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Regulating thermochemical redox temperature

via oxygen defect engineering for protection

of solar molten salt receivers

Peng Yuan,'? Changdong Gu,® Haoran Xu,'? Zeyu Ning,"* Kefa Cen,"? and Gang Xiao'-#**

SUMMARY

An active coating based on thermochemical redox reactions is proposed to pro-
tect molten salt receivers from solar flux fluctuation. However, appropriate metal
oxides working in the temperature range of 530 and 850°C are still missing. Here-
in, we put forward an oxygen defect engineering strategy to regulate the ther-
mochemical redox temperatures of perovskites. A tunable temperature range
of 426-702°C is obtained by BaCo4_,Mn,O3_; (x = 0-0.4). It is found that a raised
redox temperature can be obtained with the increase of the oxygen vacancy for-
mation energy. For application, BaCog gMn, ;03 _; is designed as the active pro-
tective coating of a lab-scale receiver, which has a thermal capacity of 82.95 kJ
kg . The smart coating can slow down the temperature rising rate from 8.5°C
min~" to 3°C min " in the first 2 min under strong solar radiation, effectively
relieving the thermal shock of the receiver.

INTRODUCTION

Concentrated solar power (CSP) is expected to play an important role in relieving the current energy
shortage and environmental degradation. By 2020, the global installed capacity of CSP has reached
6475MW, showing a significant acceleration (IRENA, 2021). CSP converts concentrated solar energy into
thermal energy and then further into electricity through thermodynamic cycles. The four main types of
CSP systems are parabolic trough systems, linear Fresnel systems, parabolic dish systems and power tower
systems (Lewis, 2016). Parabolic trough systems and linear Fresnel systems have low concentration ratios,
which only provide low working temperatures (under 400°C). Parabolic dish systems are mainly used for
distributed energy generation. Compared with the above-mentioned systems, power tower systems are
especially attractive because of the high concentration ratio and the simple cycle structure. A typical solar
tower power plant is mainly composed of a heliostat field, a central receiver, a storage system, and a power
generation system (Carrillo et al., 2019). Among these components, the receiver is an indispensable device
which determines the normal operation of the whole system. Molten saltis a common heat transfer medium
used in tower receivers. However, molten salt is sensitive to solar flux fluctuations because it decomposes
when the temperature is above 620°C. Therefore, the steady working of central receivers is threatened by
the overheating and decomposition of molten salt (Rodriguez-Sanchez et al., 2014). To increase the safety
margin and maintain a high system efficiency, strategies are needed to protect the receiver and allow its
operation at various temperatures.

Thermochemical energy storage (TCES) based on metal oxides has the potential to protect molten salt re-
ceivers because it can absorb and release heat through redox reactions in the air atmosphere (Aydin et al.,
2015). Considerable research has been conducted to develop more effective TCES materials and novel re-
actors in recent years (Carrillo et al., 2016a). Wang et al. studied the redox performance of iron-manganese
oxide particles in a packed-bed solar thermochemical reactor (Wang et al., 2021). A coupling model was
also developed to verify and optimize the reactor concept (Wang et al., 2020). For the protection of solar
molten salt receivers, redox reactions around 650°C with fast kinetics and robust stability are desired,
where an appropriate candidate from metal oxides is still missing (Dizaji and Hosseini, 2018; Pardo
et al., 2014; Carrillo et al., 2016b, 2016¢; Hamidi et al., 2019; André et al., 2018). Perovskites with an
ABO; formula are promising candidates because of fast redox kinetics, high oxygen diffusion rates, (Gokon
etal., 2019) and favorable cycle repeatability (Vieten et al., 2019). The basic reactions of ABO3 perovskites
can be described by Equations 1 and 2 (Popczun et al., 2020). The working process of the perovskite-type
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Figure 1. Schematic illustration of thermochemical protective coating for molten salt receivers

The coating undergoes an endothermic reduction reaction under increasing solar flux and absorbs redundant heat from
receiver tubes. The coating undergoes an exothermic oxidation reaction under decreasing solar flux and releases heat to
receiver tubes.

coating is shown in Figure 1. At high solar flux intensities, the protective coating will undergo a reduction
reaction to absorb excess heat and prevent the overheating. At low solar flux intensities, an oxidation re-
action will occur in the protective coating to release heat and retard the temperature decrease.

Reduction : ABO3; — ABO3_; + gOz(g) (Equation 1)
Oxidation:ABO3z_; + gOz(g) — ABO; (Equation 2)

The A-site cations are usually alkaline metals or rare earth metals with large ionic radius, whereas the B-site
is often occupied by transition metals (Scheffe et al., 2013; Babiniec et al., 2016). Substitutions on A or B-
sites with different elements enable the regulation of redox properties (Bulfin et al., 2017; Babiniec et al.,
2015). Babiniec et al. investigated La,Sr;_Co,Mn;_,O3 and La,Sry_Co,Fe;,_,O3 for thermochemical en-
ergy storages (Babiniec et al., 2015), which showed that the onset temperature and enthalpy of reduction
reactions could be significantly influenced by the crystal structure. However, the significant reduction of La-
series perovskites needs relatively low temperature and high oxygen partial pressure. They also explored
CaMnO3 by doping Al or Ti at the B-site of CaMnO3 and managed to increase the temperature and
enthalpy of the reduction reaction (Babiniec et al., 2015). Imponenti et al. investigated Ca;_,Sr,MnO3_;
(x =0.05 and 0.1) for thermochemical energy storage (Imponenti et al., 2017), where they found low values
of Sr-doping at A-site could eliminate the phase decomposition above 1000°C, resulting in a robust stabil-
ity. These research results indicate perovskites reactivity can be tuned by A or B-site substitution. Zhang
et al. provided an experimental assessment of the redox properties of Ba and Sr series perovskites with
Fe, Co and Mn incorporated on the B-site (Zhang et al., 2016). BaCoO3 showed the highest O, exchange
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capacity and reaction enthalpy, whereas BaMnO3 showed poor redox properties under 1050°C. Therefore,
Mn element is hypothesized to increase the reduction temperature of BaCoOs in this study.

Substitutions with a variety of elements will create a large number of candidates, where identifying the
optimal material becomes challenging (Scheffe et al., 2013). Thus, it is important to study the underlying
mechanism of the substitution effect and build a correlation between microstructures and thermal charac-
teristics. Density functional theory (DFT) can be used as a theoretical instruction for the material design.
Several DFT studies have concentrated on the thermochemical properties of perovskites (Merkle et al.,
2012; Curnan and Kitchin, 2014). Ezbiri et al. proposed design principles of perovskites for thermochemical
oxygen separation (Ezbiri et al., 2015). Their calculation results indicated BaCoO3 and BaMnO3 had too
weak and too strong oxygen bindings, respectively, but additional complex perovskites were not discussed
in this study. Pavone et al. provided quantum-mechanics-based design principles for solid oxide fuel cell
cathode materials (Pavone et al., 2011). They discovered oxygen vacancy formation energies could be influ-
enced by two effects: intrinsic strengths of B-O bonds and intra-atomic exchange energy. However, these
calculations were not validated by experimental data.

In this work, oxygen defect engineering via element substitution has been proposed to regulate thermo-
chemical energy storage temperatures. The blank temperature range (530-850°C) was filled by
BaCoy_,Mn,O3_; (x = 0-0.4) with a tunable reduction temperature between 426°C and 702°C (see Fig-
ure S1). The addition of Mn led to a finer morphology and a higher reaction temperature. The complex pe-
rovskites also showed a good cyclability over 100 cycles. To seek a better understanding of the role of Mn
substitution, the regulation mechanism was demonstrated through DFT calculations. Moreover,
BaCoggMng 03 ;s was tested on a lab-scale receiver, showing a potential to relieve the thermal shock of
molten salt receivers. This method can serve as a guideline for the rational design of thermochemical en-
ergy storage materials for various solar plants.

RESULTS

Structure and composition

Figure 2A shows the basic structure of BaCo;_,Mn,O3 perovskites, where x denotes the concentration of Mn
elements. XRD was used to identify the crystal structures of as-prepared BaCo1_,Mn,O3_; (x = 0-0.4) samples,
as shown in Figure 2B. The coexistence of BaCoO3 and BaCoO, crystal phases can be observed, which is
related to the preparation conditions. These characteristic perovskite phases are identified as hexagonal struc-
tures at room temperature. With the increase of x, two main peaks at 28.5° and 31.5° are observed to shift to
lower angles, because larger ionic radius of Mn?* leads to an increase in the lattice constants. EDS mapping
was conducted to observe the element distribution in the samples. Taking x = 0.2 as a representative, the
Mn element is dispersed uniformly in the matrix of BaCoO3_; sample, as shown in Figure S2. The SEM images
were taken to better understand the morphology of the synthesized samples. As shown in Figures 2C-2E, the
BaCoO;_; material forms an agglomeration of small particles, which exhibits a large particle size. With the in-
crease of Mn content, the particles become smaller with a good dispersion property. Therefore, the addition of
Mn restrains grain growth, which is favorable for the diffusion of oxygen.

XPS measurement was used to analyze the valence, distribution and relative concentration of surface ele-
ments (Nie et al., 2019; Qiu et al., 2020). Figure S3A depicts the XPS survey spectrum of BaCoq_,Mn,O3_;
when x = 0.2. The spectrum of Mn2p can be deconvoluted into two doublets, corresponding to Mn**
(642.59 eV, 654.04 eV) and Mn3* (641.27 eV, 653.07 eV), respectively (Uppara et al., 2020). The area ratio
of Mn**/Mn** is 1.48, indicating Mn?* is dominant in the sample. The O1s spectra of pure and doped sam-
ples are compared in Figures S3B and S3C. Each spectrum can be fitted with two oxygen species. The
peaks between 528.2 eV and 528.5 eV are associated with lattice oxygen in the perovskites (Cai et al.,
2015). The peaks around 530.6 eV are ascribed to adsorbed oxygen species (Cai et al., 2015). After Mn-
doping, the ratio of lattice oxygen increases from 18.23% to 25.07%, indicating less oxygen vacancies
will be formed. Moreover, the peak of lattice oxygen has shifted to a higher binding energy (528.5 eV),
which may be caused by the stronger Mn-O bond.

Thermal characteristics

Figure 3Aillustrates the simplified mechanism of redox reactions. Oxygen is released during the reduction
and adsorbed during the oxidation, leading to mass change of the sample. TG experiments were per-
formed to investigate the reaction temperatures and thermal characteristics of the complex perovskites.
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Figure 2. Structure and composition of BaCo4_,Mn,0;_; samples
(A) The basic structure of BaCoq_,Mn,O3 perovskites.

(B) XRD patterns. Two main peaks at 28.5° and 31.5° are shifted to the lower angle according to local amplification between 25 and 35°.

(C-E) SEM images of BaCoq_,Mn,O3_; where x = 0, 0.2, and 0.4, respectively. See also Figures 52 and S3.

Figure 3B shows the TG curves of BaCoy_,Mn,O3_; (x = 0-0.4). The non-stoichiometry value ¢ denotes the
reaction extent, which can be calculated by Equation 3 (Tang et al., 2010).

Am M
I

0 = m Mo (Equation 3)

Here, Amis the mass change, mgis the initial mass of the sample, Mis the molar mass of the sample and Mo
is the molar mass of an oxygen atom.

As shown in Figure 3B, each sample shows a reversible redox reaction because of the synthesized perov-
skite structures. BaCoOj3_; does not return to the initial mass, which can be attributed to some irreversible
mass losses, such as strongly bound water, residual surface carbonates and hydroxides, et al. (Barcellos
et al., 2018). The reversibility of BaCoO3_; can be confirmed by Figure S4. Notably, the reduction of
BaCoOs_; seems to have two steps because of the coexistence of BaCoO3 and BaCoO, 4 crystal phases.
The addition of Mn enhances the phase stability at low temperature, so the doped samples do not show
two-step reduction under the test temperature. The XRD patterns of reduced samples can be seen in Fig-
ure S5. With the increase of Mn concentration level, the reduction onset temperature T, shows a gradual
increase in the range of 426-702°C. Compared with the pure BaCoO3_3;, T,e of BaCog.95sMng 0sO3_3 rises
significantly from 426 to 568°C. In the range of x = 0.05-0.4, T, displays an approximately linear increase
with increasing Mn content, as shown in Figure 3C. The relationship of the Mn concentration and the reduc-
tion temperature can be described by Equation 4.
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Figure 3. Redox reaction mechanism and thermal characteristics

(A) Schematic illustration of the simplified redox reaction mechanism.

(B) TG curves of BaCoq_,Mn,O3_; (x = 0-0.4).

(C) The fitting line of x and the reduction temperature. The bar chart shows the reduction enthalpy. See also Figures S4 and S5.

Te = 349.524x+546.857 (°C) (Equation 4)

Another crucial parameter for the TES materials is the thermal capacity, i.e., the reduction enthalpy AH,,
which was measured by differential scanning calorimetry (DSC). AH,. is expected to increase with the
increasing reduction temperature, but the extent of reaction decreases clearly when x varies from 0 to
0.4.The 6,6 is0.092 and 0.090 when x = 0.35 and 0.4, respectively, indicating samples with a high Mn content
are hard to be reduced under 1050°C. Correspondingly, the heat change is hard to be detected because of
the low extent of reaction. It can be seen from Figure 3B that the maximum AH,, reaches 124.96 kJ kg™
when x = 0.15. After that, the AH,, tends to decrease rapidly because of the incompleteness of the reaction.
The thermal characteristics analyzed by TG and DSC are summarized in Table 1. In addition, the samples
with a high Mn concentration show slow reaction kinetics. These results suggest a balance between high
reaction temperatures and fast kinetics in the material design.

Cyclic stability

To study the cyclic stability of doped perovskites, all samples were cycled for 120 times between 400 and
1050°C in a tube furnace, where every 20 cycles were chosen as a test point. The redox performance was
tested by TG and the results are shown in Figures 4A and 4B. The BaCo4_,Mn,O3_, materials suffer a per-
formance degradation in the first 20 cycles especially at low Mn doping levels. Interestingly, an enhance-
ment of cyclability is obtained when increasing Mn concentration, which may be governed by the
morphology. The SEM images were given for a better understanding of the morphology change of the
cycled samples. As shown in Figures 4C-4E, the particle sizes become larger compared with fresh samples
(Figures 2C-2E), indicating an increase of crystallinity (Zaki et al., 2020). This can also be demonstrated by

iScience 24, 103039, September 24, 2021 5
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Table 1. Thermal characteristics of BaCo,_,Mn,O3_; analyzed by TG and DSC.

x T.e (°C) Ore AH,e (kd kg™
0 426 0.500 104.50

0.05 568 0.300 115.21

0.1 589 0.280 120.15

0.15 601 0.220 124.96

0.2 608 0.150 82.95

0.25 628 0.130 57.46

0.3 641 0.110 23.15

0.35 667 0.092 21.55

0.4 702 0.090 16.08

XRD patterns, as shown in Figure 2F. When x > 0.2, the peaks become narrow over 120 cycles. The XRD
patterns of all samples after 120 cycles can be seen in Figure Sé, indicating a structural stability. In general,
the complex perovskites exhibit a good cyclic stability after 120 thermal cycles, indicating a potential for
the long-term thermochemical energy storage.

DFT calculations

The DFT method was used to gain further insights into the mechanism of Mn substitution. After the forma-
tion of one oxygen vacancy, two extra charges will transfer from O 2p to 3d orbitals of B-site metals. The
Mulliken charges were calculated and averaged for each metal ion, as shown in Table S1. The effective
charge of Ba is close to +2 e, whereas the charges of Co and Mn are much smaller than +4 e. This result
confirms the covalent nature of B-O bonds, which has also been reported in other works (Goodenough,
1955). After the formation of one oxygen vacancy, Mn obtains a larger electron density than Co. Figure 5A
displays the charge density differences at the (300) plane in BaCog75Mng 2503 after the formation of one
oxygen vacancy. It can be seen that the charge transferred to Mn is higher than that of Co, which is consis-
tent with Ezbiri’s study (Ezbiri et al., 2015). Total density of states in pure and Mn-doped BaCoO3 models
was also calculated, as shown in Figures 5B and 5C. Here, zero corresponds to Fermi level Eg. The bond
strength between O and B-site metals can be illustrated by a pseudogap width, namely the distance be-
tween peaks on both sides of Eg (Yan and Zhao, 2014). As shown in Figure 5B, the pseudogap width is
1.5 eV in the pure BaCoO3 model. After Mn substitution, the left peak shifts away from Eg and the pseudo-
gap width increases to 2.4 eV, caused by a higher bond strength. In summary, the charge distribution and
increased pseudogap width suggest the strength of Mn-O bonds is stronger, leading to a higher reduction
temperature.

To have an efficient comparison with the experiments, the models were expanded to 5 X 2x2 supercells
with the Mn substitution fraction ranging from 0 to 0.4. As shown in Figure S7, different types of oxygen
vacancies have been considered in accordance with the number of neighboring Mn atoms. In general,
the E, .. near Mn atoms tends to be larger because Mn-O bonds are stronger than Co-O bonds. Figure 5D
depicts the averaged E, .. versus Mn concentration (x) along with the average B-O bond length. Essentially,
the reaction temperature is mainly regulated by the energy required to break B-O bonds, i.e., E,ac. Overall,
the E,.c becomes larger with the increasing x, indicating the oxygen release becomes more difficult. The
less content of Mn has an evident effect on the E .., especially when x = 0.05. The introduction of Mn
will lead to different electronic structures and crystal phases. However, the structure tends to be stable
with the increase of Mn content, so the effect of Mn substitution becomes small. The E, . is confirmed
as an effective parameter for estimating the reduction temperature of perovskite materials, providing a
theoretical instruction for the material design in the future.

In addition, transport properties of oxygen vacancies were studied by the transition-state (TS) theory, which
was finished in a CASTEP module. An oxygen vacancy was introduced into different sites of the Ba-
C00.75Mng.2503 model as the initial and final structures. The migration paths of the oxygen vacancy are
shown in Figures 6A and 6B. The diffusion kinetics of the oxygen vacancy can be inferred by comparing
the migration energy across Ba-Co-Ba and Ba-Mn-Ba triangular surfaces. The calculated results are shown
in Figures 6C and 6D. To make comparable data, the energy of the initial structure is set to be 0 eV. The

6 iScience 24, 103039, September 24, 2021
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Figure 4. Cyclic stability of BaCoq_,Mn,O3 ;
(A) Reduction stability of 120 cycles.
(B) Oxidation stability of 120 cycles.
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(C-E) SEM images of BaCoq_,Mn,O3_; where x =0, 0.2, and 0.4, respectively.
(F) XRD patterns of x = 0, 0.2, 0.4 before and after 120 cycles. The narrow peaks indicate an increase of crystallinity after 120 cycles. See also Figure Sé.

migration energy across Ba-Co-Ba triangle is 0.2 eV, whereas e the migration energy across Ba-Mn-Ba tri-
angle is about 0.46 eV. The migration barrier is higher around Mn because the electron affinity of Mn is
larger than that of Co. This means the reaction kinetics become slower with increasing Mn content, which

agrees with experimental results.

iScience 24, 103039, September 24, 2021 7



¢? CellPress iScience
OPEN ACCESS

w
O

o o ; 55 2.005
1y
o | 51
3 I
1 ! —s 7
¢ ! 45 A —
P - E ./l/
o o A ! 4F _— - 1.995
» s I
A ! 35 |
|
. | 5 - 1.99
! = s
Oue 2 Y n . o v . E
w25 |
C. 7 { 1.985
I
= ! 2 b
g —_—
i® 1 | \ - 1.98
H
o Mn o & i® = A\A\ S
are fos | N ey o
-033 £ - 1.975
-0 * ! A
I
- 033 . ; 0 1 1 1 1 1 1 1 1 1 197
2 . %8 L R R . . | . . 0 005 04 045 02 025 03 035 04
4 = 25 20 s a0 5 ) s 10
o o0 X

Figure 5. Charge analysis of BaCo,_,Mn,O3;_; models

(A) Charge density differences of plane (300) in defective BaCog 75Mng 2503 model (warm color corresponds to positive charge, cool color corresponds to
negative charge). According to the depth of the color, Mn obtains a larger electron density than Co.

(B) Total density of states in BaCoO3 model (zero corresponds to Fermi level Eg). The pseudogap width is 1.5 eV.

(C) Total density of states in BaCog 75Mng 2503 model (zero corresponds to Fermi level Eg). The pseudogap width is 2.4 eV.

(D) The averaged E,,. along with the B-O bond length as a function of Mn concentration. See also Figure S7 and Table S1.

Lab-scale application

A lab-scale system was built to verify the feasibility of thermochemical protection by BaCo;_,Mn,O3_;
(x = 0.15, 0.2, 0.25), as shown in Figure 7A. The control group should be stable under 700°C and have
the similar absorptance and thermal conductivity with the test group, as shown in Table S2. In this
work, CuO and Mn,O3 were chosen as control groups. The solar lamps were used to simulate the solar
radiation and the flux density was controlled by changing the numbers of lamps. For simplification, air
was chosen as the heat transfer fluid. The top surface of receiver tubes was covered by the coating,
so the central temperature of the bottom surface center was measured by a K-type thermocouple
with a maximum error of +2.8°C. The experiment revealed the temperature difference between the
top and bottom surfaces of central tubes was about 20°C when the air flow stabilized at 6 m® h™". To
simulate a stable operating condition, the temperature of the bottom surface center was heated up
to 630°C. After a period of stability, the solar flux was increased by 1.08 W cm™2. The test results are
shown in Figure 7B. With the quick increase of radiation intensity, the central temperature of receiver
tubes rises dramatically without the protective coating. There is no obvious protective effect for the
BaCo0.8sMng.1503_5 coating, whose reduction onset temperature is 610°C according to the TG test.
This is possibly because most of the powder has been reduced before the solar flux increases.
BaCo0.gMng 203 5 and BaCog75Mng 25035 show similar protective effects, but the temperature curve
is smoother with the BaCoggMng 03 ; coating. The condition under the sudden decrease of solar
flux was also considered, as shown in Figure 7C. All three candidates delay the temperature reduction
of receiver tubes evidently. Comparatively, the BaCog gsMng 1503_s coating shows a better effect owing
to a higher energy storage density. The temperature changing rate of different coatings can be found in
Table S3. In general, the BaCoggMng203_; has a good integrative protective performance. In order to
verify the stability of the coating, BaCog gMng 203_s was applied to a 30 x 30 mm? stainless steel plate.
After 120 cycles in a tube furnace between 600 and 700°C, an orange peel can be observed, which is
mainly caused by the redox reactions. According to ASTM D3359-17, the coating adhesion changes
from 4B to 1B. The external appearances can be seen from Figures 7D and 7E. The results demonstrate
the protective coating can relieve thermal shock of the receiver effectively, which is favorable for the ef-
ficiency enhancement and safe operation in molten salt systems.

DISCUSSION

An active coating based on thermochemical redox reactions has been proposed to protect solar molten
salt receivers from solar flux fluctuation. In order to find appropriate metal oxides working in the temper-
ature range of 530-850°C, a method to regulate thermochemical redox temperatures via oxygen defect
engineering on perovskites has been investigated by experimental and density functional theory study.
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Figure 6. Transport properties of BaCog 75Mng 2503 models
(A) Migration path of oxygen vacancies across Ba-Mn-Ba surface.
(B) Migration path of oxygen vacancies across Ba-Co-Ba surface.
(C) Migration energy profile across Ba-Mn-Ba triangle surface.
(D) Migration energy profile across Ba-Co-Ba triangle surface.

BaCoq_,Mn,O3_; (x = 0-0.4) samples with redox temperatures regulated between 400°C and 700°C were
obtained by changing the Mn concentration. With the increasing x, the reduction temperature displayed an
approximately linear increase. The samples also showed a good stability (over 90%) after 120 cycles,
enabling the long-term application of thermochemical energy storage. DFT calculations were further con-
ducted to understand its detailed mechanism. The reaction temperature was found to be regulated by the
formation energy of oxygen vacancy E,., which was indicated as a theoretical descriptor of the
BaCo1_,Mn,O3_;. Finally, the protective coating prepared by BaCog gMng 2035 was tested on a lab-scale
receiver. When the solar flux was increased by 1.08 W cm ™2, the temperature changing rate of the tubes
decreased from 8.5°C min~" (without coating) to 3°C min~" (with coating) in the first 2 min. Under
decreased radiation, the temperature changing rate in the first 2 min was reduced by 3.5°C min~', which
effectively relieved the thermal shock of the receiver. The results are favorable for the safety operation
of molten salt systems and can serve as a guideline for the rational design of thermochemical redox reac-
tions for various solar applications.

Limitations of the study

Our work regulates the reaction temperature of BaCoq_,Mn,O3_; in the range of 400-700°C, but the ki-
netics and energy storage density can be further enhanced. In addition, special additives can be used to
increase the thermal conductivity of the coating, making it more compatible with molten salt receivers.
At the current stage, different coatings have been tested on a lab-scale receiver. Further scale-up is
required in order to estimate the performance of this self-protective coating. The synthetic method and
coating method can be improved to adapt with large-scale applications.

¢? CellPress

OPEN ACCESS

iScience 24, 103039, September 24, 2021 9




¢? CellPress iScience
OPEN ACCESS

A Solar lamps
Without coating With coating

¢y

Receiver

Reduction Flowmeter

Air compressor

B 670 c 635
—&— without coating
665 - s 4 ~——¢ 630 |-« —e—x=0.15
T o —4—x=02
G ) —y—x=0.25
< 660 [ g s \ —+—Cuo
8 8 " —4—Mn,0,
= t 620 -
3 es5f a
§ 5 615 -
2 850 3
5 S 610 |
g e s
g © 605 -
E 640 H
& 5 N < 600 -
= —a— without coating =
£ 635 [ —o—x=0.15 £
@ —A—x=02 o 595 -
o o
—vy—x=0.25
630 - —&—Cu0 590 |-
—<4—Mn,0,
625 L1 1 1 1 1 585 L1 1 1 1 1
0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)

Figure 7. Lab-scale test of thermochemical protective coating

(A) System schematic. The radiation receiving area of receiver tubes is 300 x 300 mm?.

(B) Central temperature of bottom surface of receiver tubes under increased radiation. x=0.15, 0.2, 0.25 are test groups. CuO and Mn,QO3 are control groups.
(C) Central temperature of bottom surface of receiver tubes under decreased radiation. x = 0.15, 0.2, 0.25 are test groups. CuO and Mn,Oj3 are control groups.
(D) The appearance of BaCog gMng 203, coating before 120 cycles.

(E) The appearance of BaCog gMn 03 4 coating after 120 cycles. See also Tables 52 and S3.
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METHOD DETAILS

Preparation

A modified Pechini method was used to synthesize the BaCo_,Mn, O35 (x =0, 0.05,0.1,0.15,0.2,0.25, 0.3,
0.35, 0.4). The preparation precursors were Ba(NOs),, Co(NO3),-6H,0, Mn(NOs),, citric acid, EDTA,
ammonia solution and ethylene glycol. The mole ratio of citric acid, EDTA and total metal ions was
1.2:0.6:1. Stoichiometric amounts of nitrates, citric acid and EDTA were dissolved in de-ionized water at
room temperature. After dripping a certain amount of ethylene glycol, the ammonia solution was used
to adjust the pH to 8. Then, the solution was stirred at 80°C for 5 h to obtain a resin, which was dried at
150°C for 12 h and heated at 300°C for 3 h to remove organic impurities. Finally, the samples were calcined
at 1000°C for 5 h.

Characterization

The samples were characterized with X-ray diffraction (XRD) on an X-pert Powder X-ray diffractometer. Cu-
Ko radiation was used with a 0.02 ° step size. The scanning angle (20) ranged from 10° to 80°. X-ray
photoelectron spectroscopy (XPS) was carried out at room temperature on a ThermoFisher K-Alpha spec-
trometer. C 1s was used as a standard peak for energy calibration. A shirley background was removed from
Mn 2p scan.

The morphologies of samples before and after cycling were observed by scanning electron microscopy
(SEM) on a Hitachi SU3500 scanning electron microscope. The accelerating voltage was 20 kV and the
magnification was 5000 times. Transmission electron microscopy (TEM) and energy dispersive spectrom-
eter (EDS) were also performed on a Titan ChemiSTEM to analyze the element distributions.
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Thermogravimetric (TG) measurements were performed on a Hitachi STA7200 instrument. The samples
with masses of ~20 mg were heated to 1050°C and then cooled to 400°C in air. The heating rate was
20°C min™". The reaction enthalpies were tested by differential scanning calorimetry (DSC) on a NETZSCH
STA 449F3. The DSC accuracy was <1%. The operating procures were the same as TG measurements.

The absorptance of powder samples was tested by a Shimadzu UV3600. The wavelength range was 300-
2500 nm. The thermal conductivity of powder samples was measured by a Hot Disk TPS25008S.

Coating fabrication

The protective coating was mainly composed of the complex perovskite powder and 20 wt% polyvinyl
alcohol (PVA) solution, where PVA was considered as a binder. The mass ratio of perovskite powder and
PVA solution was 3:1. The mixture was applied evenly to the top surface of receiver tubes with an average
thickness of 250 um. Then the coating was formed after standing for 2 h. In order to eliminate the influence
of PVA decomposition, the receiver was preheated to 300°C for 1 h.

Computational methods

In this work, the DFT calculations were conducted with a CASTEP module in Materials Studio 8.0. The
generalized gradient approximation (GGA) with Perdew-Burke-Erzernhof (PBE) type was used for electron
exchange-correlation (Muhich et al., 2015; D'Olimpio et al., 2019). As shown in Figure S8, the 2x2x 1 super-
cells with 20 atoms were created and optimized to estimate the substitution effect of Mn element semi-
quantitatively. BaCoO3 belonged to the Pm3m (#221) space group with a lattice parameter of a = 3.95 A
(Merkle et al., 2012). The 1x2x2 k-point mesh was created and the energy cut-off was 340 eV. A Mulliken
charge analysis was used to evaluate the bond strength, and transition state (TS) search was used to deter-
mine the migration ability of oxygen vacancies.

In order to improve the calculation accuracy, the unit cells were then expanded to 5x2x2 supercells.
The 1x2x2 k-point mesh was used and the energy cut-off was 570 eV. The configurations of BaCo;_Mn,O3
(x = 0-0.4) models with the lowest energy are shown in Figure S, which enables efficient comparisons with
experiments. These stable structures tend to have all the Mn atoms localized in a specific sublattice (Babi-
niec et al., 2016). The optimized lattice parameters are listed in Table S4.

In this work, an oxygen vacancy was introduced by removing an oxygen atom from the supercell. The ox-
ygen formation energy (E,..) can be calculated using Equation 5 (Yan and Zhao, 2014). E, . is considered as
an important parameter of the BaCo_,Mn,O3 system. At different Mn concentrations, the positions of ox-
ygen vacancies can be classified by coordinate atoms. For a given concentration, E, .. was calculated and
averaged for each unique position.

Evac = Egefect +1 /2E02 — Epui (Equation 5)

Here, Egefect is the total energy of the supercell with an oxygen vacancy, Eo, is the chemical potential of a
free oxygen molecule, and Epui is the total energy of a defect-free supercell.

14 iScience 24, 103039, September 24, 2021

iScience



	ISCI103039_proof_v24i9.pdf
	Regulating thermochemical redox temperature via oxygen defect engineering for protection of solar molten salt receivers
	Introduction
	Results
	Structure and composition
	Thermal characteristics
	Cyclic stability
	DFT calculations
	Lab-scale application

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Preparation
	Characterization
	Coating fabrication
	Computational methods





