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In this study, 14 lanthanum-based high-entropy perovskite oxides (HEPOs) with equimolar mixtures of transition
metals (Cr, Mn, Fe, Co, Ni, Cu, Zn) at the B-site were synthesized to investigate how multi-elemental interactions
govern their structural and optical properties. Most compositions form single-phase perovskites after annealing at
1200 °C, as confirmed by XRD and Rietveld refinement. SEM and EDS reveal homogeneous elemental distri-
butions with particle sizes tunable from < 250 nm to > 2 um depending on composition. UV-Vis-NIR spec-
trometry shows broad absorption without a distinct measurable onset, while the electronic structure remains
robust across the series. Ionisation potentials shift by up to 0.55 eV with cationic composition, demonstrating
systematic compositional tuning of the occupied band (analogous to the valence band maximum). Photo-
luminescence measurements indicate thermally driven emission resembling broadband thermal radiation,
consistent with a strong photothermal response in these materials. These results highlight high-entropy perov-
skite oxides as a versatile platform for engineering structural disorder, electronic energy-level alignment, and
photothermal behavior, opening pathways toward oxide-based broadband infrared emission and high-

temperature photothermal applications.

Introduction

High-entropy materials (HEMs) represent an exciting approach to
synthesizing new materials, emerging from the pioneering work on
high-entropy alloys.[1,2] They stand out due to their unique composi-
tions, which typically involve the incorporation of five or more elements
in near-equimolar ratios at the same site of the (sub)lattice. This di-
versity in elemental composition leads to a remarkable range of physical
and chemical properties that often surpass those of traditional binary or
ternary materials, owing to so-called cocktail effects and lattice distor-
tions.[3-6] The interactions between the incorporated elements deter-
mine the properties of the materials and can be harnessed to fine-tune
these properties by substituting elements or adjusting the stoichiometry.
[7,8] Beyond their expanding use in energy storage[9], memristive de-
vices[10], and catalysis[11], HEMs offer unprecedented freedom in
tailoring electronic structure, an aspect particularly relevant for opto-
electronic applications.[12] The exploration of HEMs not only paves the
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way for the development of advanced functional systems but also pro-
vides deeper insight into elemental interactions for material design.
Perovskite structures, i.e., crystals with the generic formula ABXj3
(where 'A" and 'B' are cations and 'X' is an anion, in this case oxygen), are
well-known for their versatile physical and chemical properties, which
can include superconductivity, ferroelectricity, magnetoresistivity, and
ionic conductivity.[13-16] By incorporating high-entropy strategies
into perovskite oxides, researchers have synthesized materials that not
only retain these desirable properties but also exhibit enhanced stability
and novel functionalities, thereby offering a promising avenue for
discovering new materials for applications spanning multiple scientific
and engineering domains.[17] With the growing need for sustainable
materials, high-entropy perovskite oxides (HEPOs) have attracted
considerable interest in the context of photovoltaic research, particu-
larly as potential alternatives to lead-based compounds.[18,19] The
judicious selection of constituent cations has been proposed as a route to
modify their electronic landscapes, optical absorption characteristics,
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including the absorption edge, and to influence defect formation en-
ergies and recombination pathways.[20-23] The increased structural
and chemical stability of HEOs has been suggested as a potential
advantage for long-term operation in solar-energy-related environ-
ments.[13,24-26] In the following, absorption refers to photothermal
light-matter interaction, i.e., the efficient conversion of incident radia-
tion into heat, rather than carrier-generating absorption as required for
photovoltaic devices.

In this study, a sol-gel synthesis technique, the modified Pechini
process, which employs citric acid and ethylene glycol for the chelation
and esterification of the precursors, has been used to prepare a series of
high-entropy perovskite-structured oxides.[27-29] This resulted in 14
different lanthanum-based HEPO powders, in which an equimolar
mixture of transition metals occupies the B-site, laying the foundation
for the production of pellets or thin films thereof. La-based perovskite
systems, such as LapNiMnOg, LaFeg 9Zng 103, and LaMnO3 have been
explored as absorber layers for solar cells due to their smaller band gaps
(1.6-1.8 eV), which show good ambient stability and light absorption.
[30-32] In contrast to binary LaBOs perovskites, introducing high
configurational entropy at the B-site provides an additional degree of
freedom for engineering band structure, defect populations, and light
absorption. This makes La-based HEPOs a promising platform for sys-
tematic optical and photothermal tuning. Previous studies on optical or
photothermal high-entropy oxides have mostly focused on individual
compositions, thin films, or device-oriented absorber concepts, whereas
systematic correlations between defined B-site cation selection, phase
stability, ionisation potential, broadband absorption, and photothermal
response remain scarce. In this work, we therefore use a composition
series of fourteen La-based HEPOs with equimolar five-cation B-site
configurations selected from Cr, Mn, Fe, Co, Ni, Cu, and Zn. This allows
us to identify how specific cations, particularly Cu and Zn, influence
perovskite phase stability, energy-level alignment, particle morphology,
and broadband optical/photothermal behavior. The study thus provides
composition-structure-property relationships for La-based HEPOs as
compositionally tunable broadband photothermal oxide systems.

Results and Discussion

In this study, we focus on the synthesis and characterization of
lanthanum oxides with perovskite structure (LaBO3), where the B-site is
occupied by an equimolar mixture of five transition metals chosen from
Cr, Mn, Fe, Co, Ni, Cu, and Zn. To investigate their suitability for optical
applications, we sought to tune their electronic structure by varying the
B-site composition, as the B-site cation strongly influences the distri-
bution and hybridization of electronic states in perovskites.[33] The
transition metals were selected for this study because they possess
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broadly comparable ionic radii and form LaBOs-type perovskites in
many binary systems, thereby minimizing the risk of phase separation
during synthesis. In addition, most form binary or ternary perovskites
with La. Since these selected transition metals can exhibit multiple
valence states, charge neutrality can be maintained even in the presence
of vacancies. All these factors together support the formation of a single-
phase high-entropy oxide.[34]

Crystal Structure.

In an idealized perovskite system with a cubic structure, the B-site
cations form the BOg octahedra alongside the oxygen anions, thereby
creating a three-dimensional network in which the A-site cations occupy
the cuboctahedral voids (Fig. 1a). However, due to distortions arising
from variations in cation sizes and electronegativities, the crystal
structure may adopt different crystallographic symmetries, such as
rhombohedral, orthorhombic, tetragonal, and hexagonal. In particular,
smaller A-site cations promote the formation of either an orthorhombic
or rhombohedral configuration. The parent lanthanum perovskite ox-
ides of transition metals demonstrate either an orthorhombic structure
(Pnma; for LaCrO3, LaMnOs, and LaFeO3) or a rhombohedral structure
(R-3cH; for LaNiO3, LaCoO3 and LaCuOs). LaZnOs stands out as an
outlier with a hexagonal structure (P63mc).[35] An orthorhombic and a
rhombohedral structure are visualized in Fig. 1b and Fig. lc,
respectively.

The structural stability of perovskites can also be predicted using
geometric descriptors. The Goldschmidt tolerance factor t in Equation
(1) estimates how well the A-site cation fits in the voids between corner-
sharing BOg octahedra.[36]

Ta +To

t=——"——"— 1
\/E(TBJFTO) W

r4 is the radius of the A cation, rg is the radius of the B cation, and ro is
the radius of the anion (oxygen in the case of these perovskites). Com-
positions having 0.7 < t < 1 tend to crystallise in an orthorhombic or a
rhombohedral structure, which, in this study, is in good agreement with
the diffraction analysis below.

Another descriptor for the stability of a perovskite phase is the
octahedral factor u, which is the ratio of the rg to ro.[37] u describes the
fitting of the B-site cation into the center of the octahedron formed by
the anions. BOg octahedra are commonly formed if 0.414 < u < 0.732. If
1 > 0.732, the B-cation is too large for proper coordination, and if u <
0.414, the B-cation is too small, resulting in an unstable octahedron.
Recently, Bartel et al. proposed a revised tolerance factor 7 for predicting
the stability of perovskite structures with higher accuracy, which also
takes the oxidation state of the A-site ny into account. This oxidation-
state-weighted tolerance factor is described by Equation (2). 7 < 4.18
indicates that a perovskite structure is likely to form. The geometric

Fig. 1. (a) Unit cell of an ideal cubic perovskite oxide crystal, ABOs. (b) The orthorhombic crystal structure of a perovskite oxide, e.g. LaCrOs. (c) The rhombohedral

crystal structure of a perovskite oxide, e.g. LaCuOs.
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factors can be used to corroborate the experimental findings from the
HEPO synthesis.

Ta/Ts

T:LX*HA<HA* ) 2)
s Inry /rs

Table 1 summarizes t, y, and 7 of all compositions under investigation.
The average ionic radius of the transition metals with a VI coordination
was taken as rg for the determination of these parameters.

LaBOj3 (B = Cr, Mn, Fe, Co, Ni, Cu, Zn) HEPOs were synthesized using
metal nitrate precursors due to their solubility in water. Citric acid
served as the chelating agent, while ethylene glycol was used to induce
esterification during synthesis, forming a polyester network that traps
metal cations to ensure homogeneity in the final product. Higher
calcination temperatures are required for the synthesis of these perov-
skites compared to other high-entropy oxides due to the Jahn-Teller (JT)
distortions arising from the inclusion of Mn in the system, which hamper
the formation of a single phase.[38] As the JT distortions are favorable
at lower temperatures, they help to stabilize lower-symmetry lattices,
which are often multi-phase. At elevated temperatures, relaxation to the
high-symmetry perovskite structures occurs because they are thermally
more stable.[39]

The ideal molar configurational entropy (Sconfig) Of the B-site sub-
lattice can be estimated using Equation (3), where R is the universal gas
constant and Xx; is the molar fraction of the i-th component.

Sconﬁg = —-R Z xilnxi (3)

For an ideal equimolar five-cation mixture on the B-site, this simplifies
to:

Seonfic = — R x 5 x 0.2In(0.2) = 1.61R ~ 13.4Jmol 'K

Thus, the B-site sublattice reaches the commonly used high-entropy
value of 1.5R. Since each targeted composition contains five equi-
molar B-site cations, the ideal configurational entropy is constant across
the series. In contrast, the experimentally observed structural and
electronic properties vary markedly with the specific cations present.
This indicates that the property variations within the series are not
governed by configurational entropy alone, but primarily by cation-
specific enthalpic and electronic factors, including ionic-radius
mismatch, electronegativity, preferred coordination geometry,
oxidation-state flexibility, and Jahn-Teller activity.

Within the Gibbs free energy of mixing, AGpyix = AHpmix — TASnix, the
configurational entropy contribution lowers AGpix and can therefore
help stabilize otherwise unfavorable multi-cation solid solutions. At the
applied calcination temperature of 1200 °C, the ideal TASconfig contri-
bution corresponds to approximately 19.7 kJ mol~*. However, the phase
segregation observed for compositions containing Cu and Zn

Table 1
Goldschmidt tolerance factor t, octahedral factor u, and oxidation-weighted
tolerance factor 7 of all compositions under investigation.

Sample name Composition t u T

PS-1 La(CoCrCuFeMn)O3 0.970 0.436 1.686
PS-2 La(CoCrFeMnZn)O3 0.952 0.465 1.688
PS-3 La(CrCuFeMnNi)O3 0.971 0.435 1.683
PS-4 La(CrFeMnNiZn)O3 0.952 0.464 1.686
PS-5 La(CoCrCuMnNi)O3 0.975 0.43 1.676
PS-6 La(CoCrMnNiZn)O3 0.956 0.459 1.678
PS-7 La(CoCrCuFeNi)O3 0.975 0.43 1.676
PS-8 La(CoCrFeNiZn)O3 0.956 0.459 1.678
PS-9 La(CoCuFeMnNi)O3 0.972 0.434 1.682
PS-10 La(CoFeMnNiZn)O3 0.953 0.463 1.684
PS-11 La(CrCuFeMnZn)O3 0.958 0.455 1.732
PS-12 La(CrCuMnNiZn)O3 0.962 0.449 1.713
PS-13 La(CoCrCuNiZn)O3 0.966 0.444 1.700
PS-14 La(CoCuFeNiZn)O3 0.963 0.448 1.711
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simultaneously indicates that unfavorable enthalpic contributions,
arising from incompatible coordination preferences, ionic-size
mismatch, and Jahn-Teller distortions, can exceed the entropic stabili-
zation and drive phase separation. The high-entropy strategy is there-
fore best understood here as enabling access to a broad compositional
space of La-based perovskite oxides, within which targeted cation sub-
stitutions tune structural and electronic properties, rather than as the
direct mechanistic origin of all observed property changes.

Structural characterization

According to the X-ray diffraction (XRD) analysis of the powders in
Fig. 2, all fourteen samples crystallise in either an orthorhombic or a
rhombohedral structure. Similar results have been reported previously
for La(Crg2MngoFep2Cog2Nip2)O3 thin films.[40] Samples PS-1
through PS-10 exhibit a pure perovskite structure, no secondary pha-
ses are detected within the resolution of XRD. In the diffraction pattern
of PS-11, a secondary phase is visible, with peaks attributable to LagOs3.
In PS-12, PS-13, and PS-14, the additional weak reflections were
compared with plausible secondary phases in La—-Cu-Zn-containing
oxide systems. The marked reflections are consistent with contribu-
tions from LayCuOy4-type and ZnO-related secondary phases. Due to the
low intensity of these reflections and partial overlap with the main
perovskite peaks, a fully unambiguous assignment and quantitative
phase analysis are not possible from the present laboratory XRD data
alone. Nevertheless, the occurrence of these secondary reflections spe-
cifically in compositions containing both Cu and Zn supports the
conclusion that the simultaneous presence of Cu and Zn destabilizes the
single-phase perovskite lattice and promotes phase segregation. The
observed phase segregation is consistent with the substantial ionic-
radius mismatch and distinct preferred coordination geometries of
Cu?* and Zn?*, which are known to promote local clustering and
destabilize the high-entropy perovskite lattice. They also have a
different preferred crystal structure (LaZnO3 — hexagonal, LaCuO3 —
rhombohedral). Cu®*" exhibits pronounced JT distortions in an octahe-
dral environment due to its d° configuration, creating extensive lattice
strain.[41] Zn®" also lacks affinity for octahedral coordination due to its
d'° configuration, resulting in substantial enthalpic penalties when
forced into the perovskite structure. The higher annealing temperature
and duration can also promote the diffusion of Zn, resulting in the for-
mation of Zn-rich phases. Furthermore, it has been observed that the
segregation of Cu and Zn from a high-entropy lattice is correlated. In the
(Mgp.2C0g.2Nig.2Cug 2Zng 2)O system, when Cu segregates out of the
lattice, the entropic stabilization for Zn reduces, accelerating its segre-
gation as well.[42] All of this promotes the formation of multi-phase
mixtures in the presence of Cu and Zn during the synthesis of HEPOs.

Fig. 2a shows all the diffraction patterns of compositions that crys-
tallise in an orthorhombic perovskite phase with a Pnma space group
(ICSD code 70544). Fig. 2b shows all the diffraction patterns of com-
positions that crystallise in a rhombohedral perovskite phase with a R-
3cH space group (ICSD code 9428). Based on the correlation between
composition and resulting phase, we conclude that the simultaneous
presence of Co, Ni, and Cu in the crystal leads to the formation of a
rhombohedral phase. This is in accordance with the postulate that the
crystal structure of the majority of the binary oxides (in this case,
LaCoOs, LaNiO3, and LaCuOs, which exhibit a rhombohedral phase)
would also be forced on the high-entropy oxide. This can also be
observed in the orthorhombic samples, where the presence of Cr, Mn,
and Fe dominates the formation of an orthorhombic crystal. In samples
with no clear majority of a preferred crystal structure in the parent
phases (PS-6, PS-8, PS-10, and PS-12), the samples still tend to crystal-
lise with an orthorhombic structure. This observation aligns with earlier
predictions by Betti et al., who noted that the addition of Zn in the LaXOg3
structure shifts the crystal structure towards an orthorhombic phase.
[34]

The diffraction data were Rietveld refined to study further the crystal



A. Khandelwal et al.

Materials & Design 268 (2026) 116517

(a)

i ©°:la,05 * : La,CuOy,; A : ZnO,-related

—~~
O
N

* 1 La,CuO,

: Pob : i A 1 Zn0,-related
| [ RS WS IS [ S C . | A A GoEon E
- RN PS -1
(S J L A i
P PS-i2
— ” A A e
5 K;; J PS-3| 3
< ¥ Ps-a| &
2 & ST
g i 5
= =
o ot : i .
PS- 12 gy : i l B GO B E
‘ A : T ] IcSDCode: 9428
ICSD Code - 70544 : N D Code::9428
ll A A T 1 T |L i hl “l - ul‘r
60 70 80 10 20 30 40 50 60 70 80

20 [degrees, Cu - Ka]
(C) Fo |'”|”'\””"m|”|“|"|'i'|m|"|"i|‘||'\'|'"i‘\'lvﬁ"u‘l"\'\|'|'|;1|‘|i‘|'||"\||'\'|'||'\i|'|'|”\i|‘|@

— | observed
— I calculated

r — Background 1
n — LaCrOs =

Intensity [a.u.]

20 [degrees, Cu - Ka]

20 [degrees, Cu - Ka]

o-La

Q - ColCr/CulFe/Mn

a=5472
b=7.754
c=5.516
a=B=y=90°

Fig. 2. (a) XRD patterns of all samples crystallizing in an orthorhombic structure. (b) XRD patterns of all samples crystallizing in a rhombohedral structure. (c)
Rietveld refinement based on X-ray diffraction data of PS-1. (d) A visualization of the crystal structure of PS-1 modelled on the refinement results.

structure of the synthesized samples using the Profex software.[43]
Fig. 2c shows the refinement for sample PS-1 (La(CoCrCuFeMn)Og). The
optimal refinement parameters (Ryp = 6.11, Reyxp = 5.39, 72 =1.2850)
were achieved with a pure phase of orthorhombic-structured oxide.
Supplementary Table 1 summarizes the refinement and unit cell pa-
rameters of all other samples.

To investigate the elemental coordination of all structures, the ATR-
FTIR spectra of all powder samples were recorded in the 400 — 4000
cm ! range. The spectra of the samples were very similar, as shown in
Supplementary Fig. 1. They show broad vibrations between 550 and
600 cm™ !, which correspond to the BOg octahedra and B-O bond vi-
brations, a characteristic feature of ABO3 perovskites.[44] This broad-
ening may stem from the presence of multivalent transition metals,
which cause Jahn-Teller distortions, as observed strongly in LaMnO3
and LaCuOs, along with less pronounced distortions in the other tran-
sition metal perovskites.[45,46] Further structural distortions due to
ionic size mismatch of the different cations present in the system also
enhance this effect.

Morphological and Elemental Characterization

Scanning electron microscopy (SEM) was used to investigate the
influence of the elemental composition on the morphology of the par-
ticles. The average particle size varies from more than 2.5 pm in PS-1 (La
(CoCrCuFeMn)O3) (Fig. 3a) to below 250 nm in PS-10 (La(CoFeMn-
NiZn)O3) (Fig. 3b), while all other synthesis parameters remain con-
stant. According to the SEM images, all samples containing Zn have
smaller crystallites, and they all crystallise in the orthorhombic phase.
The SEM images of all other Zn-containing samples are shown in
Supplementary Fig. 2. This reduction in crystallite size may be attrib-
uted to local lattice distortions arising from the smaller size of the Zn%*

cation, which inhibits crystal growth and prevents the formation of
larger crystallites.[47]

Energy-dispersive X-ray spectroscopy (EDX/EDS) mappings on all
samples indicate a homogeneous and uniform distribution of all cations
throughout the system at the microscale. Fig. 3c exemplifies the EDS
mapping on a representative PS-3 (La(CrCuFeMnNi)O3). We note that
we observed similarly homogeneous distributions of the B-site elements
on all other samples (data not shown here). For the single-phase com-
positions, EDS mapping and Rietveld refinement support homogeneous
cation distribution without significant microscale segregation. For the
multiphase Cu/Zn-containing samples, minor secondary phases are
detected by XRD, while EDS does not indicate pronounced microscale
elemental segregation within the analyzed regions.

Optical Characterization

UV-Vis-NIR spectrometry, photoelectron yield spectroscopy in air
(PESA), and photoluminescence (PL) spectroscopy measurements were
carried out on powders to elucidate the optoelectronic properties of the
HEPOs. In particular, PESA was used to determine the ionisation po-
tential (IP), which reflects the energetic position of the highest occupied
electronic states relative to the vacuum level. In systems without a well-
defined optical bandgap, the IP can be interpreted as the work-function
rather than a valence-band maximum. Fig. 4a presents the photoelec-
tron yield of sample PS-1 (La(CoCrCuFeMn)O3), while the photoelectron
yields of all other samples are shown in Supplementary Fig. 3. The IP is
then determined by fitting the data. The results, summarized in
Supplementary Table 2, reveal a distinct variation in IPs across the
sample series, ranging from 5.17 eV (PS-9) to 5.72 eV (PS-2). This
variation correlates with compositional changes: specifically, the
removal of Zn from the B-site cationic sublattice decreases the IP,
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Fig. 3. (a) Representative SEM image of La(CoCrCuFeMn)Os (PS-1), i.e., without Zn.

(c) EDS mapping of La(CrCuFeMnNi)O3 (PS-3).

whereas the removal of Cu increases it.

In single-B-site lanthanum transition-metal perovskite oxides, the
ionisation potential has been reported to increase with increasing
transition-metal electronegativity, ranging from approximately 4.3 eV
for LaCrOs3 to 5.5 eV for LaNiOs, as the transition-metal 3d states are
shifted to lower energies. A similar trend can help rationalize the
compositional dependence observed in the present high-entropy
perovskite oxides. Zn?*, with its filled d'° configuration, does not sub-
stantially contribute to the upper occupied states through Zn 3d-O 2p
hybridization. Instead, Zn incorporation perturbs the local coordination
environment and can shift the top of the occupied electronic states to
lower, more strongly bound energies. Because a deeper occupied-band
edge corresponds to a larger ionisation potential, Zn-containing com-
positions exhibit higher IP values. Conversely, removing Zn raises the
occupied-band edge and thereby lowers the IP, consistent with the
measured trend.[48]

In contrast, Cu?t, with its d° configuration, contains a single hole
that can be resonance-aligned with O 2p states, resulting in strong Cu
3d-O 2p hybridization near the occupied band edge. This shifts the
highest occupied states upward relative to the vacuum level and there-
fore lowers the IP when Cu is included.[49]

These trends suggest that the electronic structure of HEPOs is highly
sensitive to the presence of certain transition metals, and that the ion-
isation potential can be systematically tuned through compositional
adjustments. This tunability is particularly relevant for tailoring energy
levels in energy-conversion and catalytic systems, where interfacial
energetics and charge-transfer processes play a key role. Furthermore,
tuning the occupied band edge may also improve the stability under

(b) Representative SEM image of La(CoFeMnNiZn)Os (PS-10), i.e., including Zn.

illumination.

All samples exhibit similar diffuse-reflectance behavior, indicating
broadly comparable optical characteristics across the series. Fig. 4b
shows the Tauc representation of the UV-Vis-NIR diffuse-reflectance
data of PS-1 (La(CoCrCuFeMn)Os), assuming an indirect electronic
transition, with the corresponding diffuse-reflectance spectrum shown
in the inset.[46] The optical response is broad over the full measured
spectral range from 300 to 1800 nm and does not exhibit a distinct
absorption onset. This suggests that the investigated HEPOs do not
behave as conventional semiconductors with a sharply defined optical
band edge under the applied measurement conditions.

Such broadband absorption may arise from a highly perturbed and/
or strongly broadened electronic structure. One possible contribution is
the hybridization between transition-metal 3d states and O 2p orbitals,
particularly for late transition metals such as Ni and Cu, which can
introduce electronic states close to the occupied band edge and broaden
the density of states.[50-52] In addition, the compositional disorder
inherent to the multi-cation B-site, together with local lattice distortions
and possible oxygen-vacancy-related defect states, may further smear
the density of states and obscure a sharp absorption onset. These effects
can lead to a distribution of localized or weakly delocalized states rather
than a single well-defined band-to-band transition.

Another possible contribution is the correlated-electron character of
transition-metal oxides with partially filled d orbitals. In such systems,
electron—electron interactions can split d-derived states and give rise to
electronic structures that deviate from a simple semiconductor band
picture.[53] Depending on the relative energetic positions of the
transition-metal d states and O 2p states, the optical response may
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Fig. 4. (a) Fitting the PESA data of the La(CoCrCuFeMn)O3; sample (PS-1) yields an IP of 5.33 eV. (b) Tauc representation derived from the UV-Vis-NIR diffuse-
reflectance data of La(CoCrCuFeMn)O;3 (inset: UV-Vis-NIR reflectance spectrum of La(CoCrCuFeMn)Os3). (c) Normalized PL spectra of all samples. (d) Time-

resolved photoluminescence decay of La(CoCrCuFeMn)O3 (PS-1).

contain contributions with Mott-Hubbard-like or charge-transfer-like
character, as discussed for related lanthanum transition-metal perov-
skites such as LaMnOs or LaNiOs.[54] However, the present diffuse-
reflectance data alone do not allow these possible contributions to be
distinguished unambiguously.

Therefore, the broadband UV-Vis-NIR response is interpreted here as
evidence for a strongly perturbed electronic structure in compositionally
complex La-based perovskite oxides, rather than as proof of one specific
microscopic mechanism. Additional temperature-dependent transport
measurements, spectroscopic probes of the occupied and unoccupied
density of states, such as XPS, UPS, or XAS, and electronic-structure
calculations would be required to identify the dominant origin of the
broadband absorption. The UV-Vis-NIR spectra of all samples under
investigation are provided in Supplementary Fig. 4.

As shown in Fig. 4c, all powder samples exhibit similar photo-
luminescence (PL) spectra under pulsed laser excitation in a vacuum
environment, with notable variations in emission intensity. The inte-
grated PL signal scales with excitation intensity to the power of 3.6 +
0.9, indicating a strong nonlinear response. The detector efficiency de-
creases at wavelengths above 850 nm, resulting in a sharp decline in the
measured signal.

Interestingly, this emission vanishes entirely when the measure-
ments are conducted in air or under a nitrogen atmosphere using the
same setup. This gas-dependent behavior indicates that the emission is
highly sensitive to the surrounding atmosphere. Possible contributions
include enhanced thermal dissipation in the presence of gas molecules
and/or atmosphere-dependent non-radiative quenching pathways.
However, the present measurements do not allow the underlying
mechanism to be identified unambiguously, and further atmosphere-
dependent studies would be required to distinguish between thermal
and electronic quenching effects.[55,56]

Fig. 4d presents the time-resolved emission of a representative

sample PS-1 (La(CoCrCuFeMn)Os3). The extracted average lifetime of the
thermal emission is (48 + 38) ps, or (38 + 24) ps when excluding the
anomalously long decay of 143 ps observed in PS-12 (La(CrCuMnNiZn)
O3). Supplementary Fig. 5 shows the as-measured PL spectra of all
samples. Variations in laser absorption are expected due to differences in
packing density, reflectivity, or surface morphology of the powder
samples, which explains the observed intensity differences between
samples.

To investigate the origin of the emission, the spectra were compared
with the emission of a standard incandescent light bulb measured using
the same optical setup, as shown in Supplementary Fig. 6. The incan-
descent lamp provides a qualitative reference for broadband thermal
emission, although it does not represent an ideal black-body emitter
under the present measurement conditions. The spectral shape of the
HEPO emission shows a strong resemblance to this broadband thermal
reference, suggesting that the observed signal is dominated by laser-
induced heating rather than by conventional electronic photo-
luminescence. This interpretation is further supported by the nonlinear
dependence of the emission intensity on excitation intensity. The inte-
grated emission scales with excitation intensity to the power of 3.6 +
0.9, which is broadly consistent with the temperature-dependent in-
crease expected for thermal radiation.[57] Fits to Planck’s radiation law
yield effective temperatures of approximately 2450 + 650 K under
pulsed excitation. However, due to the large uncertainty of the fit, the
limited spectral detection window, and the absence of a direct sample-
temperature measurement, these values should be interpreted only as
approximate effective temperatures rather than quantitatively deter-
mined sample temperatures.

Accordingly, the present data support an assignment to photo-
thermal or broadband thermal-emission behavior, but they do not pro-
vide a fully conclusive or quantitative description of the emission
mechanism. In particular, calibrated emissivity measurements, direct
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temperature probing, and comparison with reference black-body emit-
ters would be required to determine the absolute temperature and
emissivity of the samples. Photoluminescence spectroscopy is therefore
used here as a sensitive probe of laser-induced photothermal emission,
rather than as evidence for conventional electronic recombination or for
a fully characterized black-body emitter response.

Conclusion

A wide variety of lanthanum-based high-entropy perovskite oxides
(HEPOs) with diverse transition metal compositions at the B-site were
synthesized via a modified Pechini process. The use of citric acid as a
chelating agent effectively ensures a homogeneous distribution of cat-
ions, which is crucial for stabilizing these complex multi-element sys-
tems. Our results demonstrate that the high-entropy approach provides a
powerful lever to modulate both the crystal and electronic band struc-
tures in perovskites.

Compared with previous studies that typically investigated individ-
ual high-entropy oxide compositions or thin-film absorber systems, this
work establishes a systematic link between B-site cation selection, phase
stability, ionisation-potential tuning, broadband optical absorption, and
photothermal response in a La-based HEPO composition series. These
findings identify high-entropy perovskite oxides as a compositionally
tunable platform for broadband optical absorption and photothermal
behavior, while further temperature-dependent emissivity, thermal-
stability, and reference-emitter measurements would be required to
evaluate their suitability for specific high-temperature emitter
applications.

Notably, incorporating Zn into LaBOs-type perovskites provides a
practical route to smaller particle sizes in HEPO powders. The crystal
structure can be further fine-tuned by selecting appropriate parent
perovskite templates, enabling versatile control over material proper-
ties, with the perovskite structure of the majority of binary oxides
dominating the final product structure.

The ionisation potential of these HEPOs can be systematically tuned
by compositional adjustments, with Cu and Zn playing key roles in
decreasing or increasing the ionisation energy, respectively. The lower
energy levels of the 3d orbitals of the late transition metals, combined
with band broadening effects arising from the intrinsic lattice distortions
induced by the high-entropy configuration, result in broadband ab-
sorption. This suggests that these materials possess either a narrow band
gap or may contain contributions from Mott-Hubbard insulating
behavior, opening new avenues in electronic structure engineering, but
transport or spectroscopic studies are required to unambiguously
distinguish these regimes. Further DFT studies would help understand
the source of this bandgap narrowing. An additional intriguing feature is
the observation of broadband thermal-emission behavior during pho-
toluminescence measurements conducted under vacuum, highlighting
the photothermal properties of the HEPOs. While Cu and Zn are useful
for tuning the optoelectronic properties of the HEPOs, they can also
promote the crystallization of a multi-phase product due to their ionic
size differences and their different affinities for different coordination
environments when present together in the system.

Together, these insights into the complex interplay between
elemental composition, crystal structure, and optoelectronic behavior
improve the rational design of next-generation functional materials. The
combination of entropy-impacted crystal chemistry, tunable valence-
band alignment, and strong photothermal response distinguishes
HEPOs from conventional perovskites and provides a previously unex-
plored parameter space for optical materials engineering. These findings
open the door for HEPO-based broadband photothermal oxide systems
and high-temperature optical sensing platforms, a functional space not
yet in the purview of conventional perovskite materials. While these
materials are not conventional semiconductors, their compositionally
tunable electronic structure defines a distinct functional space beyond
classical optoelectronic oxides.

Materials & Design 268 (2026) 116517
CRediT authorship contribution statement

Anurag Khandelwal: Writing — original draft, Methodology,
Investigation, Conceptualization. Piyush Anil Kumar Sharma: Meth-
odology, Investigation. Simon Schweidler: Writing — original draft,
Supervision, Project administration, Investigation. Pirmin Tischler:
Investigation. Uli Lemmer: Investigation. Holger Rohm: Methodology,
Investigation. Alexander Colsmann: Supervision, Project administra-
tion, Funding acquisition. Jasmin Aghassi-Hagmann: Supervision,
Funding acquisition. Ben Breitung: Writing — review & editing, Writing
— original draft, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

AXK., P.T., UL, H.R., A.C., and B.B. thank the Carl Zeiss Foundation
for funding of the KeraSolar project. H.R. and A.C. appreciate the sup-
port from the Helmholtz research program “Materials and Technologies
for the Energy Transition (MTET)”. J.A.-H. acknowledges funding by the
DFG under Germany’s Excellence Strategy via the Excellence Cluster
“3D Matter Made to Order” (EXC-2082/1-390761711). S. S. acknowl-
edges funding from the German Federal Ministry of Research, Tech-
nology and Space (BMFTR) in the NanoMatFutur program within the
project MAP-KAT (03XPMO025).

Declaration of generative Al and Al-assisted technologies in the manuscript
preparation process

During the preparation of this manuscript, the authors used ChatGPT
(OpenAl) to support language editing and improve readability. All sci-
entific content was developed by the authors, and all Al-assisted sug-
gestions were reviewed and revised as necessary. The authors take full
responsibility for the final manuscript.

Experimental section
Material synthesis

All fourteen samples were prepared using the modified Pechini
process. The chemical reagents, lanthanum(IIl) nitrate hexahydrate,
chromium(III) nitrate nonahydrate, manganese(II) nitrate tetrahydrate,
iron(Ill) nitrate nonahydrate, cobalt(II) nitrate hexahydrate, nickel(II)
nitrate hexahydrate, copper(Il) nitrate trihydrate, zinc nitrate hexahy-
drate, anhydrous citric acid and ethylene glycol, were purchased from
commercial sources (Sigma-Aldrich or Alfa-Aesar, purity >98%), and
were used without further purification.

The respective metal nitrates for a given composition were dissolved
in 50 mL of distilled water in stoichiometric ratios. In a separate beaker,
citric acid (CA) was dissolved in ethylene glycol (EG) under constant
stirring at 80 °C (molar ratio for metals: CA: EG = 1:1:4). The metal
nitrate solution was added to the CA-EG solution with continuous stir-
ring at 80 °C and stirred for ~1 hour until a homogeneous solution was
obtained, signifying the formation of metal-citrate complexes. This so-
lution was heated to 150 °C and held at this temperature for ~2 hours to
induce esterification of CA with the aid of EG, thereby creating a poly-
ester network. The metal-citrate complexes were trapped within this
network, helping maintain a homogeneous distribution of cations.
Water evaporated from the system on continued heating, resulting in the
formation of a black viscous gel. Afterwards, the gel was pyrolyzed at
300 °C to ensure the removal of any unreacted organic precursors and
moisture, until a dried ashy foam was obtained containing intermediate
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metal oxides and organic complexes. The dried foam was ground in an
agate mortar and pestle for 10 min with the intention of obtaining a
product with a homogeneous particle size distribution. The ground gel
was finally calcined in a furnace at 1200 °C under an air atmosphere,
followed by slow cooling in the furnace, to obtain a fine powder. This
powder was used for further characterization.

Powder X-ray diffraction

XRD (Bruker D8 diffractometer with Cu-Koy o radiation source)
measurements were performed for the angular range of 10° — 90° with
the Bragg-Brentano geometry. Rietveld refinement was done with the
Profex 5.5.0 software. The refinement was carried out by modifying the
elemental composition according to the respective sample, using the
reference structures of LaCrOz (space group Pnma, code 70544) and
LaCuOj; (space group R-3cH, code 9428), taken from the ICSD database.
The instrumental intensity distribution was determined by employing a
reference scan of SRM-1976b (strain-free Al;O3 in a glassy matrix with a
particle size > 2 pym).

Scanning electron microscopy

SEM measurements were performed on a ZEISS Gemini Leo 1530,
equipped with an Oxford EDX detector.

Attenuated Total Reflection Infrared Spectroscopy

ATR-IR spectra were measured using a Nicolet iS50 ATR FT-IR from
Thermo Scientific.

Photoelectron yield spectroscopy in air

Ionisation potentials (IPs) were determined from photoelectron yield
spectroscopy (PESA) measurements of powder samples on a RIKEN
KEIKI AC-2E. The photoelectron yields were corrected for the quantity of
light and fitted with a power number of 0.5 to obtain the IPs. The data
collected from photoelectron yield (Y) against excitation energy (hv) is
fitted using a regression model, Y = (hv-IP)".

UV-Vis-NIR spectrometry

Diffuse reflectance spectra were measured using a Cary 5000 UV-Vis-
NIR spectrophotometer equipped with an integrating sphere (Agilent
Technologies). The as-prepared powders obtained after calcination were
used directly and were not pressed into pellets. For the measurements,
the loose powders were packed into optically transparent quartz spec-
trometer cuvettes (Starna GmbH) and placed at the reflectance port of
the integrating sphere. A BaSOy4 reflectance standard was used for
calibration.

Photoluminescence spectroscopy

The sample was illuminated with a pulsed Picolo-10 (ND:YVO4 Laser
System) from InnoLas using the frequency-tripled light with a wave-
length of 355 nm. The pulse frequency is 10 kHz, and each pulse lasts
800 ps. Emitted light from the sample is led through an Acton SpectraPro
SP-2300 spectrometer (Princeton Instruments) and recorded by a PI-
MAX4 camera (Teledyne Princeton Instruments). All spectra are as
measured and not corrected for system response.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2026.116517.
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Data availability
Data will be made available on request.
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