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Robust thermal-energy-storage property associated with 
electronic phase transitions for quadruple perovskite oxides
 Tasuku Uchimura,a Ikuya Yamada,a,* 

The quadruple perovskite oxides RCu3Fe4O12 (R: rare-earth 
metals) exhibit large latent-heat capacities (25 J g–1 at maximum) 
with variable transition temperatures between 254 and 365 K, 
whereas their transition entropies are almost retained. This 
finding proposes an effective way to design robust thermal-
energy-storage materials with various operating temperatures.

The efficient utilization of unused energy, such as exhaust 
heat from factories and vehicles, is a fundamental issue to 
achieve sustainable development. Thermal-energy-storage 
(TES) materials, which can charge/discharge unused energy, 
have been extensively studied because of the simple and useful 
feature.1–3 Several types of TES materials applying sensible heat, 
chemical reaction heat, and latent heat are suggested. Typical 
latent-heat TES materials are based on liquid-solid phase 
transitions because of high TES capacity such as water (334 J g–1 
at 273 K), and erythritol (340 J g–1 at 391 K). However, it is 
challenging to control transition temperature for wide-ranging 
temperatures of exhaust heat emitted from various industries 
because of the stiffness of transition temperatures for liquid-solid 
phase transitions.

Solid-solid phase transitions for transition metal oxides have 
been investigated as alternative TES materials with variable 
operating temperatures.4,5 Vanadium dioxide (VO2) is known as 
a typical TES material with a large latent heat capacity of about 
50 J g–1 at 340 K,6  whose origin is explained by the simultaneous 
change in the degree of freedom of charge (metal-insulator 
transition, MIT), spin (antiferromagnetic transition), and orbital 
(orbital ordering). The transition temperature can be controlled 
by chemical substitution of transition metals (W and Cr) for V 
[i.e., V1–x(Cr, W)xO2], leading to significantly wide operating 
temperature ranges between 206 and 480 K.7,8 However, the 
latent-heat capacity substantially decreases down to 15 J g–1 with 

doping. This arouses interest in novel TES materials with 
controllable operating temperatures and robust latent-heat 
capacities.

We focus on the RCu3Fe4O12 family (R: rare-earth metals) 
and its remarkable electronic phase transitions. This series is 
synthesized under high pressure up to 15 GPa, and crystallizes in 
the quadruple perovskite structure, in which two different 
transition metals of Cu and Fe occupy the distinct 
crystallographic sites of pseudosquare A'- and octahedral B-sites, 
respectively (Figure 1).9 This oxide undergoes two different 
types of electronic phase transitions, depending on the ionic size 
of R ion: intersite charge-transfer (ICT: 3Cu2+ + 4Fe3.75+ ⇄ 3Cu3+ 
+ 4Fe3+ for R = La, Pr, Nd, Sm, Eu, Gd, Tb) and charge-
disproportionation transitions (CD: 8Fe3.75+ ⇄ 5Fe3+ + 3Fe5+ for 
R = Dy, Ho, Er, Tm, Yb, Lu, Y),10–12 in which metal-insulator 
(ICT)/metal-semiconductor (CD) and antiferromagnetic 
(ICT)/ferrimagnetic (CD) transitions simultaneously occur. The 
coincident change in the degree of freedom of charge, spin, and 
probably orbital may induce large latent heat. Together with the 
fact that the phase transition temperatures for ICT can be 
controlled between 360 (R = La) and 230 K (R =Tb) by 
substituting R ions, promising performance as latent-heat TES 
materials is expected. However, since detailed thermal analysis 
has not been conducted, the potential as latent-heat TES 
materials is unclear. In this study, we investigate calorimetric 
properties for RCu3Fe4O12 (R = La, Pr, Nd, Sm, Gd, Dy). The 
differential scanning calorimetry (DSC) analysis indicates that 
large latent-heat capacities up to 25 J g–1 are involved in the ICT 
transitions with various transition temperatures between 253 and 
368 K. The transition entropies are retained at about 0.06 J g–1 
K–1, which are independent on the transition temperatures, unlike 
the significant reduction in transition entropies with Cr, W-
doping for V1–x(Cr, W)xO2. These findings propose that 
RCu3Fe4O12 are the promising latent-heat TES materials with 
wide-ranging operating temperatures and essential performance.

The polycrystalline samples of RCu3Fe4O12 (R =La, Pr, Nd, 
Sm, Gd, Dy) were synthesized by using a high-pressure method 
according to the literature (see ESI for details).11 X-ray powder 
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diffraction (XRD) measurement was performed using a powder 
X-ray diffractometer with Cu-Kα radiation (Ultima IV, Rigaku, 
Japan). Synchrotron X-ray diffraction (SXRD) data were 
collected at temperatures between 200 and 400 K for 
LaCu3Fe4O12 and GdCu3Fe4O12 with a Debye-Scherrer camera 
installed at the BL02B2 beamline of SPring-8, Japan.13 Crystal 
structure refinement was conducted based on the SXRD data 
using the Rietveld refinement program RIETAN-FP.14 DSC data 
were obtained at temperatures between 125 and 500 K using 
Hitachi DSC7020. Heating and cooling rates were 10 ºC min–1, 
and N2 gas was used as protective and purging gas. Latent-heat 
capacity was estimated from the integrated areas of 
endo/exothermic peaks.

Figure 2 shows the XRD patterns for RCu3Fe4O12. The 
primary phases for all were indexed with the cubic quadruple 
perovskite structure with 1:3 ordering of R and Cu ions at A-sites. 
Although small amount (4–7 wt%) of impurities, α-Fe2O3 and 
CuO, were observed for R = Pr and Nd, we considered that these 
phases do not significantly affect the thermodynamic properties 
because no phase transitions are expected in the temperature 
range of interest in this study.15,16

Figure 3 displays the DSC curves on heating and cooling 
processes for RCu3Fe4O12. Significant endothermic/exothermic 
peaks were observed for R = La, Pr, Nd, Sm, Gd at ICT transition 
temperatures, as expected from the previous report.11 These 
observations indicate the first-order feature with large latent-heat 
capacities for ICT transitions. The latent-heat capacities, i.e., 
transition enthalpies (MH), were calculated from the average of 
the endothermic and exothermic peak areas (see the detailed data 
in Table S1 in ESI). The calculated specific latent-heat capacity 
for LaCu3Fe4O12 was about 25 J g–1, corresponding to the volume 
latent-heat capacity of 154 J cm–3. This value is much larger than 
those for perovskite-related oxides, YBaFe2O5 (37.2 J cm–3)17 
and BaTiO3 (5.42 J cm–3),18 approaching that for VO2 (234 J cm–

3).6 The observed latent heat for LaCu3Fe4O12 indicates that the 
ICT transitions are associated with the change in the degree of 
freedom of charge (MIT), spins, and probably orbitals, the latter 
of which corresponds to the change in entropy of kBln2, because 
the orbital degeneracy of eg orbitals for Fe4+ ions in octahedral 
coordination (t2g

3eg
1 configuration) is removed for Fe3+ ions 

(t2g
3eg

2 configuration) by ICT transition. This feature is retained 
for R = Pr, Nd, Sm, and Gd, in which the ICT temperatures 
decrease with shrinkage of R ions, as reported previously,11 
although broadening and weakening of endothermic/exothermic 
peaks were observed for oxides with smaller R ions, as discussed 
later. In contrast, the endothermic/exothermic peaks were much 
smaller (4.42 J g–1) at the CD transition for DyCu3Fe4O12, 
indicating the second-order character of CD transition.

The broadening of peaks for the DSC curves of GdCu3Fe4O12 
was investigated by using temperature-variable SXRD. Figure 4 
demonstrates the fraction of the high-temperature phase for 
LaCu3Fe4O12 and GdCu3Fe4O12 estimated by Rietveld 
refinement of the SXRD data (Figure S1 and Table S2 in ESI). 
The coexistence of the HT and LT phases was observed only at 
380 K for LaCu3Fe4O12, whereas predominant on a broader 
temperature range between 210 and 270 K for GdCu3Fe4O12. The 
difference in the two-phase-coexistence temperature is 

consistent with the DSC data. This is probably because the 
compounds with lower ICT transition temperatures may tend to 
undergo the overheating and overcooling.

Figure 5a shows the specific transition enthalpy (MH) as a 
function of transition temperature for RCu3Fe4O12 (R = La, Pr, 
Nd, Sm, Gd). RCu3Fe4O12 series covers a wide temperature range 
between 253 and 368 K, as well as V1–xWxO2. The latent-heat 
capacity for RCu3Fe4O12 gradually decreases from 25 J g–1 (R = 
La) to 15 J g–1 (R = Gd) when the transition temperature is 
lowered by smaller R ions, implying the degradation of TES 
performance by elemental substitution like V1–xWxO2 at first 
glance.7 The estimated reduction rate of MH was about 30% and 
50% per 100 K for RCu3Fe4O12 and V1–xWxO2, respectively. To 
conduct a detailed thermodynamic analysis, we calculated the 
specific transition entropies (MS) based on the thermodynamic 
relation of MS = MH/Tt, where Tt is the transition temperature. 
Figure 5b displays MS as a function of transition temperature for 
RCu3Fe4O12. The MS values for RCu3Fe4O12 are almost constant 
at 0.06 J g–1 K–1. A linear fitting estimates the reduction rate to 
be only 8% per 100 K. On the other hand, MS for V1–xWxO2 
drastically decreased from 0.15 J g–1 K–1 (x = 0) to 0.07 J g–1 K–

1 (x = 0.05), corresponding to the reduction rate of 40% per 100 
K. Consequently, MS, which is considered to be the essential TES 
property independent on Tt, is retained at almost constant by R-
substitution for RCu3Fe4O12. The apparent decrease in MH for 
RCu3Fe4O12 is primarily attributed to the lowering in Tt, as 
supported by the spectroscopic study that the electronic states 
and transformations for RCu3Fe4O12 are essentially unchanged 
by R-substitution.11 In contrast, MS is decreased by doping for 
V1–x(W, Cr)xO2, which substantially alters the electronic states 
from VO2 because of difference in the valences (e.g., W6+ instead 
of V4+) and electron configurations (e.g., t2g

2 for Cr4+ and t2g
1 for 

V4+) disturbing the intrinsic electronic state for VO2.19–21 These 
results lead us to a simple conclusion that the substitution of 
atoms indirectly related to electronic states (R ions for 
RCu3Fe4O12), not the crucial atoms to form the electronic states 
(Cu and Fe ions for RCu3Fe4O12), can keep essential TES 
properties and adjust the transition temperatures.

The above conclusion is supported by the comparison with 
LaCu3Fe4–xMnxO12. According to the literature,22 the increase in 
Mn content for LaCu3Fe4–xMnxO12 (x = 0, 0.1, 0.5, 0.75, 1) 
gradually decreases the transition temperature from 365 to 292 
K, together with the significant relaxation of the phase transition 
leading to the second-order character. The MH value decreases 
from 25 (x = 0) to 1.5 J g–1 (x = 1) and MS from 0.06 (x = 0) to 
0.007 J g–1 K–1 (x = 0). Since this is more similar to the intrinsic 
reduction in MS for V1–xWxO2 rather than almost constant MS for 
RCu3Fe4O12, we can conclude that the substitution of the crucial 
element (Fe) degrades the TES performance.

In summary, we describe that the substitution of R ion for 
RCu3Fe4O12 achieves the control of operating temperature for 
latent-heat TES material with maintaining the intrinsic transition 
entropy, that is, essential latent-heat property. This finding 
suggests that the substitution of the atoms indirectly related to 
electronic state can keep essential TES property and control 
transition temperature.
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Figure 1. Schematics of crystal structure and intersite charge-transfer phase transition 
for RCu3Fe4O12. The valence states for low-temperature (LT) and high-temperature (HT) 
phases are represented. The crystal structures were drawn by using the VESTA-3 
software.9 

Figure 2. XRD patterns for RCu3Fe4O12. Selected hkl reflections are indexed.

Figure 3. DSC curves in heating (red) and cooling (blue) processes for RCu3Fe4O12 
(R = La, Pr, Nd, Sm, Gd, and Dy). Each profile is separated by an offset of 1.5 W g–

1. The tenfold enlarged profiles are also represented for DyCu3Fe4O12.

Figure 4. Mass fractions of high-temperature (HT) phase for LaCu3Fe4O12 and 
GdCu3Fe4O12 on heating (red) and cooling (blue) processes obtained from the 
Rietveld analysis of synchrotron X-ray diffraction data.

Figure 5. (a) Specific transition enthalpy (AH) and (b) specific transition entropy 
(AS) as a function of transition temperature for RCu3Fe4O12 (R = La, Pr, Nd, Sm, Gd) 
red circles), V1–x(W, Cr)xO2 (black squares), and LaCu3Fe4–xMnxO12 (blue triangles). 
The data for V1–x(W, Cr)xO2 and LaCu3Fe4–xMnxO12 were taken from the 
references.7,8,22
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