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Abstract 

Aliovalent doping on perovskite oxides can tune the oxygen vacancy formation energy. This work 

discovers normal vs. abnormal aliovalent doping effects on redox behaviors in medium-entropy 

compositionally complex perovskite oxides (CCPOs) (La1-xSrx)(Mn1/3Fe1/3Ti1/3)O3-δ (LS_MFT) vs. (La1-

xSrx)(Mn1/3Fe1/3Cr1/3)O3-δ (LS_MFC). In the LS_MFC series, oxygen non-stoichiometry range Δδ (= δred 

– δox) linearly depends on the Sr molar ratio x, while the LS_MFT series shows a V-shape dependence 

of Δδ on x. This unusual observation is investigated and explained based on the analysis of energy loss 

near edge structure (ELNES) in STEM electron energy loss spectroscopy, along with density functional 

theory (DFT) calculations. In LS_MFC, Cr-L2,3, Mn-L2,3 and Fe-L2,3 peaks have a similar linear shift to 

higher energy with increasing x, which indicates higher oxidation states of Cr, Mn, and Fe with lower 

oxygen vacancy formation energies. In LS_MFT, the V-shape of Δδ vs. x curve is caused by the stable 

Ti4+ state and a V-shape Mn/Fe valency dependence on x. This study suggests the possible existence of 

different (including unexpected) coupled aliovalent doping effects in CCPOs with multiple B-site redox 

active elements.

# Corresponding Author: jluo@alum.mit.edu
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1. Introduction

Non-stoichiometric ABO3-δ perovskite oxides have been proposed and explored as competitive 

candidates for several energy related applications, including solar thermochemical renewable fuel 

production,1–4 ferroelectric materials,5–7 and energy conversion devices.8–10 The oxygen vacancies in 

ABO3-δ facilitates oxygen reduction reactions.11–13 Tailoring the oxygen non-stoichiometry by 

aliovalent doping has been proven to be an effective way to tailor the properties of perovskite oxides. 

For instance, doping LaMnO3 and LaFeO3 with 2+ alkaline earth elements like Sr and Ba can reduce 

the enthalpies of oxygen vacancy formation.14,15 The substitution of La3+ with 2+ cations can introduce 

extra holes to the perovskite oxides, which increase the B-site metal cation oxidation states.16,17 

Similarly, B-site doping can create mixed valence states and tune the thermodynamic properties of 

perovskite oxides. Qian et al.4 reported that Ti substitution of Mn in Ca(Mn0.5Ti0.5)O3 resulted in a 

significant improvement of H2 generation in thermochemical cycling. In addition, simultaneous doping 

both A- and B-sites can further tune the properties of perovskite oxides.18,19 A recent high-throughput 

study of the oxygen chemical potential engineering of perovskite oxides via machine learning also 

suggested improved redox properties of perovskite with multiple cations on both A- and B-sites.20 

The emergent high-entropy ceramics (HECs),21–24 as well as a broader class of compositionally 

complex ceramics (CCCs),2,25 with multiple primary elements on A- and/or B-site cation sublattices 

offer a new opportunity to search for redox materials with a vast and tunable compositional space. With 

the increasing number of primary elements on the cation sublattices, the aliovalent doping effects can 

become complicated, producing new phenomena of potential scientific and technological interests. To 

date, the redox mechanisms in perovskite oxides with multiple redox active elements on the B site, as 

well as how they may interact with A-site doping, remain elusive, which motivated this study. 

In this study, we synthesized two series of medium-entropy compositionally complex perovskite 

oxides (CCPOs) (La1-xSrx)(Mn1/3Fe1/3Cr1/3)O3 (denoted as “LS_MFC”) and (La1-xSrx)(Mn1/3Fe1/3Ti1/3)O3 

(denoted as “LS_MFT”), where we changed Sr molar ratio (x) on the A site and investigated the oxygen 

non-stoichiometry under thermochemical cycles. We discovered normal vs. abnormal behaviors in the 

reversible extent of reduction (Δδ) vs. Sr molar ratio relations in LS_MFC (linear) and LS_MFT (V-
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shape). Combining the analysis of energy loss near edge structure (ELNES) in the electron energy loss 

spectra (EELS) in aberration-corrected scanning transmission electron microscopy (AC STEM) with 

density functional theory (DFT) calculations, we showed that the replacement of Ti with Cr alters the 

effect of Sr dopant due to the stable Ti4+ state. This new finding suggests that the simultaneous doping 

on A and B sites can have coupling effects, which can lead to both complexity and opportunities to 

tailor compositionally complex oxides with three or more primary redox active cations on one sublattice. 

2. Results and discussions

All CCPO specimens were synthesized by a conventional solid-state method described in Electronic 

Supplemental Information (ESI†). The specific compositions and abbreviations are listed in Table 1. 

Table 1. A list of 10 compositions of the samples investigated in this study and their abbreviations.

Sample Abbreviation Sample Composition
L_MFT La(Mn1/3Fe1/3Ti1/3)O3

LS82_MFT (La0.8Sr0.2)(Mn1/3Fe1/3Ti1/3)O3

LS55_MFT (La0.5Sr0.5)(Mn1/3Fe1/3Ti1/3)O3

LS46_MFT (La0.4Sr0.6)(Mn1/3Fe1/3Ti1/3)O3

LS28_MFT (La0.2Sr0.8)(Mn1/3Fe1/3Ti1/3)O3

S_MFT Sr(Mn1/3Fe1/3Ti1/3)O3

L_MFC La(Mn1/3Fe1/3Cr1/3)O3

LS55_MFC (La0.5Sr0.5)(Mn1/3Fe1/3Cr1/3)O3

LS37_MFC (La0.3Sr0.7)(Mn1/3Fe1/3Cr1/3)O3

S_MFC Sr(Mn1/3Fe1/3Cr1/3)O3

Fig. 1 DFT-calculated oxygen vacancy formation energies of all possible element combinations of ternary perovskite 

oxides LaBO3 and SrBO3 (B = Ti, Cr, Mn, or Fe). 
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Fig. 1 displays the oxygen vacancy formation energy ( ) of eight ternary perovskites with random 𝐸𝑓
𝑣

combinations of elements in LS_MFT and LS_MFC calculated by density functional theory (DFT). The 

details of the calculations can be found in the ESI†. The blue and red bars represent DFT-calculated 

results for the LaBO3 and SrBO3 structures, respectively. In general, for a specific B-site element, SrBO3 

exhibits a lower oxygen vacancy formation energy than LaBO3. Ternary perovskites with Ti on the B 

site maintain a higher oxygen vacancy formation energy (LaTiO3 5.79 eV, SrTiO3 4.21 eV) compared 

to other ternary perovskites. In addition, we notice that LaTiO3 and SrTiO3 have smaller differences on 

oxygen vacancy formation energies in contrast to the much larger differences present in Cr, Mn and Fe 

contained ternary perovskites. One reason for this phenomenon is due to the empty d orbital structure 

(3d0) of Ti4+. Even though the Sr substitution increases the oxidation state of Ti, the stable 3d0 valence 

structure also effectively prevents the Ti reduction and oxygen vacancy formation in SrTiO3. Similarly, 

LaFeO3 (4.41 eV) and SrFeO3 (0.44 eV) have a large difference in oxygen vacancy formation energy 

because the half-filled 3d5
 structure in Fe3+ allows much lower energy barriers of the Fe4+ to Fe3+ 

reduction, in comparison with that of Fe3+ to Fe2+
.

Fig. 2 XRD patterns of the (a) synthesized LS_MFT series with a gradual transition from the rhombohedral R c (L_MFT) 3

to cubic Pm m (S_MFT) structure and (b) synthesized LS_MFC series with a gradual transition from orthorhombic pbnm 3

(L_MFC) to cubic Pm m (S_MFC) structure. See Fig. S1† for enlarged views of the XRD patterns of the (113) peak area 3

to show this phase transition clearly.
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Fig. 2a and 2b display the XRD patterns of the LS_MFT and LS_MFC series, respectively. From 
L_MFT to LS46_MFT, the XRD patterns can be indexed with a rhombohedral R c structure (ICSD 3
collcode #84393). Higher Sr doping on the A site (with a larger A site ionic radius) leads to a structural 
transition to a cubic Pm m structure (ICSD collcode #159668) in LS28_MFT and S_MFT. The phase 3

transition from rhombohedral to cubic structure was clearly evident by the evolution of peak (113) at 
around 38º shown in Fig. S1†. In the LS_MFT series, the rhombohedral (R c) to cubic (Pm m) phase 3 3

transition from is mainly controlled by the Goldschmidt tolerance factor, , 𝑡 = (𝑟𝐴 + 𝑟𝑂) [ 2(𝑟𝐵 + 𝑟𝑂)]

where , and , respectively, are the ionic radiii of A- and B-site cations and O anions, respectively. 𝑟𝐴 𝑟𝐵 𝑟𝑂

The rhombohedral-to-cubic phase transformation takes place at around t = 1, as shown in the new Fig. 
S7 (also shown below). In the LS_MFC series, L_MFC exhibited an orthorhombic pbnm structure 
(ICSD collcode #50336). The other three compositions showed the cubic Pm m structure. To further 3
examine the elemental homogeneity of these samples, we conducted high-resolution scanning electron 
microscopy SEM) energy dispersive X-ray spectroscopy (EDS) mapping. The SEM images and EDS 
elemental maps were shown in Fig. S2†  (LS_MFT) and S3†  (LS_MFC). Most LS_MFT specimens 
maintain homogenous elemental distributions (except that LS82_MFT shows some minor La 
inhomogeneity). LS_MFC specimens show mostly uniform distribution albeit minor Cr enriched areas. 

The redox capabilities were quantified by temperature programmed reduction (TPR) in 

thermogravimetric analysis (TGA) for all LS_MFT (for six different compositions) and LS_MFC (for 

four different compositions) by measuring Δδ, as shown in Fig. 3a (LS_MFC) and 3b (LS_MFT). In 

thermochemical reactions (e.g., solar thermochemical hydrogen production), perovskite oxides undergo 

the cycling between reduced (ABO3-δred) and oxidized (ABO3-δox) states and Δδ (= δred – δox) measures 

the intrinsic amount of oxygen non-stoichiometry can be applied to generate renewable fuels such as H2 

(albeit at different specific PO2 conditions). For all TPR measurements, two consecutive redox cycles 

were performed with 45 min reduction at 1350 ºC under Ar and 25 min oxidation at 900 ºC under 21% 

O2 balanced with Ar. The mass loss of the first cycle usually contains volatilization of surface absorbates 

like H2O and amorphous carbon. Hence, the second cycles were reported here. The plateau of the 

oxidation step (21% O2) of the first cycle was set as the zero reference to compare the oxygen non-

stoichiometry (Δδ) of different compositions. The temperature profile is presented as the dash line in 

the same figure. 

Fig. 3c and 3d show the quantified Δδ vs. Sr molar ratio on the A site of LS_MFC and LS_MFT, 

respectively. The Δδ of LS_MFC exhibits an expected (normal) linear increasing trend with the Sr molar 
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ratio on the A site. The linear trend is similar to those the widely reported compositions like 

(La,Sr)MnO3,1,18 corresponding to the increase of oxidation state of B site elements with Sr substitution 

of La on the A site. 

Fig. 3 Temperature programed reduction measurements of the (a) LS_MFC and (b) LS_MFT series. The reduction was 

conducted at 1350 C for 45 min under Ar and the oxidation was conducted at 900 C for 25 min under 21% O2 balanced 

with Ar. The measurements contained two consecutive cycles and the second cycles were shown here (to exclude 

effects from volatile surface absorbates in the first cycle). The reference was calibrated to the oxidization state at the 

beginning of the second cycle. The calculated Δδ vs. x curves are shown in (c) for (La1-xSrx)(Mn1/3Fe1/3Cr1/3)O3 (LS_MFC) 

and in (d) for (La1-xSrx)(Mn1/3Fe1/3Ti1/3)O3 (LS_MFT) series, respectively. Noting that the δ values measured by TGA are 

relative and used to determine Δδ (= δred – δox).

Interestingly, Fig. 3d displays an abnormal V-shape relation in Δδ vs. Sr molar ratio curve in 

LS_MFT, which is markedly different from the (normal) linear trend observed in LS_MFC. The Δδ of 

LS_MFT first descends with Sr doping level from x = 0 (Δδ = 0.124) to x = 0.5 (Δδ = 0.027) on the A 
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site, and increases again to reach the maximum (Δδ = 0.170) when Sr fully occupies A site. In LS_MFT, 

the minimum of Δδ (0.027) occurs in LS55_MFT (i.e., x = 0.5), in contrast to LS_MFC that has the 

minimum in L_MFC ( i.e., x = 0). 

The only difference between LS_MFT and LS_MFC is the replacement of Cr by Ti, which caused 

the Sr doping effect to change from a linear to a V-shape trend. To further confirm that the V-shape 

correlates with Ti, a series of (La1-xSrx)(Mn0.5Fe0.5)O3 were tested with the same TPR protocol and 

formed a linear relation between Δδ and Sr molar ratio, as shown in Fig. S4 † . Furthermore, we 

investigated how the Ti doping (with unchanged valence as we show latter) can tune the chemical 

properties of Mn and Fe at various Sr doping levels, which represents an interesting and intriguing 

finding.

Fig. 4 Energy loss near edge structure of the (a) Cr-L2,3, (b) Mn-L2,3, and (c) Fe-L2,3 in LS_MFC series. The edge onset was 

calibrated to the energy with 20% of the maximum for the elements. The relative edge shift was calculated with respect 

to the edge energy of L_MFC. The relative edge shifts of (d) Cr-L2,3, (e) Mn-L2,3, and (f) Fe-L2,3 in the LS_MFC series all 

show a linear relation vs. x in (La1-xSrx)(Mn1/3Fe1/3Cr1/3)O3.

To investigate the underlying mechanism that results in the different Δδ vs. Sr molar ratio curves 

shown in Fig. 3c and 3d, we measured the chemical shift of B-site elements of LS_MFC and LS_MFT 
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by EELS under an AC STEM in high-angle annular dark-field (HAADF) imaging mode. Fig. 4 a-c show 

the energy loss near edge structure (ELNES) of the Cr-L2,3, Mn-L2,3 and Fe-L2,3 peaks with different Sr 

molar ratios in the LS_MFC series. The intensities of all spectra were computed and normalized to the 

intensity of the highest peak (set to be 1 as the reference value). To quantify the chemical shift of specific 

elements, the energy loss where the edge energy reaches 20% of its peak maximum is taken as the edge 

onset. In general, the energy onset position of 3d transition metals L edge shifts to higher energy-loss 

position for higher valence state.26 Fig. 4 d-f show the computed relative edge shift of the Cr-L2,3, Mn-

L2,3, and Fe-L2,3 peaks in the LS_MFC series, calculated by subtracting the energy edge from that of 

L_MFC (as the reference; relative edge shift = 0). The Cr-L2,3, Mn-L2,3 and Fe-L2,3 peaks all shift 

linearly to higher energy with increasing Sr molar ratio, which suggests increased valence of Cr, Mn, 

and Fe. The increasing oxidation state of B-site elements with higher Sr molar ratio correlates well with 

the oxygen non-stoichiometry measurements of the LS_MFC series shown in Fig. 3c.

Fig. 5 Measured energy loss near edge structures of the (a) Ti-L2,3, (b) Mn-L2,3, (c) Fe-L2,3 in LS_MFC series. The edge 

onset was calibrated to the energy with 20% of the maximum for the elements. The relative edge shifts were calculated 

with respect to the edge energy of the L_MFT. The relative edge shift of the (d) Ti-L2,3 was at zero, indicating no chemical 

shift of Ti. (e, f) The relative edge shifts of Mn and Fe, which shows a shift to lower energy (decreasing valence state), 
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followed by a shift to higher energy (increasing valence state) as x in (La1-xSrx)(Mn1/3Fe1/3Ti1/3)O3 is increased. 

As a comparison, Fig. 5 shows the Ti-L2,3, Mn-L2,3 and Fe-L2,3 in the LS_MFT series with the 

calculated relative shift of the corresponding elements. The dash lines drawn in Fig. 5 d-f represent the 

reference state (L_MFT) for comparison. The Ti-L2,3 peak stays at the zero-edge shift, which implies 

no oxidation state change of Ti regardless of the Sr molar ratio. Compared to Mn and Fe, Ti has a much 

higher oxygen vacancy formation energy in both SrTiO3 and LaTiO3, based on the DFT calculations 

shown in Fig. 1. Therefore, we conclude that aliovalent doping keeps Ti at 4+ charge state and Ti4+ does 

not participate in the redox reaction. Meanwhile, the relative edge shift of the Mn-L2,3 and Fe-L2,3 peaks 

maintained a parabolic shape first (x = 0 to 0.5) with an edge shift (0 to -0.4 eV) to a lower energy 

(oxidation) state, but then shift (-0.76 to 0.45 eV) to a higher energy (oxidation) state as from x = 0.5 to 

1. The evolution of Mn and Fe in terms of the oxidation state followed the similar the V-shape behavior 

in the previous Δδ measurements shown in Fig. 3d. This suggests that the oxygen non-stoichiometry of 

LS_MFT is controlled by oxidation state of Mn and Fe. In LS_MFT82 and LS_MFT55, the edge onset 

positions of Fe and Mn were close to each other because the edge onset might be sensitive to the lowest 

oxidation state. Therefore, it is possible that charge states like Mn2+ exist in LS82_MFT and LS55_MFT.

Another important scientific question we investigated is the charge balance in the LS_MFT series. 

Sr doping should introduce extra holes in the perovskite structure. However, with 0 to 50% Sr molar 

ratios, we only observed a fixed-valence Ti and valence-decreasing Mn/Fe. Hence, there must be other 

components in the LS_MFT series to accommodate the extra holes from Sr doping. We suggest that the 

charge compensation can be accomplished by the oxygen vacancy formation. Thus, we further 

investigated the O K edge EELS spectra in the LS_MFT series, as shown in Fig. S5†. The vertical dash 

line labels the pre-peak that has been correlated to the oxygen vacancy formation in prior work.27 The 

decrease in pre-peak intensity implies oxygen vacancy formation. In Fig. S5†, we can observe that the 

pre-peak has an obvious intensity decrease from L_MFT to LS55_MFT, followed by an increase from 

LS55_MFT to S_MFT. This finding indicates that oxygen vacancy formation in LS55_MFT and the 

oxygen vacancy participated in the charge compensation of Mn and Fe with decreasing oxidation state. 

We also applied a similar method to quantify the relative shift of O K shown in Fig. S6† . Here, we 
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noticed that the relation of O K edge shift with the Sr molar ratio also shows a volcan like shape. The 

increasing Sr doping from 0 to 50% resulted in a +0.5 eV increase in the relative energy shift in O K 

edge, which can be correlated with the energy shift of Mn and Fe to lower energy direction.

3. Conclusions

We discovered normal vs. abnormal Sr doping effects on oxygen non-stoichiometry (Δδ) in two 

series of medium-entropy CCPOs or compositionally complex perovskite oxides with three potentially 

redox active elements on the B site at equimolar fractions. The crystal structure depends on the La/Sr 

ratio on the A site, and it can vary from rhombohedral/orthorhombic to cubic. In the LS_MFC series 

with Mn, Fe and Cr on the B site, the Δδ exhibited a (normal) linear increasing relation with increasing 

Sr molar ratio on the A site. The linear relation between Δδ and Sr molar ratio was caused by the higher 

oxidation states of B site elements as verified directly in EELS measurements. In the LS_MFT series 

with Mn, Fe and Ti on the B site, the Δδ exhibited an abnormal V-shape correlation with the Sr molar 

ratio, which follows the oxidation state evolution of Mn and Fe that also shows a V-shape dependence 

on the Sr molar ratio. 

This study exemplifies that the coupling of A- and B-site doping effects in the emerging class of 

compositionally complex perovskite oxides can result in unexpected phenomena. Understanding of the 

complex interplays of multiple redox active elements on the B site, interacting with aliovalent doping 

on the A site, can provide new opportunities and strategies to search and tailor new redox active 

compositionally complex oxides for thermochemical looping.   
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