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Manganese-based A-site high-entropy perovskite oxide for solar
thermochemical hydrogen production
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Non-stoichiometric perovskite oxides have been studied as a new family of redox oxides for solar thermochemical hydrogen
(STCH) production owing to their favourable thermodynamic properties. However, conventional perovskite oxides suffer
from limited phase stability and kinetic properties, and poor cyclability. Here, we report a strategy of introducing A-site
multi-principal-component mixing to develop a high-entropy perovskite oxide, (Lai/sPrigNdisGdi/eSrisBais)MnOs
(LPNGSB_Mn), which shows desirable thermodynamic and kinetics properties as well as excellent phase stability and cycling
durability. LPNGSB_Mn exhibits enhanced hydrogen production (~77.5 mmol mole,4.~!) compared to (Lay3Sry3)Mn0; (~53.5
mmol molgg.™!) in @ short 1-hour redox duration and high STCH and phase stability for 50 cycles. LPNGSB_Mn possesses a
moderate enthalpy of reduction (252.51-296.32 kJ (mol-0)-%), a high entropy of reduction (126.95-168.85 J (mol-O)* K1),
and fast surface oxygen exchange kinetics. All A-site cations do not show observable valence changes during the reduction
and oxidation processes. This research preliminarily explores the use of one A-site high-entropy perovskite oxide for STCH.

K) and low Po, (partial pressure of oxygen), resulting in the
Introduction production of oxygen vacancies. (2) The second step involves
oxidizing the metal oxide with steam at low temperatures (e.g., T <

Hydrogen fuels are promising, environmentally-friendly energy
1373 K) to produce hydrogen.1? 12

sources with high efficiency and renewability.»® To realize large-scale
hydrogen production and store intermittent solar energy, solar-
driven thermochemical hydrogen (STCH) attracts considerable
attention because it utilizes the full spectrum of solar energy through
a two-step redox cycle.t10 (1) The first step of the process involves
the reduction of metal oxide under high temperatures (e.g., T> 1473

5
Reduction step: A,BO3—>A,BOs 5 +50; (1)

H,O0 splitting: A,BO;.s+6H,0(g)—>A,BO3+8H,(g) (2)
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The active redox metal oxides that have been investigated for STCH
include stoichiometric oxides (e.g., Sn0,/Sn0O* and Zn0O/Zn!*) and
non-stoichiometric oxides (e.g., ceria and perovskite-type oxide).
Stoichiometric oxides usually require high reduction temperatures
(=1873 K) to reduce, and the reduction-oxidation rates are low.!®
Additionally, the reduced oxide is in the gas phase, which increases
the collection and separation cost. Ceria (CeO,.5, where 6 represents
oxygen non-stoichiometry) materials are well-investigated for STCH
reactions due to their thermal stability and fast reaction kinetics.
However, ceria suffers from high reduction temperatures (1823 K or
above), limiting the theoretical hydrogen yield.16-1° Perovskite-type
oxide materials (ABOs) are considered a promising candidate for
STCH reaction because they have a low standard partial molar
reduction enthalpy resulting in high AS. Additionally, the AS value of
perovskite can be tuned to achieve desirable thermodynamic and
kinetic properties, which have been widely studied.?°-23 For instance,
the A6 value of the perovskite family La,SrixMnyAl;,035 (0sx<1,
0<y<1) is tuneable and
concentration.?* However, the issue of phase instability and poor

increases with the increasing of Sr

cycling performance, as well as sintering and slow kinetics in the
reduction step, remains a challenge. For instance, La and, Gd dopants
in BaFeOs_s have been investigated in STCH, but they suffer from the
problem of phase instability after the thermochemical H,0 splitting
reaction. Notably, the poor cycling stability of La- and Gd-doped
BaFeOs;.s system also limits the potential for development in STCH.
Additionally, the time required for one redox cycle is usually longer
than 1.5 hours, which is unfavourable for energy utilization.
Therefore, searching for materials with desirable phase stability and
kinetics during short-time redox cycling reactions is important.

High-entropy ceramics (HECs) include a wide number of materials
such as high-entropy oxides, borides, carbides, silicides, sulfides,
phosphides, and phosphates.?>28 high-entropy
perovskite oxides (HEPOs) 2018,%°
subsequently attracted great interest because of their catalytic,
dielectric, ferroelectric, magnetic, thermoelectric, magnetocaloric, &

Specifically,

were reported in and

electrocaloric properties, as well as promising applications in solid
oxide fuel cells, batteries, and supercapacitors.39-33 Recent studies
found high-entropy oxides with favourable kinetics and stability in
the cycling redox reaction.3438 For example, the (FeMgCoNi)O4 ,@SiC
composite demonstrated a hydrogen yield that surpassed the

thermodynamic limits of cutting-edge materials, including spinel
ferrites and ceria.3® Also, (FeMgCoNi)O,, showed no performance
degradation for 10 cycles. Recently, HECs have been further
extended to compositionally complex ceramics (CCCs) where
maximizing the configurational entropy is not always needed or
beneficial.?® % Notably, a recent report showed that compositionally
complex perovskite oxides (CCPOs) with non-equimolar B-site mixing
exhibit excellent STCH performance with Co as the redox-active
element.*!

Herein, we reported a Mn-based HEPO for STCH reaction via A-site
mixing with the chemical formula
(Lay/6Pr1eNd1/6Gd1/6Sr1/6BaisMn)0;, denoted as LPNGSB_Mn for
brevity, for STCH reaction with further improved performance (and
are Co-free). LPNGSB_Mn possesses excellent phase stability even
after 50 cycling reactions. LPNGSB_Mn exhibits a favourable kinetic
property (oxygen exchange coefficient), desirable thermodynamic
parameters (A8, enthalpy, and entropy of reduction), and high H,
production (~77.5 mmol molg,g.) within 1 h. The conclusion that
Mn is the only redox centre in this material is supported by X-ray
photoelectron spectroscopy (XPS) and electron energy loss
spectroscopy (EELS) results. Moreover, LPNGSB_Mn shows excellent
phase stability and cycling durability even after over 50 long cycles.
This work also provides a new pathway for utilizing A-site HEPO in
thermochemical applications such as chemical looping and explores
the potential of HEPOs for use in two-step seawater splitting. In this
study, we explore both kinetic and thermodynamic aspects in a high-
entropy system. Additionally, our extended testing over 50 cycles
indicates long-term stability and potential for application, thereby
enriching the current understanding beyond the state-of-the-art
redox oxides in this field.3% 4243

Results and discussion

2.1 Characterizations and Experiments

The nominal compositions and sample abbreviations for perovskite
oxides developed in this work are shown in Table 1.

Table 1. Compositions of developed perovskite oxides and sample abbreviations.

Sample abbreviations

Nominal composition

LS21_Mn
LPNGSB_Mn

(Laz/gsrl/g,)MnOg
(Lal/GPrl/eNdl/eGdl/SSrl/GBal/e)Mn03

X-ray diffraction (XRD) patterns revealed that samples exhibited

rhombohedral crystal structures (with space group R§C) without any
detectable secondary phase (Figure 1a). Rietveld refinements

confirm all compositions are R3c phase by assuming random A site
occupation of La, Pr, Nd, Gd, Sr, and Ba (Figure S1, S2). Table S1
displays the refined lattice parameters for samples. In addition, the

2| J. Name., 2012, 00, 1-3

neutron total scattering conducted at Oak Ridge National Laboratory
(ORNL) Spallation Neutron Source (SNS) Nanoscale-Ordered
Materials Diffractometer (NOMAD) further confirmed that LS21_Mn
has a rhombohedral crystal structure, as shown in Figure S3. The
fitting results of the NOMAD data are presented in Table S2. The
comparison between the XRD and NOMAD neutron total scattering
results shows excellent agreement, which further validates the

This journal is © The Royal Society of Chemistry 20xx
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crystal structure and space group. The crystal structure is shown in
Figure 1b. Additionally, the tolerance factor of LPNGSB_Mn can be
calculated by Eq. (3).

TatTo
\/7(7"6' +70) (3)

ARTICLE

Here, ra, 1o, and rg represent the ionic radii of each ion. The T of
LPNGSB_Mn is 0.9925. Generally, when 0.89 < 7 < 1.02, the
perovskite structure is stable.**
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Figure 1 (a) XRD patterns of LPNGSB_Mn and LS21_Mn. The standard XRD card for Lag 5Srg 35sMnOs with structure is shown for reference. (b)

Crystal Structure of LPNGSB_Mn.

The morphologies, microstructure, and elemental distribution of
LPNGSB_Mn were characterized using scanning electron microscopy
(SEM) energy-dispersive  X-ray (EDX)
spectroscopy (Figure 2) The fresh sample showed irregularly

in combination with

connected spherical particles with an average diameter of
approximately 5-15 um. The EDX mappings showed a homogeneous
distribution of elements.

Figure 2 SEM images and corresponding EDX elemental maps showmg the distribution of La (cyan), Pr (purple), Nd (orange), Gd (blue), Sr

(green), Ba (red), and Mn (yellow) in the fresh (Lay/sPri/sNd1/6Gd1/6Sr1/6Ba1/6)MnO3 (LPNGSB_Mn) perovskite sample.

The scanning transmission electron microscopy (STEM) with EDX
mapping (Figure 3) was used to characterize the atomic
microstructure and elemental distribution of LPNGSB_Mn, which
revealed a uniform distribution of all elements. These results show a

This journal is © The Royal Society of Chemistry 20xx

homogenous occupancy of A sites between the A site dopants, but
that B-sites are occupied by Mn. STEM-EDX quantitative analysis
displayed the average composition for all metal percentages as
shown in Table S3.

J. Name., 2013, 00, 1-3 | 3
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Figure 3 Pristine LPNGSB_Mn (a) drift corrected frame integrated (DCFl) HAADF image showing A and B-site atoms as white and gray points
of contrast respectively. (b) HAADF image (c) bright-field (BF) image (d) well-ordered Mn EDX map corresponding to the gray points of
contrast in the HAADF image. (e) La EDX map (f) Pr EDX map (g) Nd EDX map (h) Gd EDX map (i) Sr EDX map and (j) Ba EDX map. (e-j) show
atomic signals corresponding to the brightest white points in the HAADF images indicating a mixed species A-site occupation.

To assess the redox capability, the LPNGSB_Mn series samples were
tested by temperature programmed reduction (TPR).*> Figure S4
displays that LPNGSB_Mn has a larger AS than LS21_Mn.
LPNGSB_Mn shows a A value of 0.0822, which is approximately 2.6
times greater than that of LS21_Mn (A& = 0.032).

EPR technique was used to study the magnetic properties of
perovskite oxides. The formation of oxygen vacancy in LPNGSB_Mn
was investigated using EPR spectroscopy. Room temperature X-band
EPR spectra were recorded for the powder samples of fresh
LPNGSB_Mn and reduced LPNGSB_Mn (thermally reduced at 1350
°C under nitrogen atmosphere). EPR spectra of fresh LPNGSB_Mn
and reduced LPNGSB_Mn samples are shown in Figure S5. Both fresh
LPNGSB_Mn and reduced LPNGSB_Mn samples exhibited a broad
and symmetric signal of high-spin Mn** (t,5® €%, S = 3/2) located in
the cubic symmetry of the perovskite B site.*6*8 The broad spectrum
is due to isotropic ferromagnetic exchange coupling arises from the
hopping of electrons between Mn** and nearest neighbour Mn3*ions
in the crystal lattice.*®>0 The calculated g value for both spectra is g
=1.98. No EPR signal was observed below 2000 G (data not shown).
The linewidth (AH,) values of fresh LPNGSB_Mn and reduced

LPNGSB_Mn samples, calculated from the maximum and minimum
values of the spectrum, were 704 and 680 G, respectively. As
compared to the AH,, of fresh LPNGSB_Mn, the AH,, value of and
reduced LPNGSB_Mn sample was significantly decreased (from 704
G to 680 G). EPR spectroscopy has been used to study the oxygen
vacancy defects in the perovskite oxides.*”-48:51 Under a high external
thermal energy, some oxygen ions deviated from the original sites
and oxygen vacancies are generated in perovskite oxides. The
increased sites of oxygen vacancies increase the electron
concentration inside the crystals. Our EPR study shows that the g (=
1.98) value of the reduced LPNGSB_Mn sample is same as the fresh
LPNGSB_Mn. It shows that the lattice structure and coordination
environment of Mn** in LPNGSB_Mn sample is not changed even
after heated at 1350 °C under nitrogen atmosphere. The formation
of oxygen vacancies results in defect induced free electron spins. EPR
studies have shown that the electrons trapped in the formation of
oxygen vacancy sites exhibits a sharp signal around g = 2.003 -
2.004.5% 53 |n our study, due to the broad EPR spectra that lack any
resolved fine structure, the characteristic g-value of oxygen vacancy
cannot be extracted from the spectrum. Importantly, the change in
AHg, is attributed to the changes of magnetic interaction between



the Mn* and newly formed oxygen vacancies in reduced
LPNGSB_Mn sample. The decreased AHg, in reduced LPNGSB_Mn
sample demonstrates that there is an increased exchange/magnetic
interaction between Mn** and neighbouring electrons with the free
spins induced by the oxygen vacancies. Overall, the EPR study clearly
demonstrates that LPNGSB_Mn under external thermal energy and
nitrogen atmosphere resulted in oxygen vacancies.

To reveal the redox-active elements in LPNGSB_Mn, in-situ electron
energy loss spectroscopy (EELS) was conducted to investigate their
redox activity by heating LPNGSB_Mn to 700 °C under a vacuum
(Figure S6). The EELS spectra of Mn, O, La, Pr, Nd, Gd, and Ba are
shown in Figure S6a-g. For the A-site elements, no cation peak shift
was observed, indicating no valence change in the A-site elements.*!
For the B-site elements, Mn is the only redox-active element, as
evidenced by the shift in the Mn L-edge to lower energies (Figure
S6a). The XPS analysis of LPNGSB_Mn shows the same trend, with a
shift in the peak edge to lower energies, further demonstrating that
Mn is the redox-active element (Figure S6h). The Mn2p peak has two
split spin-orbit components of 2p3/2 (~642.3 eV) and 2p1/2 (~653.5
eV). The differences in the binding energy of split (ABE) were 11.2 eV
in fresh LPNGSB_Mn and increased to 11.7 eV in reduced
LPNGSB_Mn. The results show a shift of the Mn 2p3/2 and Mn2p1/2
peaks toward lower binding energies, indicating that Mn has been
reduced.>* The absence of the satellite peak at 648 eV indicates that
MnZ* does not dominate in this oxide.5> Thus, Mn3*, and Mn** are the
predominant valence states in this perovskite-type oxide.

The XPS results also confirmed that rare earth elements (La, Pr, Nd,
Gd) remained stable without any change in LPNGSB_Mn before and
after the reduction process (Figure S7 and, S8). One observable
change, shown in Fig. S8eg, is that the Sr signal increases in intensity
after reduction at 1350 °C. This change in Sr signal can be attributed
to Sr segregation, which is commonly observed in perovskite oxides
like LaSrMnOj series.>® 57

Note that direct water thermolysis catalysed by the samples and an
alumina tube at 1100 °C produces a small amount of H,, which is also
reported in the literature.>8%2 The H, production from direct water
thermolysis was measured at 800-1100 °C (Figure S9). Thus, the
amount of hydrogen background produced through direct
thermolysis was subtracted from the total hydrogen production to
obtain the net H, production from the STCH redox reaction. To
evaluate the water-splitting capabilities of LPNGSB_Mn and
LS21_Mn in terms of hydrogen production and reversibility, these
materials were subjected to consecutive H,0-splitting cycles. Figure
4a shows the cumulative hydrogen production for both samples
under different protocols in terms of different oxidation
temperatures and reduction/oxidation durations at different cycles.
Figure 4b presents the corresponding oxygen production under
these protocols. The protocols implemented are detailed in Table S4.
For all materials under different protocols, the molar ratio of O, to H,
produced in the reduction and oxidation step respectively, was
approximately 0.5 (Figures S10 and S11), indicating that the splitting
of H,0 is realized by the redox reaction in a stepwise way. As shown

This journal is © The Royal Society of Chemistry 20xx

in Figure 4a and Table 2, hydrogen production increases with the
number of cycles. Notably, LPNGSB_Mn exhibits the highest H,
production (~77.5 mmol molgget) at 900 °C in the oxidation step.
The H, production of LPNGSB_Mn is comparable with the reported
oxides tested by the same reactor at Sandia National Laboratories, as
shown in Table $5.53 64

Initially, the hydrogen production of LS21_Mn (~26.7 mmol molyyige™
1) and LPNGSB_Mn (~26.3 mmol molyge?) is similar when both
thermally are reduced for 5 min (Protocol P1). However, the
reduction and oxidation time increases, the hydrogen production of
LPNGSB_Mn and LS21_Mn is 57 and 43.35 mmol molg¢e* under
Protocol P2, respectively. In a comparison between conditions of
Protocols P2 and P3, with the reduction temperature fixed at 1350 °C,
the oxidation temperatures are set at 1100 and 900 °C, respectively.
A lower oxidation temperature of 900 °C is favourable, yielding a
hydrogen production of ~73 mmol molgee* for LPNGSB_Mn and
~53.5 mmol molg,ige* for LS21_Mn, respectively, as shown in Figure
4a. The hydrogen production of LPNGSB_Mn in the 4t" cycle at 900 °C
(~77.5 mmol molyyge™) is higher than 1100 °C (¥60 mmol molyige™),
suggesting a greater extent of the reaction at 900 °C, indicating a
more thermodynamically favourable condition compared to 1100 °C.
The oxidation reaction kinetics are favoured at higher temperatures,
as shown in the plots of molar hydrogen production rate versus time
(Figure 4c-h). The oxidative water splitting step is an exothermic
reaction and thus thermodynamically favoured at a lower
temperature. In contrast, the H, production kinetics at 1100 °C are
higher than at 900 °C, as indicated by the higher peak rates at 1100 °C.
The detailed values can be found in Table S6. The favoured
thermodynamics at 900 °C likely cause the higher H, production
within 30 min. A similar effect of lower oxidation temperature on the
increased H, production has been reported in LaggCag4Mn03.5°

Figure 4i,j shows the rate curve for LPNGSB_Mn during high-
conversion water-splitting cycles (with a molar ratio of H,O to H, at
1000:1) at temperatures of 1100 and 900 °C with detailed conditions
described in Table S4. The plots of gas molar production rates versus
time for high conversion water-splitting cycles are shown in Figure
$12. LPNGSB_Mn exhibits similar peak rates in the presence of H, at
1100 and 900 °C, as shown in Figure 4i,j. Figure S13 compares
LS21_Mn and LPNGSB_Mn in high-conversion water-splitting cycles,
where LPNGSB_Mn shows a higher H, production peak rate than
LS21_Mn. Moreover, hydrogen production can be detected in
LPNGSB_Mn at 900 °C under Protocol P5, while LS21_Mn shows
negligible H, production under the same conditions. After STCH
cycles, the sample of LPNGSB_Mn was kept as the reduced state and
characterized by the HAADF-STEM. The atomic-level crystal structure
of reduced LPNGSB_Mn remains intact, and the distribution of
elements is homogenous (Figure S14), indicating its phase stability.
The STEM-EDX quantitative analysis of reduced LPNGSB_Mn is
shown in Table S7.

In addition, it delivers similar H, production under the seawater
vapor feeding condition. Therefore, this STCH technology can flexibly

J. Name., 2013, 00, 1-3 | 5
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function for splitting low-grade water without the reliance on the ECR result (Figure S16) can be fitted to obtain the surface oxygen
costly deionized water due to the use of H,0 vapor feeding, which is  exchange coefficient (K;).”> 73 The K, of LPNGSB_Mn is 7.992x10°cm
a promising technological complement to proton exchange s™.

membrane and anion exchange membrane water electrolysis that

need to use deionized water.%671 Furthermore, the surface oxygen

exchange kinetics for a dense LPNGSB_Mn pellet (Figure S15) were

measured by the electrical conductivity relaxation (ECR) method. The
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Figure 4 H, (a) and O, (b) production for LS21_Mn and LPNGSB_Mn under different protocols and cycles, respectively. The plots of molar H,
production rate versus time for LPNGSB_Mn under protocols P2 and P3 in different cycles (c-f). The plots of molar H, production rate versus
time for LS21_Mn under protocols P2 and P3 in different cycles (g-h). The plots of molar H, production rate versus time for LPNGSB_Mn
under protocols P4 and P5 in different cycles (i-j). Cycling stability of H, production of LPNGSB_Mn (k) and LS21_Mn (l) under Protocol P2.
Detailed testing protocols are summarized in Table S4. Results of (a-j) were obtained in a STCH reactor at Sandia National Laboratories, while
results of k and | were obtained in another homemade reactor.

Table 2. Summary of STCH Production Results of LPNGSB_Mn under Different Testing Conditions.?

Condition Tred/ Tox (°C) tred/ tox (Min) Flow rate Cumulative H, production Steam to hydrogen conversion
(scem) (mmol molyyige™?) (%)
C1-LPNGSB_Mn- 1350/1100 5/20 200 21.8 0.45
P1
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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C2-LPNGSB_Mn- 1350/1100 5/20 200
P1

C3-LPNGSB_Mn- 1350/1100 5/20 200
P1

C4-LPNGSB_Mn- 1350/1100 5/20 200
P1

C1-1S21_Mn-P1 1350/1100 5/20 200

C2-1S21_Mn-P1 1350/1100 5/20 200

C1-LPNGSB_Mn- 1350/1100 30/30 200
P2

C2-LPNGSB_Mn- 1350/1100 30/30 200
P2

C3-LPNGSB_Mn- 1350/1100 30/30 200
P2

C4-LPNGSB_Mn- 1350/1100 30/30 200
P2

C1-1S21_Mn-P2 1350/1100 30/30 200

C2-1521_Mn-P2 1350/1100 30/30 200

C1-LPNGSB_Mn- 1350/900 30/30 200
P3

C2-LPNGSB_Mn- 1350/900 30/30 200
P3

C3-LPNGSB_Mn- 1350/900 30/30 200
P3

C4-LPNGSB_Mn- 1350/900 30/30 200
P3

C1-1S21_Mn-P3 1350/900 30/30 200

C2-1S21_Mn-P3 1350/900 30/30 200

C2-LPNGSB_Mn- 1350/1100 30/30 200
P4

C2- 1S21_Mn-P4 1350/1100 30/30 200

C2-LPNGSB_Mn- 1350/900 30/30 200

P5

ARTICLE
26.3 0.54
30 0.61
29.3 0.60
22 0.55
26.7 0.67
51 0.70
57 0.78
60 0.82
60 0.82
32.95 0.55
43.35 0.71
64 0.87
73 1.0
76.5 1.05
77.5 1.05
47 0.78
53.5 0.89
27.9-51 -
34.15-46.1 -
33.6-41.95 -

3 In all cases, the cycle numbers are designated as C1 to C4. For example, C1 represents the first cycle. The protocol numbers are designed
as P1 to P5 indicating different conditions which are detailed in Table S4. T,.q and T, are the reduction and oxidation temperature,

respectively. t.g and to, are the reduction and oxidation time, respectively.

Table 2 summarizes the STCH production results under different
conditions/protocols. To investigate the correlation between H,
production and material properties, we used excess steam to react
with a small quantity of perovskite oxide samples to ensure the
sufficient solid-gas contact and mass transfer for analysing the
thermodynamic situation. Therefore, the steam-to-H2
conversion percentages under all conditions are lower than 1.1%.

limit

We investigated the cycling ability of LS21_Mn for 20 cycles and
LPNGSB_Mn for 50 cycles. Figure 4k,| shows the cycling test results.
LPNGSB_Mn and LS21_Mn maintained stable hydrogen production,
respectively. The cycling stability of LPNGSB_Mn under harsh cycling
conditions is comparable to that reported for other STCH oxides.*?
LS21_Mn exhibits a degradation of 12% after 20 cycles. In contrast,
LPNGSB_Mn shows a degradation of 18% after 50 cycles. The
gradually decreased hydrogen production may be attributed to the
particle coarsening of samples, which may decrease both the heat
transfer rate and the oxygen release rate. The morphologies and EDX
maps of pristine LPNGSB_Mn and LPNGSB_Mn cycled for 50 cycles
are shown in Figures 2, S17, S18, and S19. After 50 cycles,
LPNGSB_Mn had an average diameter of approximately 10-25 um

This journal is © The Royal Society of Chemistry 20xx

and did not show obvious element segregation. Regarding the
texture of the samples, there was a considerable difference in the
structural variation. The fresh LPNGSB_Mn sample had a rough
surface with particle dispersion (Figure 2), compared to the 50-cycled
sample, which had a relatively smoother surface (Figure S17d) with
some particle aggregation and material sintering. The larger grain-
size observed after the 50-cycling experiment could be attributed to
the LPNGSB_Mn being exposed to high temperatures (1100-1350 °C)
for alonger time. The distribution of different elements was analysed
(Figure 2 and Figure S18, $19). The elements of La, Pr, Nd, Gd, and
Mn were distributed evenly in both the pristine and cycled
LPNGSB_Mn, while the elements of Ba and Sr displayed small
segregation in the cycled LPNGSB_Mn. This small difference can be
attributed to the sample being subjected to high-temperature
sintering. Therefore, the negligible element aggregations are
consistent with the phase stability observed in the XRD pattern
(Figure S20). This phenomenon commonly occurs in perovskite
oxides containing alkaline earth elements like Sr, which have a
significant influence on material activity and stability.>”
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The pristine and 50-cycled LPNGSB_Mn was characterized by Raman
spectroscopy. The Raman spectra are shown in Figure S21, and a
three-peak model was used to fit the spectra. The fitting results were
summarized in Table 3 below:

Table 3. The fitting result of the Raman spectroscopy peaks.

sample Peak 1 (cm™)  Peak 2 (cm™) Peak 3 (cm™)
LPNGSB_Mn 218 497 620
pristine
LPNGSB_Mn 207 490 613
cycled

The observed vibrational band close to 600 cm™ is probably due to
Mn-O vibrational modes coupled with the MnOg octahedral
structure, which are associated with the existence of oxygen
vacancies nearby.”* 7> The small peak shift between two samples
could be attributed to the variation in the heavy ion content. The
peaks close to 200 cm™® and 490 cm! could be attributed to the A,
mode from La vibration and the E; mode from oxygen bending
vibration, respectively. The peak around 620 cm™ can be assigned to

the By, mode, representing the in-phase stretching of LPNGSB_Mn.”®
79

The structural stability of LPNGSB_Mn was further demonstrated
based on the result of Raman.”” Additionally, the red-shift is
observed in the Raman spectra of 50-cycled LPNGSB_Mn indicating
the increasing defects in the material structure.®° Collectively, the
results of XRD, SEM, EDX and Raman spectra indicate LPNGSB_Mn
maintained the relatively stable composition, structure and phase.

Two thermodynamic properties, reduction enthalpy and entropy, are
key factors that determine the H, production of STCH materials.8" 82

Therefore, we measured the & over a range of Po, values and
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temperatures for LS21_Mn and LPNGSB_Mn through a reported TGA
method.®-8> Figure 5a,b show the oxygen non-stoichiometry of

LPNGSB_Mn and LS21_Mn,

temperatures at different oxygen partial pressures Po,.

respectively, as a function of

According to the van’t Hoff method,8 the standard entropy change (
ASY) and the standard enthalpy change (AHJ) can be acquired from
the correlation with Pg, and temperature as the following
equation .83 85,86

AG'(T) = RTInK7eq (4)
AG'(T) = AH;eq(8) -TASrea(8) (5)

KE3, = Po,3(8) (6)

In P, 3(8)=-2za@ 1.4 850a® ()

where AGO(T) is Gibbs free energy in the temperature in Kelvin, K?gd
is the thermodynamic equilibrium of reduction, AHeq(8) and AS;eq
(8) are the standard enthalpy and entropy, respectively, assuming A

Hyeq(8) and AS;q(8) are irrelevant with temperature.

1

An Arrhenius plot of Ian;2 vs 1000/T (at a specific 8§) with linear
fitting can be acquired. Figure 5¢, d show the plots for LPNGSB_Mn
and LS21_Mn, respectively. The value of AH;eq(8) and AS;eq(8) can
be obtained from the slope and the intercept of the straight line,
respectively. Consequently, the enthalpy and entropy of LS21_Mn
and LPNGSB_Mn as a function of oxygen non-stoichiometry are
obtained (Figure 5e, f), respectively and compared with those of
some reported redox materials such as

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Oxygen non-stoichiometry of (a) LPNGSB_Mn and, (b) LS21_Mn as a function of temperatures at different oxygen partial pressures
Po,. Arrhenius representation of (c) LPNGSB_Mn and (d) LS21_Mn in 1000/T and In (Po,) for obtaining reduction enthalpy and entropy by
the van’t Hoff method at specific 6 range from 0.0025-0.04. (e) Standard enthalpy and (f) entropy for LS21_Mn, LPNGSB_Mn, and some redox
oxide materials reported in literatures (e.g., CTM55°, LSMA6446%4, LSC8 ,and LSM64%7). The oxygen non-stoichiometry of (a) LPNGSB_Mn
measured at 1400 °C was reprinted with permission from ref. 8. Copyright 2023 The Electrochemical Society.

Lag Sro.2Co0; (LSC)®¢, Ca(MngsTigs)Oss (CTM55), LaggeSrosMnOs.s
(LSM64)87, Lag gSroaMng 4Alg603.5 (LSMAG446).2* LPNGSB_Mn is in a
favourable window of AH,4(8) and AS;4(8). The reduction enthalpy
and entropy of reduction are in the range of 252.51-296.32 kJ (mol-
0)'and 126.95-168.85 J (mol-0)~1 K2, respectively.

Conclusions

In summary, we reported a new A-site high-entropy HPEOs based on
LS21_Mn as the parent perovskite-type oxide for solar-driven

LPNGSB_Mn enable a maximum hydrogen production of ~77.5 mmol
mMolgyige ™t within a short 1-hour duration under optimized STCH
conditions. We further showed that Mn is the only redox-active
element in this HEPO. LPNGSB_Mn shows excellent phase stability
and cycling durability over 50 cycles. This STCH technology can be
also extended to thermochemical seawater splitting, eliminating the
strict requirements of high-purity water. This study opens new
avenues for screening redox materials for STCH and other possible
chemical looping reactions. We suggest future studies focusing on
testing this high entropy oxide in a reticulated porous ceramic

thermochemical water splitting Notably structure for practical applications and exploring in-depth
(Laz/ePr1/sNch/6Gdy/6S1/6Bay)MnO;  (LPNGSB_Mn) shows an Mechanisms.
excellent balance between fast kinetics and suitable

thermodynamics as well as extraordinary phase stability during the
redox reaction. It exhibits moderate enthalpy (ranging between
252.51 and 296.32 kJ (mol-0)t) and entropy (ranging between
126.95 and 168.85 J (mol-0)! K1) of reduction. These traits of

Experimental section

3.1 Materials Synthesis
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All perovskite-type oxide powders were synthesized using a solid-
state method. The chemical precursors were used without further
purification. Stoichiometric amounts of La,0; (Alfa Aesar, 99.99%),
Pr¢O41 (Alfa Aesar, 99.99%), Nd,0; (Sigma Aldrich, 99.99%), Gd,03
(Alfa Aesar, 99.99%), SrCO; (Alfa Aesar, 99.99%), BaCOs (Sigma
Aldrich, 99.98%) and MnO, (Alfa Aesar 99.9%) were placed in a
poly(methyl methacrylate) high-energy ball mill (HEBM) vial with
endcaps and millings balls made of tungsten carbide, and dry milled
for 100 min (SPEX 8000D, SPEX SamplePrep, USA). The mixed powder
was heated from room temperature (RT) to 1300 °C with a heating
rate of 5 °C min~! and annealed in air at 1300 °C for 10 hours.
Subsequently, the annealed powder was cooled to RT at a rate of 5
°C min~l. After that, the synthesized powder was ground with a
pestle and mortar to achieve uniform mixing and prevent local non-
uniformities. Then, the powder was further annealed at 1400 °C with
a heating/cooling rate of 5 °C min~! for 10 hours to enhance the
homogeneity of the final product.

3.2 Phase Characterization

The phases were confirmed by X-ray diffraction (XRD) using a powder
diffractometer (Rigaku Miniflex) at 30kV and 15mA, with Cu K,
radiation. All XRD data were collected with a step size of 0.02° and a
scan rate of 2° min~t. The crystal structures of powders and specific
crystallographic parameters were analysed by Rietveld refinement
(Crystallography  data  analysis  software:  GSAS-ll).  The
crystallographic information file (CIF) of LaggsSrg3sMn0Os (R§C) from
the Inorganic Crystal Structure Database (#54-1195) was used as an

initial structure.

3.3 Pair Distribution Function

Pair distribution function (PDF) G(r) analysis was obtained via
neutron total scattering at Nanoscale-Ordered Materials
Diffractometer (NOMAD BL-1B) at the Spallation Neutron Source
(SNS) of the Oak Ridge National Laboratory (ORNL). All perovskite
powder specimens (around 0.6 g) were loaded into quartz capillaries
(Hampton Research, HR6-150, 2 mm diameter and 8 cm length). The
total scattering experiments were carried out at 290 K for a total
accelerator proton charge of 8 C, corresponding to about 92 min
acquisition time at the full power. To produce the total scattering
function 5(Q), the background was subtracted for the data from six
detector banks and the data were normalized to the intensity of
vanadium. This function was Fourier-transformed with a sliding Qmax
to obtain the neutron weighted pair distribution functions, G(r) =r

[g(r)-1]. The shortest distance correlations were transformed with a
4msin®
B
where 6 and 4 are the scattering angle and the neutron wavelength,

Qumax =31.4 A=1. The momentum transfer, Q, is given as Q=

respectively. The analysis of PDF data was done with small-box
modeling by the PDFgui software. Rhombohedral (RgC) structure was
used to model the data. The refined parameters include lattice
parameters (a and c), scale factor, linear correlated motion factor
(Delta 2 in PDFgui), isotropic atomic displacement parameters (ADP)
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for A-, B- and O sites, and the number of oxygen vacancies. Multiple
elements occupying A or B site were refined with the same XYZ
position and ADP.

3.4 Temperature Reduction

Experiment

Programmed

Temperature programmed reduction (TPR) characterization was
conducted using a simultaneous thermal analyzer (STA 449 F3
Jupiter, NETZSCH Germany). Around 30 mg of powder sample was
heated up to 1350 °C with a heating rate of 30 °C min~! and held
isothermally for 45 min in ultrahigh-purity (UHP) Ar atmosphere.
Subsequently, the sample was cooled down to 1100 °C with a cooling
rate of 30 °C minL. Then, 21% O, mixed with 79% Ar was introduced
to oxidize the sample. A blank crucible was tested to calibrate the
mass loss curve of samples. The extent of reduction (A8) was then
calculated by measuring the mass change of the sample,® which
should remain constant to confirm complete oxidation under these
conditions. The initial cycle usually displayed activation behaviours
because of surface adsorption. Thus, the stabilized cycle 2 for all
LPNGSB_Mn samples was reported for comparison.

3.5 Electron Paramagnetic Resonance (EPR)
Spectroscopy

EPR spectra were recorded using a Bruker ELEXSYS spectrometer
(Bruker BioSciences, Billerica, MA, USA) operating at X-band with a
100 kHz modulation frequency as described previously.®® °1
Solid/powder samples were loaded directly in to an EPR quartz tube
(0.D 4 mm).
resonator/cavity and the sample was adjusted to the middle of the

The quartz tube was positioned inside the
resonator. EPR spectra were recorded at room temperature. Data
acquisition was performed using Bruker Xepr software. The following
settings were used: microwave frequency, 9.86 GHz; microwave
power, 15 mW; modulation amplitude, 4.91 G; modulation
frequency, 100 kHz; receiver gain, 60 dB; conversion time, 29.3 ms;
sweep time, 120 s; number of scans, 1. Data processing was

performed using GraphPad Prism 10 program.

3.6 Scanning Transmission Electron Microscopy
(STEM)

Electron transparent specimens were prepared using a Helios
Nanolab 660 dual beam focused ion beam (FIB)/scanning electron
microscope (Thermo Fisher Scientific). The procedure for preparing
the FIB TEM lamella, including using a protective Pt coating on the
surface of the samples. Bulk material removal and thinning were
performed at 30 kV. The final thinning was performed at 5 kV to
prevent further incidental Ga beam damage and remove previously
damaged. STEM analysis was performed with a probe-corrected
Titan Themis Z electron microscope operated at 300 kV (Thermo
Fisher Scientific). The TEM is equipped with a monochromator (0.14
eV fwhm ZLP @ 300 kV), large-solid angle SDD EDX detector (Super
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X, solid angle = 0.7 sr), and Quantum 969 EELS spectrometer (Gatan,
Inc.), which has both a conventional CCD and a direct-electron CMOS
K2 sensor for electron counting mode EELS analysis.

Electron

3.7 In-situ Scanning Transmission

Microscopy (STEM) Combined with Electron
Energy Loss Spectroscopy (EELS)

In situ heating was performed with a Gatan double-tilt model 652
heating holder. The sample was heated in a microscope vacuum
(approximately 5.6 x 1078 Torr; therefore, less than 4 x 1078 bar 0,)
to the desired temperature at a ramp rate of approximately 10 °C
min~t and then held for approximately 15 min to allow time for drift
to settle and the sample to equilibrate. EELS spectra of LPNGSB_Mn
samples were collected at 25, 250, 400, 500, 600, and 700 °C. EELS
spectra were collected in identical sample locations at a given
temperature before and after the sample was heated to the next
target temperature. For monochromated EELS, the convergence
angle was approximately 25 mrad. The collection angle was
approximately 35 mrad, and typical beam currents were 100-200 pA.
To avoid a strong contribution from the electron beam during
heating, the beam was quickly scanned over an area of interest
during spectrum acquisition so that the electron dose was spread out
over an area and not focused on one point. Additionally, EELS spectra
were collected using Digital Micrograph’s “time series” mode.
Individual EELS spectra were collected with a 20-50 ms integration
time while the beam scanned over a selected region of the sample,
and then 5000-8000 spectra were summed up to increase signal-to-
noise. The K2 sensor was used for these measurements. The regions
of the sample that were selected were always within a single phase
and compositionally uniform region of the sample.

3.8 X-ray Photoelectron Spectroscopy

XPS measurements were performed using a PHI VersaProbe 5000
Scanning X-Ray Photoelectron Spectrometer (ULVAC-PHI, Inc.) at
room temperature and under a vacuum better than 1e7® Pascal. All
measurements were performed using a focused Al K-Alpha X-ray
source with a photon energy of 1486 eV and power of 25 W, along
with an X-ray spot size of 100 um. To correct sample charging effects,
a primary electron neutralizer and a secondary Ar* ion neutralizer
were used. The take-off angle of the photoelectron was set at 45
degrees. Compositional survey scans were obtained using a pass
energy of 117.4 eV and an energy step of 0.5 eV. High-resolution
detailed scans for each element were acquired using a pass energy
of 23.5 eV and an energy step of 0.1 eV. The C 1s peak signal at 284.8
eV served as a reference for calibrating the binding energies.

Water

3.9 Thermochemical

Measurements

Splitting

LS21_Mn and LPNGSB_Mn compositions were also tested in Sandia
National Laboratories’ (SNL) stagnation flow reactor (SFR) equipped

This journal is © The Royal Society of Chemistry 20xx

with a 500 W near-IR continuous-wave laser for rapid sample
heating. A mass spectrometer was positioned downstream of the SFR
for gas analysis. All systems were operated under a sub-ambient
pressure of 75 Torr. For calibration of the mass spectrometer,
aliquots of oxygen and hydrogen were utilized. These were regulated
using mass flow controllers and sourced from verified gas mixture
standards, specifically 25% oxygen in argon (Ar) and 5% hydrogen in
argon. Approximately 100 mg of powder samples were evenly
distributed on a shallow platinum crucible supported by a zirconia
fibreboard holder to form a thin bed. The reactor was then brought
to the oxidation temperature (T,,) under an ultra-high purity argon
atmosphere. The samples were reduced by laser-heating from T, to
the reduction temperature (T,cq) at a rate of 10 °C s7%, then returned
to Tk after a fixed reduction duration. To initiate the reoxidation
process, a gas flow containing 40 vol% water vapour in Ar was
introduced. The total quantities of released oxygen and produced
hydrogen were determined by integrating the signals from the mass
spectrometer, which were adjusted for baseline corrections, across
the entire period of gas evolution. Further details about the testing
conditions have been published elsewhere.®3 64 Table S4 shows the
detailed protocols. The STCH cycling experiments were conducted by
a homemade flow reactor. The powder (approximately 0.1 g) was
loaded into the middle of an alumina tube (AdValue Technology, OD
1/4” x ID 3/16” x L 24”) and placed horizontally near the
thermocouple within a programmed heating and cooling electric
furnace. The powder was uniformly dispersed in the tube to ensure
sufficient gas-solid contact. There was some space over the powder
to prevent a sudden pressure drop and avoid powder blowing off. N,
(Matheson UHP) was used as a carrier gas, and a mass flow controller
(Alicat Scientific) was used to control the flow rate. The steam (40
vol% H,0) was generated by a water evaporator (Fuel Cell
Technologies, Inc. Humidity bottle). N, was used to balance the
steam and create the desired oxidation conditions. The outlet was
connected to a cold trap, which condensed steam into water. The
total amount of hydrogen produced was collected using the Restek
Sample Gas Bag (10 L) for a given duration. Then, the H, product
concentration in the gas bag was detected using the gas
chromatography (GC, GC-2014)
conductivity detector (TCD) which was calibrated with a series of
standard H, gases (GASCO, Cal Gas Direct Inc.) with different known
and certified concentrations balanced by N,. The direct water

Shimadzu with a thermal

thermolysis part at different temperatures was subtracted from the
total H, production.

4.0 Measurements of Thermodynamic Properties

The thermodynamic properties (the enthalpy and entropy of
reduction) of LPNGSB_Mn and LS21_Mn were measured up to 1450
°C under different Po, conditions spanning from 1038 to 1045° atm.
About 500 mg of sample was used in the TGA measurements, which
was tested using a NETZSCH STA 449 F1. Oxygen partial pressure was
controlled by mixing oxygen, argon, and pre-mixed 1100 ppm O, in
argon and measured on the exhaust side of the instrument using a
Zirox ZR5 oxygen sensor. Corrections for buoyancy were performed
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using a crucible filled with coarse alumina powder to approximate
the same volume of powder as measured samples.
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