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In this work, the synthesis of high-entropy perovskite-type oxides from multimetallic polymeric precursors and
their shaping by photolithographic additive manufacturing is investigated. Thermosets with well-controlled
complex geometries are produced by digital light processing using the multimetallic organic-inorganic hybrid
resin developed in this work and converted into ceramics by thermal debinding and sintering. The high-entropy
perovskite-type oxides are produced at 1500 °C, they retain the printed geometry with high shape fidelity. The
orthorhombic crystal structure is identified by the Rietveld refinement of high-resolution synchrotron X-ray data;
elemental and spectroscopic characterizations suggest the composition Sr(Tig 22Zrg 22Hfo 23Mng 155n0.18)02.85.
The use of aqueous polyethylene glycol as a binder and porogen greatly reduces the formation of cracks and
creates evenly distributed micropores, which leads to improved compressive strength of the specimens. The
compressive strength of 0.94 MPa is highest for materials printed from the resins with 3 wt% PEG in the
woodpile-like geometries.

entropy effect caused by multiple components can effectively improve
the thermodynamic stability of the material, promote the formation of a
single crystal phase, and at the same time provide tunable mechanical[8,

1. Introduction

High-entropy ceramics, a new class of materials, have emerged as a

hotspot of research activities in recent years. Highly entropic ceramics
can be described as single-phase proportional solid solutions. They are
characterized by a cation sublattice in which at least five different types
of cations are evenly and randomly distributed. Research on high-
entropy ceramics began in 2015, when Rost et al. reported the prepa-
ration of a high-entropy oxide with a rock salt structure[1]. Since then,
more and more high-entropy ceramics, including oxides[2-4], borides
[5], and carbides[6,7], have been synthesized and studied, opening up
various new avenues for the design of functional materials. The high
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9], magnetic, thermoelectric[10], and catalytic properties[11,12].
Among high-entropy ceramics, high-entropy perovskite oxides
(HEPOs) are a particularly interesting system. Perovskites are ternary
oxides of the form ABO3 and are known to be effective functional ma-
terials for a number of valuable target applications, including ferro-
electrics[13], catalysis[14], photovoltaics[15], photocatalysis[16],
dielectrics[17], and battery materials[18]. The functionality and
versatility of perovskite oxides are due to the structural and chemical
flexibility resulting from the various possible cation combinations in the
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two cation sublattices. Since B-site sublattices are usually responsible for
ferroelectric, magnetic, and transport properties in perovskite systems,
the design of B-site occupation, in particular, is seen as an effective
approach for tailoring the properties of these materials[19]. Populating
this site with five or more elements offers ways to achieve further
functional tunability or unexpected physical phenomena. Criteria for the
formation of HEPO phases based on structural tolerance [3] and valence
differences [20] have been proposed. The multi-element occupation of
the B-site and the resulting high configurational entropy endow HEPOs
with interesting functional properties, including ultra-low thermal
conductivity[21], low dielectric loss[22], superior cycle and rate per-
formance as lithium-ion battery anode[23], and catalytic activity to-
wards oxygen and hydrogen evolution[24,25]. A representative
example is perovskite-type SrTiOs. Among the numerous known
perovskite-type oxides, SrTiO3 is widely used for photocatalytic
hydrogen generation and photocatalytic degradation due to its high
photocatalytic activity[26-28]. However, the photocatalytic reaction
with this material must be carried out under ultraviolet light due to the
wide band gap (3.2 eV) of SrTiO3[29,30]. Doping at the B-site is a widely
used and effective strategy to reduce the band gap of SrTiO3[31-33].
Therefore, the B-site high-entropy perovskite oxide is expected to have a
narrower band gap and achieve more efficient photocatalysis under
visible light.

Previous reports on high-entropy ceramics have focused on the
compositional predictions, the development of synthesis processes, and
the characterization of various properties. In most of the studies con-
ducted to date, binary metal oxides are usually used as starting materials
for the synthesis of HEPOs. Since high-entropy ceramics contain a va-
riety of randomly distributed metal cations, the dispersion of the ele-
ments poses a major challenge in the formation of homogeneous
materials. Vigorous grinding is generally required to disperse the
various components in solid-state methods, and extremely high heat-
treatment temperatures are needed to accelerate the diffusion of con-
stituents[34,35]. In solid-state methods the high formation temperature
will lead to grain coarsening, and the ball milling will inevitably intro-
duce impurities. What is more, the shaping and processing of
high-entropy ceramics are limited by the typical powder-based routes.

The manufacture of ceramics most commonly relies on the use of
molds, and the shapes of ceramic parts are limited to relatively simple
geometries. The machining of complex shapes is further hindered by the
high hardness and brittleness of ceramic materials. Additive
manufacturing technologies provide new pathways to produce mate-
rials, including ceramics, in complex forms and shapes. The ability to
additively manufacture materials opens up possibilities for the design
and implementation of functional ceramics in high-value applications.
Digital Light Processing (DLP) is a vat-polymerization printing
approach, considered to be a type of photolithography, widely used in
the production of advanced materials with fine features and high geo-
metric complexity[36,37]. In this approach, light is projected, most
commonly via a mirror, onto the surface of a photopolymerizable resin,
bringing about its area selective hardening in a layer-by-layer manner.
This method can be applied towards the forming of ceramics when
polymerizable preceramic polymers are used as precursors. However,
this type of additive manufacturing of ceramics faces several challenges.
During the thermal debinding and/or decomposition of polymeric pre-
cursors to ceramics the evolution of gaseous species, significant weight
loss, and capillary forces cause extensive shrinkage, leading to cata-
strophic cracking of ceramics[38,39]. Liquid-based additive
manufacturing of ceramics has mainly concentrated on
silicon-containing polymer-derived ceramics[40-42]. To reduce the
shrinkage and cracking of ceramic fabricated from the liquid precursors,
another approach involves stereolithographic 3D printing of ceramic
materials from resins with dispersed ceramic particles. However, this
approach is encumbered by light scattering by particles and is naturally
quite limited with regard to the range of geometries and ceramic ma-
terials that can be manufactured. The majority of ceramics, including
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Table 1

Compositions of the photocurable hybrid resins used for DLP fabrication.
Abbreviation ~ Precursor’/  AA®/  GDDY/  TPO- PEGY/  Water/

g g g % g g

PEG-0 10 1.5 1 0.25 - 1
PEG-1 10 1.5 1 0.25 0.1 0.9
PEG-2 10 1.5 1 0.25 0.2 0.8
PEG-3 10 1.5 1 0.25 0.3 0.7

@ Multimetallic polymeric precursor.

b Acrylic acid.

¢ Glycerol 1,3-diglycerolate diacrylate.

4 Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate.
¢ Polyethylene glycol.

TiOg, SrTiOs, and other perovskites, are particularly challenging to
process via such routes owing to their high refractive index[43]. A
further emerging technology in the additive manufacturing of ceramics
is two-photon lithography, which provides extremely high printing ac-
curacy but is limited to microgeometries[44,45].

Here we propose a novel additive manufacturing method for fabri-
cating high-entropy perovskite oxides from liquid precursors. By using
wet chemical synthesis methods, multiple cations can be evenly
dispersed in the solution, and molecular-level homogeneous precursors
can be easily obtained, which leads to lower formation temperature and
finer grain of high-entropy ceramics[46]. Hybrid resins composed of a
multimetallic polymeric precursor and photopolymers are printed by
DLP, with the high-entropy phase formed through pyrolysis and sin-
tering at ambient pressure. As a binder and porogen, polyethylene glycol
is shown to greatly reduce cracks and create uniformly distributed
micron pores in the final ceramic body, lending to improved compres-
sive strength. This is the first time that the additive manufacturing of
high-entropy ceramics has been realized, further broadening the toolset
of ceramic additive manufacturing. For this case study, we selected the
targeted composition Sr(Tig 2Zrg 2Hfy 2Mng 2Sng 2)O3 in which strontium
cations (Sr*™) occupy the A-site, while five other cations (Ti4+, Zr4+,
Hf*, Mn**, sn*") in equal proportions occupy the B-site of the
perovskite-type structure.

2. Materials and methods
2.1. Synthesis of polymeric precursor

Following our molecular synthesis approach towards high entropy
ceramics [47], in this work we aim to synthesize a high-entropy per-
ovskite-type  oxide with the targeted composition Sr
(Tig.2Zrg 2Hfy.2Mng 2Sng 2)O3 in which strontium cations (sr*hH occupy
the A-site, while five other cations (Ti**, Zr4+, ar**, Mn**, sn*) in
equal proportions occupy the B-site of the perovskite-type structure. For
the precursor synthesis, metal chlorides, SrClax6 Hy0 (11.11 g, 99 %,
Merck, Germany), TiCly (0.91 ml, 99.9 %, Sigma-Aldrich, Germany),
ZrOClyx8 H20 (2.69 g, 98 %, Sigma-Aldrich, Germany), HfOCl;x8 Ho0
(3.41 g, 98 %, Alfa Aesar, Germany), SnClyx5 H30 (2.92 g, 98 %, Alfa
Aesar, Germany), and MnClyx4 Hy0 (1.65 g, 99 %, Chemsolute, Ger-
many) taken in a molar ratio of 5:1:1:1:1:1, respectively, were dissolved
in 13.98 ml ethylene glycol (anhydrous, 99.8 %, Sigma-Aldrich, Ger-
many) with a molar ratio of cations to EG equal to 1:3 and stirred at 80
°C for 1 hour. The solution was dried at 40 °C for 30 min under vacuum
to remove excess water and HCI resulting in a multimetallic polymeric
precursor (hereinafter referred to as "precursor").

2.2. Preparation of photocurable resins for printing

The photocurable hybrid resin for DLP fabrication (“printing”) was
prepared by mixing the precursor with acrylic acid (AA, 99 %, Sigma-
Aldrich, Germany), glycerol 1,3-diglycerolate diacrylate (GDD, 99 %,
Sigma-Aldrich, Germany), ethyl (2,4,6-trimethylbenzoyl)
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phenylphosphinate (TPO-L, Rahn, Germany), and Sudan Orange G
(85 %, Sigma-Aldrich, Germany). TPO-L was used as a photoinitiator
due to its good solubility and partial compatibility with our light source;
Sudan Orange G was used as a photon absorber to reduce light pene-
tration depth and thus control printing accuracy. Table 1 provides an
overview of the sample compositions studied in this work. To reduce the
cracks in the final ceramic monoliths, polyethylene glycol (PEG,
M,,=20000, Merck, Germany) was used as a binder and porogen. The
influence of PEG on crack elimination and mechanical properties was
investigated by producing four samples with the weight ratio PEG:
precursor = 0: 10; 0.1: 10, 0.2: 10, and 0.3: 10 by mixing the photo-
polymerizable resin containing 10 g precursor with 1 g of aqueous so-
lution with 0, 10, 20, and 30 wt% PEG, respectively, followed by stirring
for 1 h.

2.3. Digital light processing

Digital Light Processing of the hybrid resins was carried on a
benchtop printer (LittleRP2, LittleRP, USA) with an MC. JLE11.001 UHP
lamp of an Acer X152H projector as the light source as described in our
previous work[48]. Each layer was printed with a thickness of 0.1 mm
with an exposure time of 40 s. The printed rubber-like samples (here-
inafter referred to as “printed thermosets”) were washed with iso-
propanol (98 %, VWR chemicals) to remove residual resin from the
surface and dried in an oven in air at 170 °C for 24 h to evaporate the
excess solvent.

2.4. Thermal treatment: debinding and sintering

Thermal debinding (pyrolysis) of the thermosets was conducted in a
tube furnace under argon flow at 500 °C for 1 h with a heating rate of
0.3 °C/min and then cooled naturally to room temperature in the
furnace. The debinded (pyrolyzed) samples were subsequently sintered
in a furnace in ambient air at 1300, 1400, and 1500 °C for 1 hour, with a
heating rate of 5 °C/min, and then cooled naturally to room temperature
in the furnace. The specimens sintered at 1500 °C are referred herein-
after to as PEG-0-1500, PEG-1-1500, PEG-2-1500, and PEG-3-1500.

2.5. Characterization methods

The optical absorption of the precursors, photon absorber, and
photoinitiator was determined in the range between 250 and 800 nm by
Ultraviolet-Visible spectroscopy (UV-Vis) in the UV-vis-spectrometer
(PerkinElmer Lambda 900, USA) operated in transmission mode. The
molecular structures and compositions of the specimens were elucidated
by Fourier transform infrared spectroscopy (FTIR, Bruker VERTEX 70,
USA) in attenuated total reflection mode from 4000 cm ! to 550 cm ™.
The rheological characterization of photocurable resin for printing was
carried out on a rotational rheometer (AntonPaar, Physics MCR 301,
Austria) equipped with a 2 ° steel cone plate (25 mm diameter) at 25 °C.
A shear rate sweep was conducted from 1072 to 3 x 10% s~ The py-
rolysis process of the printed thermosets was investigated by simulta-
neous thermal analysis (STA, Netzsch STA 409 PC LUXX, Germany)
coupled with a mass spectrometer (OMNiStar GSD 320, Germany) from
room temperature to 800 °C with a heating rate of 10 °C/min in argon
and air. The metal content was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) in a Horiba Scientific
ICP Ultima2 (Horiba, Japan). Powder samples were digested in a mixed
aqueous solution of HNO3 and HF at 220 °C for 5 h in an autoclave. The
oxygen content of the materials was measured by ONH836 Elemental
Analyzer (LECO Corporation, USA). The weighted samples were heated
in an impulse furnace so that the oxygen in the sample reacted with the
graphite to produce CO and CO,, which were quantitatively measured
by a non-dispersive infrared cell. A test run was performed through a
standard sample before measurement, and each result was averaged
over three tests. The phase composition of specimens was examined by

Journal of the European Ceramic Society 45 (2025) 116812

X-ray Diffraction (XRD) in a Bruker D8 Diffractometer (Bruker, USA) at
35 kV and 40 mA using Cu-Ka radiation (» = 1.5406 A). 260 value ranging
from 15 to 90 °, with step size and time of 0.01 ° and 0.2 s, respectively.
Synchrotron high-resolution X-ray diffraction (HR-XRD) characteriza-
tion was carried out at beamline P02.1, PETRA III electron storage ring
(Deutsches Elektronen-Synchrotron, DESY, Hamburg) with a wave-
length of 0.20735 A in a spinner setup. A LaBg (NIST 660c) standard was
measured to account for instrumental contributions. Rietveld refine-
ment analysis of diffraction data was performed using FullProf Suite
software[49]. The resolution parameters of the diffractometer were
determined from the Rietveld refinement of XRD data for a LaBg stan-
dard. For sintered materials, the microstructure of the surfaces and
fracture faces was examined by Scanning Electron Microscopy (SEM,
LEO Gemini 1530, Carl, Zeiss, Germany) with an in-lens detector.
Energy-dispersive X-ray spectroscopy (EDS, Thermo Fisher Scientific
Inc., USA) mapping was further used to examine elemental distribution.
The chemical/ oxidation states of cations were determined by X-ray
photoelectron spectroscopy (XPS) on ESCALAB 250Xi (Thermo Fisher
Scientific, USA). The size of the X-ray spot on the sample was 100 um. All
X-ray photoelectronic spectra were calibrated using the Cls core line
with a binding energy of 284.8 eV. X-ray absorption fine structure
(XAFS) measurements for the Mn K edge were carried out with a
self-developed wavelength-dispersive spectrometer in von Hamos ge-
ometry[50,51]. The spectrometer is equipped with a microfocus X-ray
tube with molybdenum as anode material, a curved highly annealed
pyrolytic graphite mosaic crystal, and a hybrid photon counting CMOS
detector with 512x1030 pixel and a pixel size of 75x75 pm. The tube
was operated with a high voltage of 12 kV and a current of 1520 pA for
the measurement. The reference samples MnO; and Mn,O3 were pre-
pared as powders on adhesive tape, the reference sample hexagonal
SrMnOs3 and the sample HEPO were prepared with Hoechst Wax as a
pellet, due to its lower concentration of Mn, with 13 mm pellet diameter.
The samples and references were measured in transmission and were
constantly moved during the measurements to minimize the effects of
local thickness inhomogeneity. The beam size on the samples is around
3x3 mm. For the normalization of the data and further analysis of the
spectra, ATHENA of the Demeter software package has been used[52].
The measurement time for the reference samples was 2.5 h while the
sample HEPO was measured for 62.5 h, due to its low manganese con-
tent and the high absorption by the strontium. The measurement of the
compressive strength of printed samples was conducted in a universal
testing machine RetroLine (Zwick/Roell, Germany) equipped with a
20 kN load cell between flat platens at a crosshead speed of 0.5 mm/min.
To prepare test samples, the woodpile-structured specimens were cut
into plates with a wire saw to achieve relatively parallel surfaces and a
thickness of a plate of about 8 mm, while the diamond lattice-structured
samples were left intact because of their fragile structure.

3. Results and discussion

3.1. Development of photocurable resins for printing and mechanism of
DLP fabrication

The photocurable resins with multimetallic polymeric precursors for
DLP fabrication of ceramics should fulfill several requirements, such as
(i) polymerizability under illumination at a given wavelength with
sufficient cross-linking to achieve moderate strength and low volume
shrinkage to avoid distortions in the fabricated objects, (ii) the rheo-
logical properties (viscosity) of the resins suitable for printing process,
and (iii) the components of resins and their decomposition products
should be completely removable during thermal treatment (debinding
and sintering). Considering the above restrictions, we have successfully
developed printable precursor-containing resins with AA as the mono-
mer, GDD as the cross-linker, Sudan orange G as a photoinitiator, and
TPO-L as a photon absorber. GDD was used due to its solubility in
ethylene glycol, the photoinitiator and the photon absorber on the basis
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Fig. 1. (a) UV-Vis absorption spectra of diluted multimetallic polymeric precursor, Sudan orange G and TPO-L. The gray area is the effectively utilized waveband,
covering the overlapping absorption range of the photoinitiator and photon absorber. (b) FTIR spectra of ethylene glycol and resin at different stages of polymer-
ization and processing. (c) Schematic of photopolymerization mechanism of AA and GDD. (d) Schematic of the DLP fabrication with the resin developed in this work.
The yellow liquid in the bath represents the hybrid resin and the yellow pattern represents the printed thermoset with homogenously and randomly distributed metal

cations in the polymeric network.

of their optical properties (Fig. 1a). The precursor is transparent in the
working wavelength range, TPO-L displays strong absorption below
340 nm as well as a weak absorption peak between 340 and 420 nm,
which coincides with the wavelength range of our light source and the
absorption wavelength range of Sudan orange G. Due to the weak ab-
sorption of the photoinitiator in the visible range, the concentration of
the photon absorber in the resin was set at 0.01 wt%, and the exposure
time of each print layer was set at 40 s.

The molecular structure of the resin as well as the curing process
were monitored by FTIR, for comparison reasons the spectra of ethylene
glycol and precursor were also recorded (Fig. 1b). The adsorption bands
at 1080 and 1030 cm™! can be attributed to the C-O stretching vibra-
tions and the bands from 882 to 860 cm™! are assigned to the C-H
deformation vibrations of ethylene glycol. The absorbance band at
1635 cm™! in the precursor is the H-O-H scissor bending vibration of
water[53]. The FTIR spectrum of the polymeric precursor confirms the
complexation of cations by ethylene glycol, which can be seen from the
intensity change of the band characteristic to ethylene glycol as well as
the appearance of new bands at around 675 and 570 cm ™! attributed to
the metal-oxygen stretching vibrations (which were not observed in
ethylene glycol) [54,55]. With the addition of acrylic acid, new bands at
1616 cm ™! and 820 cm ™! characteristic for C=C stretching and bending
vibrations in AA [56] appear; these bands disappear completely after
curing. Another important aspect is the complexation of metal cations by

acrylic acid, which is seen from the shift of the adsorption band char-
acteristic of -C=0 stretching vibration of carboxylate groups from
1717 cm™' in pure AA (-COOH) to 1695 em™! in the hybrid resin
(-CO0O) [57].

These data suggest the following mechanism of the photo-
polymerization during the DLP printing process (Fig. 1c¢). When exposed
to light with wavelengths in the range of 380-420 nm, the TPO-L de-
composes to free radicals, which activate the unsaturated -C—=C- bonds
of AA and GDD and lead to cross-linking and polymerization, as indi-
cated by the disappearance of the -C—=C- bands in FTIR spectra (Fig. 1b).
The AA undergoes chain growth polymerization, while GDD links the
long chains to form a cross-linked network. As a result, the complexed
cations are becoming homogenously and randomly distributed in the
cross-linked polymeric network of the printed thermosets (Fig. 1d).

3.2. Selection of heat treatment and sintering

All resins developed in this work have been successfully used for the
DLP fabrication of complex rubber-like parts (printed thermosets) that
exhibit high print accuracy and moderate strength and elasticity (Fig. S2
a-d). Transformation of the thermosets into ceramics requires thermal
treatment steps i.e., debinding and sintering, which could lead to severe
shrinkage and cracking due to the decomposition of the resin compo-
nents. Therefore, the suitable thermal treatment process was selected on
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Fig. 3. (a) Optical images of a representative specimen fabricated with PEG-3 resin at different stages of heat treatment. The sample was placed on squared paper,
where each small grid is 1 mm?. (b, ¢) Optical images of four different sample geometries /shapes: (b) PEG-2-thermosets after DLP fabrication, (c) those sintered at
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Gyroid-type triply periodic minimal surface structure.
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Fig. 4. (a) Compressive strength of the specimens printed with diamond lattice and woodpile structure and sintered at 1500 °C; according to Griffith fracture theory
(see eq. 3 below), the compressive strength increases with decreasing average radius of the pores (r), which in turn decreases with PEG content, and increasing the
fraction of the effective area (A,), which in turn is large for woodpile structure. All error bars represent standard deviations, and test number n = 5. (b) SEM images of
the fractured surfaces of PEG-0-1500 (b, c), PEG-1-1500 (d, e), PEG-2-1500 (f, g), and PEG-3-1500 (h, i) specimens.

the basis of the STA analysis of specimens carried out in argon and air
(Fig. 2a-d) and realized in three steps as described below. When heated
in argon, the first significant mass loss (~20 %) from 100 to 200 °C with
an endothermic peak corresponds to the evaporation of residual
ethylene glycol (m/2=62) and HoO (m/z=18) from the printed sample.
From 240-300 °C a further endothermic process with around 30 % mass
loss occurred, which is attributed to the decomposition of the resin
components releasing gaseous species such as ethylene glycol, CO2 (m/
z=44), Ho0 (m/2=18), and HCl (m/z=18). The weight stabilization is
observed at temperatures above 700 °C with a ceramic yield of about
30 wt% and a linear shrinkage of around 50 %. The thermal decompo-
sition process of the specimens in air up to 500 °C is similar to that in
argon. Above at 500 °C, an exothermic weight loss accompanied by CO,
(m/2=44) release is observed, which is likely to be the oxidation (burn-
off) of carbon residuals formed during the decomposition of resin
components. The samples thermally decomposed at 500 °C in air have
more cracks than those pyrolyzed in argon. On the basis of these data,
the following thermal treatment process was realized: (i) the printed
thermosets were first dried in air at 170 °C for 24 h to slowly evaporate
the excess ethylene glycol; (ii) to reduce cracks, the dried samples were
subsequently pyrolyzed at 500 °C under argon flow with a low heating
rate of 0.3 °C/min; and (iii) finally, the specimens were sintered in air at
1500 °C for 1 h.

The above-developed thermal debinding and sintering procedure
was applied to the fabricated thermosets (see Fig. S2 e-h). The sintered
ceramic part fabricated from the PEG-0 resin without the addition of
PEG remains very fragile and porous and exhibits a number of cracks, in
addition, some branches of the diamond crystal structure were lost after
sintering (see Fig. S2e). This is the result of a strong gas release and
enormous internal stress during heat treatment. Therefore, a suitable
polymeric binder was applied for reducing pore size which in turn
should reduce the number of cracks. Typical examples of them are
polyvinyl alcohol, ethylene glycol citrate polyester, and PEG. Despite

their excellent solubility in ethylene glycol, polyvinyl alcohol and
ethylene glycol citrate polyester are not suitable because they signifi-
cantly increase the viscosity of the resin and thus impair the kinetics of
photopolymerization. PEG has a higher decomposition temperature
(~400 °C) than our hybrid resin [58], which makes it a useful binder in
the early phase of pyrolysis. The maximum amount of PEG that can be
added to the resin is limited due to its interaction with metal cations in
the resin, the complexation of metal cations with PEG results in a cloudy
suspension [59]. PEG in the range of 1-3 wt% had no significant influ-
ence on the resin viscosity and in turn on the printing accuracy. All those
factors make PEG a suitable binder for the DLP fabrication with milti-
metallic polymeric precursors. The surface of the PEG-1-1500 specimen
is smoother than that of PEG-0-1500 (Fig. S2f), but some branches of the
diamond crystal structure are still missing. In contrast, the PEG-2-1500
and PEG-3-1500 specimens maintain the printed shape without cracks
after sintering (Fig. S2g, h); this is due to “pore generation” during the
decomposition of the porogen PEG. The decomposition of PEG at ~400
°C results in uniformly distributed micro-sized pores preventing in this
way from cracking (Fig. 4). After pyrolysis and sintering the
PEG-containing samples retained their original shape with no noticeable
cracks, as exemplarily shown for the PEG-3-1500 specimen at different
stages of heat treatment (Fig. 3a). Fig. 3b and c display the optical im-
ages of four different geometries /shapes after DLP fabrication and
sintering at 1500 °C, representatively taken for the PEG-2 resin: (i) a
diamond-like lattice in which none of the branches of this structure is
parallel or perpendicular to the horizontal plane, (ii) a woodpile struc-
ture consisting of a finite stack of lattices, each of which consists of a
planar collection of identical rods (“struts™); each lattice is parallel to the
xz-plane, and the cylinders in each layer are orthogonal to the cylinders
in the neighboring layers, (iii) a cubic lattice of truncated octahedrons
(or tetradecahedrons) (iv) a Gyroid-type triply periodic minimal surface
structure. These results show that DLP manufacturing with our printable
resins has high dimensional fidelity and can be used to produce a variety
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Fig. 5. (a) The XRD patterns (A = 1.5406 ;\) of the specimen PEG-3 after sintering at different temperatures. (b) EDS elemental mapping of the surface of specimen
PEG-3 sintered at 1500 °C. The benchmark Bragg position was calculated by the Rietveld refinement based on the high-resolution synchrotron XRD data (A =

0.2073 A) of PD5-1000 (see Fig. 8).

of shapes that are retained in the ceramic parts after carefully controlled
thermal debinding and sintering.

3.3. Mechanical properties and microstructure

Compressive tests were carried out on the samples printed with
diamond- and woodpile-type structures and sintered at 1500 °C (Fig. 4).
The samples with a diamond-lattice structure showed rather low
compressive strength; for example, we could not measure the
compressive strength of PEG-0-1500 specimen with a diamond-lattice
structure using our mechanical testing equipment. The compressive
strength of the samples with a woodpile structure is significantly higher
than that of the samples with a diamond lattice structure at the same
PEG content. The mechanical strength of both printed structure types
increases with increasing the PEG content, and the PEG-3-1500 speci-
mens exhibit the highest compressive strength of 0.57 MPa and
0.94 MPa for diamond lattice and woodpile structures, respectively.
Since none of the branches of the diamond-type geometry are parallel or
perpendicular to the horizontal plane, they are subjected to a significant

bending moment during the compression test, resulting in low me-
chanical strength and rapid failure. A "simple" woodpile structure con-
sisting of a series of parallel struts with alternating alignments exhibits
significantly higher mechanical stability in the compression test.

Fig. 4 displays the SEM images of the fracture surface of the samples
studied. As shown in Fig. 4b, c, several irregularly shaped macropores
(~40 pm) are observed on the fracture surface of the PEG-0-1500
specimen. During pyrolysis, these pores are the result of the evolution of
gaseous products, which accumulate and cannot be discharged
smoothly, with the associated stresses leading to deformation and
cracking. Therefore, the fracture surfaces of PEG-0-1500 and PEG-
1-1500 demonstrate large-size cracks of about ~200 pm (Fig. 4b-e). The
smooth fracture surface of PEG-2-1500 (Fig. 4f, g) confirmed that a
brittle fracture had occurred. The fracture surface of the PEG-2-1500
and PEG-3-1500 samples exhibit small round pores of ~5 pm in diam-
eter that are evenly distributed and the material between the pores is
dense, resulting in fewer defects and better compressive strength.
Neighboring pores in PEG-3-1500 (Fig. 4h, i) are in contact with each
other and form interconnected channels, which favors the release of
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Table 2
The chemical states of elements in the PEG-3-1500 sample studied by XPS.
Element  Peaks Binding Interpretation Reference
energy (Ep),
eV
Sr 3ds/2 / 132.28 / Sr** in SrSn0O3 [68]
3ds/» 134.04
135.09 Hydroxylated Sr?* at the [69]
/133.37 surface
Sn 3ds;/  485.44/ Sn** in SrSn0O3 [68]
3ds,2 493.86
Ti 3p12/  463.51/ Ti** in SrTiOs [70]
3ps2 457.82
Zr 3ds,/  182.88/ zr** in SrZrOs [71]
3ds/2 180.49
184.11/ Hydroxylated Zr** at the [69]
181.79 surface
Hf 4fs5/2 , 16.90 / Hf* in SrHfOg3, Ep is smaller [72]
47,2 15.25 by about 1.6 eV compared
with those of StHfO3
Mn 2p3s2/ 641.92 / Mn** in SrMnOs3.x perovskite [64,65]
2ps/2 653.55
652.27/ Mn®* in SrMnOs3 4 perovskite [64,65]
640.65
(0] 1s 530.94 surface oxygen in hydroxyl/ [73]
carbonate groups
528.91 lattice oxygen

gaseous products and preserves the overall sample geometry /form.
These pores allow gases to discharge smoothly and reduce stress con-
centration during the heat treatment process. According to the Griffith
fracture theory, the compressive strength of brittle materials is influ-
enced by the size of the pores. For a given porosity, smaller pores lead to
a higher compressive strength[60,61] [62]. :

o [2EAL, O

PV aKr

where E is the elastic modulus of solid bulk material, and A, is the
fraction of the effective area; 4 is the surface energy; K is the constant
related to the shape of pores, and r is the average radius of the pores. The
addition of PEG eliminates the larger macropores and higher PEG con-
tent results in a more uniform pore size distribution with fewer oversized
pores, effectively reducing the stress concentration. This is a reason for
an increase in compressive strength with increasing PEG content. For a
given pore size the compressive strength is high for geometries/lattices
with an increasing fraction of the effective area, which is indeed
observed for the woodpile-type lattice compared with those with
diamond-type geometry (see Fig. 4a). Summarizing, the fabrication of
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complex structures of high-entropy perovskite-type oxide ceramics with
considerable strength can be achieved through geometric design and the
addition of porogens (i.e. PEG).

3.4. Structure and elemental distribution

Since the PEG content does not influence the phase composition in
the materials under study (i.e. same phase composition was observed for
all specimens after sintering, see Fig. S3), a sample with the highest
compressive strength i.e., PEG-3-1500, was selected for the detailed
compositional and structural analysis. The change in phase composition
as a function of sintering temperature was monitored by XRD (Fig. 5a).
The strong XRD reflection at 26 of 31.5 ° is attributed to a perovskite
solid solution, while the weak reflection at about 32.5 ° observed after
sintering at 1300 and 1400 °C corresponds to the (110) plane of
perovskite-type SrTiO3 [63]. With increasing temperature, the neigh-
boring reflections of these two phases gradually merged, until a
single-phase composition is formed, resembling the formation process of
high-entropy carbides observed in our previous work [47]. The XRD
pattern of the PEG-3-1500 sample is similar to the pattern of
perovskite-type  Sr(Tig 2Zrg oHfy 2Mng 2Sng 2)Os material reported
recently [3]. The EDS mapping confirmed the uniform distribution of
most cations (Fig. 5b), confirming the formation of the homogeneous
high-entropy perovskite-type material. The observation of Mn-enriched
regions (Fig. 5b) suggests that the minor manganese segregation on the
surface is in trace amounts with the amorphous component. A side
Mn-containing phase was not detected by either XRD or HR-XRD.

3.5. Elemental composition and oxidation state of the cations

The elemental composition of the PEG-3-1500 specimen was deter-
mined by ICP-OES (Table S1), EDS (Fig. S4), XPS, and oxygen analyzer.
The comparison of this data is discussed later in this work. First, we
address the oxidation state of cations in this specimen studied by XPS
(Fig. 6 and Table 2) and XAFS (Fig. 7). Remarkably, all peaks in the X-
ray photoelectronic spectra can be assigned to the chemical states of the
elements in the corresponding perovskites, which in turn confirms the
formation of the perovskite-type structure in the sample. The Mn 2p3,5/
2p1,2 doublet at 641.92 / 653.55 eV can be assigned to Mn**, those at
640.65 / 652.27 eV are attributed to Mn3*, which is consistent with
previous reports for SrMnOs., perovskite[64,65]. A high content of
adsorbed oxygen (~40 at%) can be attributed to the defects on the
surface, i.e., oxygen vacancies[66,67]; the oxygen non-stoichiometry is
confirmed by elemental analysis as well, which gives 19.5 wt% oxygen,
slightly less than the theoretical value of 20.5 wt% for a stochiometric
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Fig. 7. The normalized (a) XAFS and (b) XANES spectra at the Mn K-edge of the PEG-3-1500 specimen along with the reference materials StMnO3, MnO,, and
Mn;03. Inserted are the LCF fitting curves of spectra with all three reference materials.
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Table 3
Composition of the PEG-3-1500 sample from XPS, EDS, ICP-OES, and XAFS/
XANES analysis.

Cation Cationic fraction, at%
Targeted XPS EDS ICP-OES XAFS & XANES?)
Sr2t 50 57.10 46.27 50.05
Ti** 10 6.54 11.93 10.95
Zr*t 10 11.24 11.02 10.92
Hf* 10 17.94 13.76 11.58 -
Mn3* 10 0.97 7.47 7.45 1.40
Mn** 0.67 6.05
Sn** 10 5.54 9.55 9.05 -

aThe Mn®* and Mn*" fractions are calculated from the total Mn amount from
ICP-OES.

perovskite structure.

To calculate the fraction of the Mn®* and Mn*" cations, XAFS mea-
surements were performed at Mn K-edge with SrMn**03, Mn**0,, and
Mn3+0j as reference materials. The normalized spectra are presented in
Fig. 7a. Even after a measurement period of 62.5 hours, the sample
spectra have a low signal-to-noise ratio compared to the reference
spectra, which complicates a quantitative interpretation. From the
qualitative comparison of the sample with the references, the highest
agreement (especially when comparing the edge position) is found with
the SrMnOj5 reference with Mn** cations. A linear combination fit (LCF)
of the sample spectrum with the reference spectra SrMn** 03, Mn**0,,
and Mn§+03 (with all possible combinations of three references) was
performed to estimate the fraction of Mn®* and Mn**. An LCF was
applied to both the region of the X-ray absorption structure near the
edge (XANES) (6525-6595eV) and the whole spectrum
(6525-6725 eV) separately. The results for the LCF are inserted in
Fig. 7b for the XANES range and in Fig. 7a for the entire spectrum. In
each case, the summed 4+ oxidation state is above 70 wt% (Table S2
and S3), but it should be noted that the best agreement is obtained when
all three references are considered. From the results, especially consid-
ering the lower SNR of the PEG-3-1500 sample compared to the refer-
ences and the sometimes strongly oscillating residual in the LCFs,
missing species cannot be excluded. For the following discussion and
presentation of the specimen composition, we take the mean value of the
LCF results of the XAFS and XANES with all three reference materials, i.
e. the atomic ratio of Mn*" to Mn®* as 81.25-18.75.

The cation content calculated from the ICP-OES and EDS data de-
viates slightly from the targeted stoichiometry (Table 3). Since XPS is a
surface-sensitive method, the XPS results only reflect the approximate
element content of the surface; these data are not considered by
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calculating the elemental composition. Considering the accuracy of
quantitative EDS analysis, we use the ICP-OES data and take into ac-
count the oxygen content determined by the elemental analyzer. To
summarize, the PEG-3-1500 specimen in the high-entropy perovskite-
type oxide with the composition Sr(Tig.22Zrg 20Hfp 23Mng 15510 18)O02 g5,
in which manganese is considered to be in two oxidation states, that is,
Mn®" and Mn*" with the atomic ratio of Mn*" to Mn®* of about
81.25-18.75.

3.6. Structural model

The crystal structure of synthesized high-entropy perovskite-type
oxide Sr(Tio_22Zro_22Hf0,23Mn0,15Sn0,18)02,35 was determined from the
Rietveld refinement of synchrotron HR-XRD pattern using DICVOL06
and CheckGroup programs implanted in Fullprof software as described
in the supporting information. The results of indexing of the XRD
pattern, LeBail fitting, and space group checking suggested that the Sr
(Tig.20Zr¢ 22Hfp 23Mng 15Sn0,18)02 85 material is crystallized in ortho-
rhombic rather than cubic or monoclinic structures. Our results are in
good agreement with previous works in the literature that reported the
same space group for Sr2+B4+03 perovskites (B = Hf, Ti, Zr, Sn, etc, see
Supporting Information Page 9)[74-79]. The final cycle of Rietveld
refinement analysis for the XRD pattern of the Sr
(Ti0_22Zr0_22Hf0,23Mn0,158no,18)02,85 (1e PEG-3-1500 specimen) LlSil'lg
the suggested orthorhombic (Pbnm) structure is shown in Fig. 8a.
Structure parameters, Rietveld R-factors, and atom positions of the
orthorhombic structure are given in Table 4. The B-site in HEPO is
assumed to be occupied uniformly by five different cations with
different radii, some of which exhibit large radii (e.g., Zr*t and Ht‘”),
resulting in oxygen octahedral tilting as shown in Fig. 8b.

4. Conclusions

A high-entropy perovskite-type oxide with a composition Sr
(Tio'zzzro_zszovngnov15Sn0.18)02_85 has been synthesized from a
multimetallic polymeric precursor. The photocurable resins with
multimetallic polymeric precursors were developed and applied for the
DLP fabrication of complex rubber-like parts with high printing accu-
racy and moderate strength and elasticity. Through thermal debinding
and sintering at ambient pressure, the thermosets were transformed to
high-entropy perovskite-type oxides with retention of the printed ge-
ometry. Applied as a binder and porogen, polyethylene glycol greatly
reduced cracks and created uniformly distributed micron-sized pores,
lending to improved compressive strength, which reaches 0.94 MPa for
the woodpile-type structure specimen fabricated with 3 wt% PEG and
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Fig. 8. (a) Rietveld refinement of synchrotron HR-XRD data (A = 0.2073 A) collected on the PEG-3-1500 specimen. (b) Cubic perovskite lattice with orthorhombic
distortion. The gray spheres represent 0> and form the tilted oxygen octahedron. The large yellow spheres represent Sr*>*, and the smaller colored spheres represent
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Table 4
Structure parameters from crystal structure refinement for Sr(Tig 22Zrg 22Hfo 23Mng 155n0.18)05.g5 in Space Group Pbnm (No. 62)".
Atoms Wyckoff position x” y» z” Biso(A%)? Occupation
factor
Sr(1) 4c —0.0026(9) 0.5089(4) 1/4 1.112(16) 0.50052
Ti (1) 4a 0 0 0 0.169(11) 0.10951
Zr (1) 0.10919
Hf (1) 0.11575
Mn (1) 0.07450
Sn (1) 0.09053
o) 4c —0.0140(27) —0.0010(27) 1/4 0.553(15) 0.47560
0(2) 8d 0.2452(40) 0.2781(22) 0.0419(9) 0.553(15) 0.95120

2 4 =5.7007(3) A, b = 5.7326(2) A, ¢ = 8.1043(2) A, and D = 5.846 g/cm?; R, = 4.85 %, Ry, = 6.96 %, Ry = 4.46 %, and Rz = 3.31 %.

b Fractional atomic coordinates.
¢ Isotropic temperature factors.

sintered at 1500 °C. The orthorhombic crystal structure is identified by
the Rietveld refinement of high-resolution synchrotron X-ray structure
analysis; the elemental and spectroscopic characterizations suggest the
COI'l‘lpOSitiOl’l SI'(Ti().zzzro_zszo.gng'lo_1551’10.13)02.85. The DLP fabrica-
tion of high-entropy perovskite-type oxides such as the studied material,
and the composition-driven occurrence of octahedral tilting in this
structure, with its associated influence on the functional properties of
this material, open up new directions for the novel materials in emerging
applications requiring the additive manufacturing of functional mate-
rials in intricate geometries, including advanced electronic components
and integrated capacitors. This work represents the first time that the
additive manufacturing of high-entropy ceramics has been realized,
further broadening the toolset of ceramic additive manufacturing in
general and perovskite engineering in particular.
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