-Fr pairs become significant to present research. As an intrinsic point
defect in crystal structures, the formation of a-Fr pairs can be ascribed to lattice vibration under the
thermal agitation as shown in Fig lc. The discussion of a-Fr pairs in past research mainly focus on
the comparison of formation energy with other point defects, where the possible initial temperature

of a-Fr pairs formation has rarely been proposed before.

LaxMo020g9 has firstly been introduced as a new fast ion conductor in 2001, which consists a poorly
conductive o-phase at room temperature and highly conductive B-phase after 580 ‘C [2]. The
conductivity comparison among several best-performing electrolytes with parent La;Mo209 and
Bi-doped B-La;Mo209 are shown in Fig. 1b [2, 11-15], suggesting a very competitive conductivity at
high temperature for future application. In addition, LaxMo0209 satisfy high ion conduction with low
electron conduction for electrolyte of SOFCs due to its pure oxygen ion conductor behaviours [16].

However, the biggest challenge for its application is the stabilization of highly conductive B-phase at



lower temperature from phase change and its reactivity to NiO electrode. By using some other
appropriate electrode choices such as CuO or Ni-CGO [17] can solve the problem of reaction with
NiO. To stabilize and flexibly modulate the working temperature of the highly conductive
B-LazMo0209, dopants have been introduced to the system, which would inevitably affect the intrinsic
resident and newly-formed a-Fr pairs [18-20]. Different models have been applied to LaxM020O9
series materials to explain their conductivity with crystallographic data from Arrhenius to the
Dienes—Macedo—Litovitz (DML) model [8, 21]. By utilizing the temperature programmed
isotope(TPIE) technique, Pavlova et al. proposed that ion motion started at around 200 °C, which is
most possible to be the dynamically thermal-driven formed a-Fr pairs [22]. Inspired by these results,
we speculate that ion conductivity of B-LaxMo20O9 will start increasing induced by the initial
formation of a-Fr pairs with a increasing concentration. Therefore, the linear relationship of ion
conductivity in reference of temperature in Fig. 1b might show a turning point at around 200 °C
based on our assumption. Therefore, a strategy to lower the working temperature of SOFCs
downward range below 300 °C can be found if the formation mechanism of a-Fr pairs and their
interaction with dopants could be revealed, and the further manipulation on working temperature can

be accomplished.

Comparing with numerous experiments on studying La;Mo02O9 with different dopants, utilizing the
DFT method in exploring LaxMo020g is still insufficient. Prior to probe the underlying interaction
between a-Fr pairs and dopant, density functional theory (DFT) calculations have been applied to
unravel the oxygen diffusion paths in LaMo,0y lattice [23-24]. Partially occupied oxygen atoms
with high mobility and intrinsic “free volume” of the lattice are the main contributions to the ion
conductivity. Most recently, combining with quasielastic neutron scattering (QENS) method, they
reveal the oxygen dynamics in the lattice based on the coordination environment change of Mo
atoms [25]. In addition, the thermodynamic calculation by DFT can suggest the different temperature
stage of preparation, trapping and conduction of a-Fr pairs in ion conductive materials as our
previous study on La;Hf>07[26], which is also essential for understanding their formation process

and ion conduction in various materials.

Besides the DFT calculation method, utilizing the UC luminescence intensity ratio of 2Hyi2, *S3»,
*Fon—"1155 transitions of Er’* might be a novel in-situ non-contact way to detect oxide-ion motion
(thermal-driven formation of a-Fr pairs) in La;M0209 rather than all the other available approaches

including internal friction spectroscopy [27], neutron powder diffraction [28-29] and simulation [30].



Ascribing to the thermally coupled energy levels of 2Hii2 and *Ss» with a gap of ~800 cm’!, the
intensity ratio of 2Hi12 — *Iis;ato *S32 — Iis)2 transitions is independent of luminescence loss and
fluctuations in excitation intensity. Thus, it linearly varies with temperature and the intensity ratio of
S35, — #1152 to these two transitions versus temperature might tell the oxide-ion jumps, which might
be used as a promising optical temperature sensor to detect the formation temperature of a-Fr pairs
via in-situ non-contact approach. Since a-Fr pairs might play a leading role in influencing the ion
conductivity and further determining the working temperature of the electrolyte in SOFCs, this novel
detecting method is a promising new approach to assist DFT in screening novel electrolyte materials
with low working temperature. Driven by the necessity and potential this method, herein we report
an in-situ and non-contact method to monitor the working condition of SOFCs (Fig.1) with the
combination of DFT calculation for a distinct and complementary perspective on the interaction
between thermal-driven formed oxide-ion Frenkel pair (native solubilizer) and Bi*" dopant
(competitive inhibitor) in LaxMo20¢ derivatives, especially at a lower temperature required by a
SOFCs device. As we know, innovating higher electrical performance at lower temperature mainly

depends on the screening of the electrolytes.

Calculation Method

To guarantee the convergence and avoid the charge-spin out-sync sloshing, we uniformly chose the
ensemble DFT (EDFT) method of Marzari et al. [31]. For the formation energy calculations of a-Fr
pair and Bi-doped LaxMo020y, ultrafine quality and ultrasoft pseudopotentials with a plane-wave
cutoff energy of 380 eV are chosen. Reciprocal space integration was performed using
Monkhost-Pack k-point grids of 2x2x2 k-points in Brillouin zone. The geometry optimization
calculations will use tolerance settings as following: total energy lower than 5.0 x 10~* eV/atom and
maximum ionic Hellmann—Feynman force lower than 0.1 eV/A. The
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm method has been used through all doping

and defect calculations.

The a-Fr pair represents a pair of oxygen vacancy (Vo) and interstitial oxygen (Io), which originates
from separation of oxygen atom from original position to an interstitial site. Since the oxygen sites of
LaxMo20y are naturally occupied partially with high mobility, we will choose one oxygen atom to
manually form an a-Fr pair to investigate its formation process [23, 32-33]. The chosen atom is
shown in Fig. Sla, which will be put to a new interstitial position. Based on different separation

distance of oxygen atom from original position, simulation models of a-Fr pair 1-7 have been built.



For doping process (Fig. S1b), there are four positions for La atoms in the lattice. We will use one Bi
atom to replace the metal atom and then operate the geometry optimization for formation energy

within the consistent calculation setting of a-Fr pair calculations.

Results and Discussion

Thermodynamic Calculations

The phase diagram (Fig. 2b) confirms the La)Mo02O9 is more stable than La>O3 in Mo-rich
environment with detailed calculation in supporting information. While high chemical potential of O
indicates the substantial release of O from original equilibrium lattice sites. Thus a-Fr (O) is
energetically favourable in LaxM0,09. Formation cost of a-Fr (Table 1) demonstrates that it can be

easily formed (~0.18 eV) and even covers a wider range (0.18 eV ~ 1.90 eV).

Thermodynamic calculations are carried out by the Gibbs free energy calculations that based on the
following equation:

AG = AE + AZPE —TAS

( 1 )
where T represents the temperature and the AS is the change in entropy for the defect formation
process. AE is the total energy change for the defect formation, directly obtained from our DFT
calculations; AZPE is the change in zero-point energies of the system compared to the ideal structure.
The formation of a-Fr pairs will be spontaneously start when AG is less than zero at specific
temperature, which can be deduced from our calculation results from DFT. For example, based on
the lowest formation energy (~0.18 eV) , the corresponding formation temperature should be ~468 K
(Fig. 2c), showing a coincidence with the latest measurement of 200 °C by TPIE technique of
Pavlova et al. [22]. The Gibbs free energy depends on temperature can be separated into three stages
including preparation, trapping and conduction in our previous work[26]. At the preparation stage,
the lattice vibration becomes more active as temperature increases, which will induce some
distortion and increase the probability of forming the defects. The start of the trapping stages means
that the formation of a-Fr pairs will occur spontaneously in the system. As the temperature keep
increasing, more a-Fr pairs forming in the lattice, ion conduction will begin as the start of working
stage. We propose that the a-Fr pair model with highest formation energy represents the most
common a-Fr formation in the material, which has a corresponded working stage temperature ~700
K that also supports that the parent LaxMo0209 has an obvious ion conduction increase near 450 “C [8]

are caused by the formation of certain amount of a-Fr pairs.



According to the definition of configuration enthalpy by Li et al.[34], we can also correlate the
working temperature from Gibbs Free energy equation Eq. (1) with configuration entropy S through

S = kglnW, in which W is related with number of defect cluster in the lattice and k5 is the Boltzmann

constant.
AG= AH-TAS » T= 2
AS
( 2 )

S= kglnW - dS=kpd(InW) - dS = kp()

( 3 )
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Eq. (2) is the general Gibbs Free energy equation, where H is the enthalpy and T is the temperature.
According to Li’s discussion on configuration entropy as Eq.(3) [34], ks represents the Boltzmann
constant and W is the number of defect cluster in the lattice that is related to the possible sites for
atom. In structure as LaxMo0,09, low symmetry results in significant number of possible sites for
interstitial oxygen atoms from a-Fr pairs. Thus, the difference between the change of W for oxygen
atoms in same lattice should be neglect and further simplify Eq. (3) as shown. Apply Eq. (3) into Eq.
(2) can generate Eq. (4). In addition, we propose that enthalpy change for a-Fr equals to the
activation energy, so we can derive Eq. (5). Then the working temperature is in direct proportion to
the activation energy, which is also shown in Fig.2b. Therefore, the higher disordered structure will

lead to lower activation energy and further lower the working temperature of materials.

Electronic Properties

The projected density of states (PDOS) of a-Fr pairs and Bi** in LaaM020¢ models are displayed in
similar pattern that reveal that they won’t impose obvious influence on electronic properties (Fig.
2d-2e). Formation of a-Fr pair will pin the Fermi level at mid-gap, and Bi*" will drag Fermi level
slightly closer to valence band maximum (VBM), both meaning that La,M02O9 will still maintain
electronically insulated that is suitable for electrolyte material. Fig. 1d shows the orbital diagram for

the gap states appear in Fig. 2d, where the contribution only from the Mo atoms instead of O atoms



from a-Fr pairs. This also support that the formation of a-Fr pairs will not change the electronic

properties of LaxMo0209. More detailed discussion can be seen in supporting information.

Formation Energy of a-Fr and dopants

For a-Fr pairs, the formation energy calculations will be conducted based on Eq. (1) as following and
the results are shown in Table 2:

Efm = Epefect = Epuc + X(0Ei + njp;) + qEp

(6)

A-Fr pairs show a large range of formation energy from 0.18 eV to 1.90 eV, meaning that a-Fr pair is
possible to form at lower temperature because of low energy barrier, which originates from the low
symmetrical crystal structure of LaxM0,09. However, a-Fr pairs with higher formation energy might
represent the most common presence of a-Fr pairs that caused the start of ion conduction. Moreover,
we have investigated the relationship of formation of a-Fr pairs with local atom environment in terms
of average coordination number as shown in Fig. 2a. Notably, La atoms have higher coordination
numbers than Mo atoms, implying more complicated local environment. Within the formation of a-Fr
pairs defects in the material, the average coordination number of La atoms will experience change
from 6.50 to even 7.50, implying obvious local structural change. In contrast, Mo atoms maintain the
average coordination numbers at the range from 4.50 to 4.75, suggesting local environment has not
been affected significantly. Hence, more La-O bonds are believed to play a role as affecting the
stability of local environment. For the formation energy of Bi doped La2M0209, formation energy will
be also calculated using same equation under chemical potential environment from Fig. 2b and
results of Bi doping on La sites(Bira) and Mo sites (Bimo) are both compared in Table 2. Lacorre [35]
has proposed the lone pair substitution theory for finding proper dopants and illustrated that the
doping process will be greatly affected by the ionic radius difference. Apparently, Bimo does not
satisfy the LPS concept due to the huge difference in both valence state and ionic radius between Bi
and Mo. As the formation energy shown, Bimo, models reflect much higher formation energy than
Bira, representing that higher difficulty to realize in actual experiments. For Bira, the formation
energies are similar on different La sites except one position. This can be ascribed to the highest
coordination number of La at this site, which increase the difficulty of replacing the original La atom
at the stable environment. The largest number of La-O bonds at this site are believed that undertake

the role of stabilizing the lattice.

Interaction between Dopant Bi and a-Fr pairs



The interaction of additional dopants Bi** and intrinsic a-Fr pairs is necessary to investigate for
achieving the modulation of electrical properties of LaxM0209. Combining the results of formation
energies and electronic properties, we have found that the formation of a-Fr pairs and Bir. will
greatly affect each other in the LaxMo20y lattice and play roles as the ‘“native-solubilizers” the
“competitive inhibitor”, respectively. As a native point defect, a-Fr pair will be easily formed with
low energy barrier. Thus, the influence on external dopant Bi entering the lattice with the existence
of a-Fr pair has been calculated in Table S1. It is found that the formation energies of Bir. with a-Fr
pair have been reduced when comparing with the average formation energy of those models without
a-Fr pairs. These demonstrate that the a-Fr pairs as native solubilizers in the lattice can attenuate the
barrier for Bi doping and diffusing into the internal lattice instead of accumulating near the surface of
material. This can be explained that a-Fr pairs could affect the space structure that lead to a reduced
energy barrier for dopant Bi to replace La atom. Inversely, Bira in lattice will impose an inhabitation
effect on the newly formed a-Fr pairs, which can be clearly seen in Table 3 and Fig. 2f. The
formation energies cost of a-Fr pairs at the same location will have an evident increase than
LaxMo209 without dopants. Within the presence of Bira, the formation energies needed to form the
a-Fr pair in the lattice have significantly increased ranging from 14 % up to even 540 % that might
result in the loss of advantages in formation. The largest formation energy increment is achieved at
the lowest formation energy cost a-Fr pair that form around 200 °C. With combination of Gibbs free
energy calculations, the increment of formation energy also is accompanied with visible
enhancement of formation temperature of a-Fr pair, which increase from the 468K~700K to 560
K~1020 K (Fig. 2g). This elucidates that the formation requirements for a-Fr pairs have become
much more difficult due to the presence of Bir.. As an important component of ion conductivity,
increasing the formation energy cost and temperature of a-Fr pairs will further impede the ion
diffusion. Consequently, we propose that the competitive behaviors between Bira. and a-Fr pairs in
lattice will lead to two different mechanisms. In Fig. 2h, even when Bi concentration reaches the
limits, the formation energies of Bira is still higher than a-Fr pairs and results in a dynamic balance
until the synthetization ends. In the inset, the comparison of velocity of reaction with and without
inhibitor has shown. In Fig. 2i, another mechanism shows that if the Gibbs energies of Bir. decrease
a lower level than the formation of a-Fr pairs that breaks the balance in Fig. 2h, then Bir. will
significantly suppress the formation of a-Fr pairs in the lattice. The concentration of Bi will keep
increasing until the doping limits. The change of energy barrier of Gibbs energies has been

illustrated in the inset Therefore, as the dopant Bi concentration keep increasing to a certain level,



the ion conductivity will be restricted because the formation of a-Fr pairs has been largely

suppressed.

UC Luminescence Experiments

Experimentally, we attempt to reveal the effects of Bi doping on the thermal-driven oxide-ion jump
(formation of new a-Fr pairs) via the UC luminescence based on the sensitive nature of luminescence
of Er*" to the variation of local crystal field and AC impedance spectroscopy at low temperature. The
synthetization method detailed has been provided in the supporting material. Several different
characterization methods have been used to verify the stabilization of B-La;Mo020y. Fig. 3a presents
the room temperature XRD patterns of Lar..BixMo0209 (x = 0, 0.05, 0.15, 0.3) samples and the
standard XRD patterns of cubic B-LaM020O9 (ICSD98871). The inset of Fig. 3(a) is enlarged
pseudo-cubic (231) diffraction line. It is reported that the monoclinic a-LaMo,0O9 has several
splitting peaks for the pseudo-cubic reflection (231) at around 20 = 46-49°[36-37], while the peaks in
the inset seems to be different from that of monoclinic a-LaM0209. Besides XRD, Raman
spectroscopy is another powerful tool to provide supporting evidence of -LaxM0209[28, 37-39]. Fig.
3b-3c shows Raman spectra for Laz..BixM0209 (x = 0, 0.05, 0.15, 0.3) at room temperature. The band
at 700-1000 cm! is the determining information about the structure transformation[38]. For the
B-La;Mo0209, there should be a significant change with only two apparent peaks, while for the
a-LaxMo0209 phase there are at least four apparent distinguished peaks. The two peaks at around 797
cm’! (Peak 1) and 922 cm™! (Peak 2) are broadened or diminished with doping Bi, indicating that the
doped samples are in B form[39-41]. Thus, the crystallographic information confirm that the cubic
structure is stabilized for doping Bi, which is similar with the previous research[21, 28, 36-39,

42-43].

The internal friction(IF) spectra of La>..Bi,M0209 (x = 0.15, 0.3) have shown in Fig. S4a-S4b under
four different frequency. Both samples show a broad peak at around 175 °C. The relaxation
parameters obtained from these peaks are close to those short-range ion diffusion behaviors in
electrolyte YSZ and other oxides [44]. High ionic conductivity of LaxM02Og related materials can be
attributed to native oxygen vacancies in the lattice, which can supply sufficient space for oxygen ion
diffusion. In Fig. S5, the impedance spectra of Las.xBixYbo.osEr0.04M0209 (x = 0.05, 0.15, 0.3) at
different temperature are displayed. Inset of Fig. S5 is the equivalent circuit, in which R and CPE
represent the resistance and constant phase element of bulk, grain boundary and electrode,

respectively. The results that the conducting species in Lax.BirYbo.osEr0.04M0209 should be



predominate oxygen ions [45-46]. To further compare the dependence of ion conductivity on Bi
dopant concentration, the Raman spectra dependence on temperature has been conducted for sample
Laz..BixM020O9 with x = 0.15 and 0.30 in Fig. S6. The different change of the peak positions and
half-peak width near 150 °C implies the influence from the suppression of formation of a-Fr induced
by higher dopant concentration of Bi in the lattice. More detailed results are discussed in the

supporting information.

Typical UC emission spectra of Lai.75Bio.15Ybo.osEro.04M0209 recorded at different temperature are
illustrated in Fig. 4a. All the samples exhibit bright and shining UC luminescence at room
temperature upon excitation of 980 nm diode laser. The green emission peaks at ~525 nm and ~550
nm can be attributed to the ?H112—*1152 and *S32—*11552, respectively, while the red emission peak at
~660 nm is ascribed to the *Fon—*lis» transitions of Er’*. All the other samples
(La1.9.xBixYbo.06Er0.04M0209 (x = 0.05, 0.3) all show similar spectra. The absolute emission intensities
of lanthanide ions are greatly influenced by many factors including the grain sizes, the light-focused
domain sizes, pumping power density, fluctuation of light source and spectrometers, and so on [30,
47-48]. Therefore, it should be more convincing by using the relative integrated intensity ratios of
the three emission peaks of Er’* (Isas, Isso, Ieso) to evaluate the temperature effect on UC
luminescence. Owing to the small energy gap of about 800 cm™ between the 2Hi12 and *Ss» levels,
the ?H11/2 level can be easily populated from *S3/2 level through thermal agitation, leading to variation
in the 2Hi1,—*1152 and *S3n—*I1s, transitions of Er’* at different temperature [30, 47-48]. Their
intensity ratio versus temperature in Ln~1/T plot should be linear, which is the base of optical
temperature sensing application [49-52]. This linear line could be utilized to evaluate the working
temperature of LaxM0209:Bi,Yb,Er electrolytes as reference with the detected UC emission intensity
ratio in the proposed low-temperature SOFCs. The detailed calculation method of the two green UC
emissions can be found in SI. The fitting linear relationship between UC luminescence intensity and
temperature can be seen in Fig. 4b and Fig. 4c, which is the base of optical temperature sensing
application [49-53]. The sensitivity of the sensor is increasing as temperature increases can be clearly
reflected in Fig. 4d. Herein, this linear behavior is further applied to be an internal reference to
characterize the other two lognormal plots of UC emission intensity ratios, as depicted in Fig. 5a-5c.
It is very evident that there is a turning point at ~150°C in all the samples with different
concentration of Bi except for Lai.6Bio.3Ybo.osEr0.04M0209, which not only represents the detection of
ion motion as previous work [30] but can support our previous DFT results that Bi dopant will

suppress the thermal-driven formation of a-Fr pairs especially when reaching certain concentration.



Contrast experiment on dopant Mg in oxide-ion conductor LaGaOs in Fig. S7 also support same
assumption. These results also suggest that the Er’" could sense obvious variation of surrounding

chemical environment, which probably ascribed to the thermal-driven formation of new a-Fr pairs.

AC impedance spectroscopy is also recorded as a reference of oxide-ion motion throughout
electrolyte lattice because the permittivity value at 107~10" Fecm™' of electric double layers formed
between electrodes can tell the long-range oxide-ion motion [54]. Fig. 5d-5f present the permittivity
of (La1.9-xBixYbo.0sEr0.04M0209 (x = 0.05, 0.15, 0.3) ceramic pellets as a function of frequency at
different temperature [54]. All samples possess a permittivity lower than ~10° Fecm™ at 300°C,
manifesting that the oxide-ion motion below 300°C exists but is not efficient enough to support
effective ion transportation for electrolyte. LaisBio3Ybo.osEro.0aMo209 even shows the lowest
permittivity than ~107 Fecm™ at 300°C, which is in good agreement with former UC emission results.
These findings demonstrate that a-Fr pair formation starts at low temperature, but it can only

generate enough ion conductivity until high temperature, which is consistent with our assumption.

The enlarged 525 nm and 550 nm emission decay curves (original data shown in Fig. S8) of
Lai.75Bi0.15Ybo.0sEro.04M0209 in Fig. S9a and S9c also show a distinct decrease at above 150°C,
which is analogous with previous report [30] and suggests that there should be oxide-ion jumps in
this sample when temperature is above 150°C. Similar to the UC luminescence intensity in reference
of temperature, the Lai ¢Bio.3Ybo.osEro.04M0209 reflects different behavior with faster decay and no
significant rise-up at the early stage of decay in Fig. S8b and S8d. Associating with the absence of
break point in lognormal plots of UC emission intensity ratios and low permittivity at temperature
below 300°C, we can also preliminarily speculate that the ion motion caused by a-Fr defects is
inefficient in Lai¢Bio3Ybo.osEr0.04M0209, which supports our DFT assumption on the relationship
between Bi dopants and a-Fr pairs. Therefore, the behavior of slopes above the temperature of the
break points could be applied as potential sensor to detect the ion conduction of electrolyte in SOFCs.
The temperature-dependent grain conductivities of Laj.9.xBixYbo.0sE10.04M0209 (x = 0.05, 0.15, 0.3)
(Fig. S9c) reveals that both the conductivity and the activation energy will be reduced with
enhancement of Bi contents when fitting the data in Arrhenius regime, meaning a-Fr pairs motion in
electrolyte lattice will be hindered and further suppress the conductivity as the Bi dopants
concentration increased. Hence, the significantly decreases of conductivity of

Lai.6Bio3Ybo.0sEro.0sM0209 can be attributed to the inhabitation effect of Bi** on a-Fr formation with



the lone pair of Bi*" ion blocks the oxide-ion migration. The lower value of activation energy could

be ascribed to the narrower gap between the VBM and CBM as revealed by DFT calculation.

Summary

In this work, we utilize DFT calculation methods assisted by UC luminescence characterization
method as a novel non-contact approach to unravel the interaction between intrinsic a-Fr pairs
defects and additive Bi dopants in LazMo020y. The Bi dopants have been found that play an “inhibitor”
role on hindering the formation of a-Fr pairs and further affect the ion conductivity if reaches certain
concentration. Meanwhile the presence of a-Fr pairs will benefit the actualization of Bi doping
process. This UC luminescence method also supports our calculation results, which can inspire and
guide future design on detecting the working temperature of SOFCs system. Furthermore, combining
DFT calculation with UC luminescence characterization method enable us to predict, characterize
electronic properties of novel materials to screen out potential electrolytes that works in low
temperature for high-efficiency multi-channel ion conduction system in fields of SOFCs. Therefore,
we think that the present work possesses the significant research results for impacting the frontier

renewable energy research in a timely manner.



Table 1

Table 1 Formation energies of a-Fr pair defects and Bi doping at different positions under Mo rich

environment

Compound Model Formation Energy (eV)
a-Fr -1 0.182
a-Fr -2 0.407
a-Fr -3 0.622
a-Fr -4 0.629
a-Fr -5 1.241
a-Fr -6 1.332

a-Fr -7 1.970




Table 2

Table 2 Formation energies of Bi doping at different positions under Mo rich environment

Compound Model Formation Energy (eV)
La;.sBip.sMo0209 -1 1.040
La; sBip.sMo0209 -2 0.898
Lai sBio.sM0209 -3 0.913
Lai 5Bip.sM0209 -4 4.617
LaxMoi 5Bio.509-1 5.373
LaxMoi 5Bio.509-2 8.489
La;Moj 5Bio.509-3 2.640

La;Moi 5Bio509-4 7.154




Table 3

Table 3 Formation energies of Bi doping in LaxM02O9 with a-Fr pair models at different position

(related to models in Table S1)

Formation Enthalpy Formation Enthalpy

Model
without BiLa (eV) with BiLa (eV)

a-Fr -1 0.182 1.171
a-Fr -2 0.407 1.364
a-Fr -3 0.622 1.647
a-Fr -4 0.801 4.727
a-Fr -5 1.241 2.384
a-Fr -6 1.331 1.504

a-Fr -7 1.970 1.299
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Fig. 1. (a) The schematic diagram illustrates the application of low temperature SOFCs and in-situ
characterization technique via non-contact UC luminescence. (b) The ion conductivity comparison of
the several electrolytes for SOFCs. (c¢) Illustration of formation of a-Fr pairs in the lattice. (d) Local
view of relaxed structure of La;M02O9¢ with a-Fr pairs. The blue surface denoted to electrons
localized on the d orbitals of Mo atom and therefore inducing symmetrical gap states pair pinned at

Fermi level in dos diagram.
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Fig. 2. (a) The fitting linear between coordination number of La and formation energy of a-Fr pair in
LaxMo020y. (b) Diagram of possible values of La and O chemical potentials under Mo rich
environment (striped shaded region) defining the stability of LaxM0,09. The chemical potentials p ,,
Lo are limited by the formation of La>O3 secondary phases and LaxMo020O9. The filled black circle
corresponds to p;, = —4.30 eV and po= —2.625 eV. (c) The AG with consideration of the a-Fr pairs in
LaxMo0209 system. Formation of a-Fr pairs starts from 468 K~ 700 K. Blue solid line represents that
the activation energy of a-Fr pair should in direct proportion to working temperature. (d) The PDOS
of LaxM0209 with lowest formation energy of a-Fr pair. (¢) The PDOS of LaxM0209 of Bir.. (¢) DFT
calculations on formation energy and temperature of chosen a-Fr pairs models after introducing Bira.
Each pair of the column represents same a-Fr pairs model with Bir. at two different La positions,
which all show very similar formation environment. Pink column represents the lowest formation

energy of a-Fr model with lowest formation temperature that starts at 468 K. (g) The comparison of



formation energies of a-Fr pairs with and without dopant Bi. (h)-(i) Proposed effect of dopant-Bi and

a-Fr pairs.
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Fig. 3 (a) XRD patterns of Laz.,Bi.M0209 (x = 0, 0.05, 0.15, 0.3) samples recorded at room
temperature, along with the reference of cubic B-LazMo0209 (ICSD98871), inset: the enlarged
pseudo-cubic (231) peaks, Raman spectra for (b) Lar..BixM0209 (x = 0, 0.05, 0.15, 0.3) at room

temperature.
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Fig. 4. (a) Temperature-dependent UC emission spectra of Lai75Bio.15Ybo.osEro.04MoQOy under
excitation of a 980nm laser beam (about ~180 mW mm); (b) Monolog plot of the intensity ratio of
the 525 and 550 nm emission peaks as a function of inverse absolute temperature. (c) Intensity ratio
of the 525 and 550 nm emission peaks versus the temperature. (d) Sensitivity as a function of the

temperature.
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Fig. 5. (a)-(c) Lognormal plot of the intensity ratio of Isxs/Isso(Ln(Ratio(Is2s5/1550))),
Is60/Iss0(Ln(Ratio(Iss0/I550))) and Is2s/lseo(Ln(Ratio(Is2s/lee0))) as a function of inverse absolute
temperature of Laj.9.xBixYbo.0sEr0.04M0209 (x = 0.05, 0.15, 0.3), these are the fitted lines. (d)-(f)
Permittivity of Lai.oxBixYbo.osEro.04M0209 (x =0.05, 0.15, 0.3) ceramic pellets as a function of

frequency at different temperatures.
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