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ABSTRACT: Metal oxides as high-temperature thermochemical
energy storage systems with high energy density based on the gas—
solid reaction are a critical demand for the future development of
concentrated solar power plants. A copper-based system has high
enthalpy change and low cost, but its serious sintering leads to poor Y
reactivity. In this study, MgCr,O, is decorated on the CuO/Cu,O
surface to effectively increase the sintering temperature and
alleviate the sintering problem. The re-oxidation degree is
increased from 46 to 99.9%, and the reaction time is shortened
by 3.7 times. The thermochemical energy density of storage and
release reach —818.23 and 812.90 kJ/kg, respectively. After 600
cycles, the oxidation activity remains 98.77%. Material characterization elucidates that nanosized MgCr,O, is uniformly loaded on
the surface of CuO/Cu,O during the reversible reaction, and there is a strong interaction between metal oxides and prompter.
Density functional theory (DFT) calculation further confirms that CuO/Cu,0—MgCr,O, has large binding energy and the
formation energy of copper vacancy increases, which can effectively inhibit sintering. The modification mechanism of CuO/Cu,O by
MgCr,0, is revealed, which can provide guidance for the reasonable design of thermochemical energy storage materials with
sintering resistance and redox activity.
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1. INTRODUCTION

Concentrated solar power (CSP) plants equipped with an
energy storage system are one of the most promising clean
large-scale technologies that can provide cost-effective and
dispatchable renewable power while addressing the challenge
of intermittency." Thermochemical energy storage (TCES),
which allows higher operating temperature and higher storage
density than the current commercial molten-salt storage
systems, should be more suitable for the next-generation
CSP plants to improve the thermodynamic efficiency of power
generation.” The metal-oxide redox system is the most
potential candidate for TCES based on solid—gas reversible
reactions’ because of its better compatibility with CSP.*
Co0,0,/Co0O, Mn,05/Mn;0,, and CuO/Cu,0O have been
favored by researchers.”*~” The C0;0,/CoO redox couple has
high enthalpy and excellent cycle stability in pure metal oxides,
but Co is a scarce mineral resource and toxic.”'°”'* The
Mn,03;/Mn;0, system has poor reversibility, but its re-
oxidation reaction kinetics and cycle stability can be effectively
improved by doping with other elements (such as Si, Mg, Fe,
etc.).””~"” However, its energy storage density is lower and a
large hysteresis interval between oxidation and reduction leads
to adverse effects on the exergetic efficiency of the energy
storage process.”’ The CuO/Cu,O system has higher reaction
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enthalpy, lower cost, and smaller hysteresis temperature
gaps,”?' but sintering at high temperature leads to slow
oxidation and short cycle life.”**” If the existing problems can
be solved by simple and cheap means while preserving the
advantages of CuO/Cu,O, the system is a very attractive
choice.

The melting point of Cu,O is about 1235 °C,” which is only
135 °C above the maximum operating temperature of 1100 °C.
It is close to the reduction temperature, and the grain is
obviously sintered and grown,®** resulting in the serious
deterioration of material performance. Researchers in the field
currently focus on the resistance to sintering of CuO/Cu,0O by
adjusting the oxygen concentration and adding other elements
to form binary metal oxides. Deutsch et al. studied the redox
characteristics of CuO/Cu,O by changing the partial pressure
of oxygen at 950 °C, and the results reflected that the
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maximum process temperature of the reduction reaction could
be reduced by decreasing the oxygen partial pressure.”’
Jahromy et al. also described the impact of partial pressure
and temperature on the oxidation reaction kinetics of Cu,O to
CuO.”" Since sintering increases exponentially with temper-
ature, the decrease in the maximum reaction temperature can
slow down sintering. However, such measures will increase
system complexity and costs. Block et al. tested the reactivity of
Cu-based composites with the addition of Co, Cr, Fe, and Mn,
and the results showed that these binary oxide systems were
reversible but lost part of the enthalpy of the reaction.”*
Scholars in other application areas related to alleviating
sintering problems have reported the method of using a
sintering inhibitor to improve sintering resistance. Imtiaz et al.
used 70—90 wt % copper-based oxygen carriers with MgAlL,O,
loadings as a sintering inhibitor and found that the sample
covered with MgAl,O, grains on the surface of the oxygen
carrier has stability (25 cycles) and sintering resistance.”
However, the MgAl,O, grains are obviously agglomerated and
have poor dispersion on the carrier. In previous work, we
reported that the Al element helped to avoid CuO sintering
and improve the re-oxidation rate. After 120 cycles, the
oxidation degree of Cu—Al oxides maintained 81.1% of the
initial capacity.”® However, CuAl,O, generated by the
combination of Al,O; and CuO consumes some CuO/Cu,0,
compromising the reaction performance. The structural design
of their composites is slightly inadequate, which may lead to
performance degradation after multiple cycles at high temper-
atures. In short, it is very necessary to develop a low-cost
modification strategy that takes into account both sintering
resistance and energy density.

In this paper, we designed a composite structure of Cu-
based TCES materials that used a nanoprompter to minimize
sintering without compromising the CuO/Cu,O energy
density. MgCr,0, nanoparticles can be uniformly modified
on the surface of CuO/Cu,O in this method, which does not
affect the reactivity of CuO/Cu,O while maximizing the role of
spatial confinement to alleviate sintering. Also, MgCr,0,-
modified CuO/Cu,O materials with high redox activity were
synthesized by simple preparation methods. The structure,
morphology, and chemical composition of the composites
were characterized, and the interaction between MgCr,O, and
CuO/Cu,O was analyzed to reveal the mechanism of sintering
resistance and the improvement of reaction performance.
Furthermore, combined with density functional theory (DFT)
calculation, the strong binding of metal oxides with prompter
and its influence on copper vacancy formation during the
redox process were elucidated, which provided more in-depth
insights for ameliorating sintering. This mechanism can offer
ideas for the rational design of high-performance and long-life
metal oxides with sintering resistance.

2. MATERIALS AND METHODS

2.1. Material Preparation. Integration of the sol—gel and high-
temperature solid-phase methods was used to prepare MgCr,O,-
modified CuO materials. The MgCr,O, spinel structure prompter was
synthesized by the sol—gel method in the following steps: Magnesium
nitrate, chromium nitrate, and citric acid (CA) with a molar ratio of
1:2:3 were weighed and dissolved in an appropriate amount of
deionized water and stirred at 70 °C for 3 h; then, ethylene glycol
(EG) with a molar ratio of CA/EG = 3:2 was added and stirred at 90
°C for 2 h; subsequently, the gel was dried at 200 °C for 3 h and
calcined at 450 °C for 4 h and 800 °C for 4 h in a muffle furnace with
a heating rate of 10 °C/min. Finally, the as-prepared MgCr,0, and

CuO powders were thoroughly mixed in a ball mill according to the
corresponding mass fraction ratio and calcined at 900 °C for 4 h to
obtain the modified composites. In this paper, MC-5, MC-10, MC-15,
and MC-20 represent the samples with CuO- and MgCr,0,-doped
mass percentages of 95:5, 90:10, 85:15, and 80:20 wt %, respectively.

2.2. Material Testing and Characterizations. The phase
composition and crystal structures of the samples were collected by
powder X-ray diffraction (XRD) patterns on an X'Pert Powder
diffractometer equipped with Cu Ka radiation source (4 = 1.5406 A)
operating at 40 kV and 40 mA. The scanning rate was 0.02°, and the
most informative data was recorded in the range of 26 of 10—80°. The
morphology and microstructure of the product were investigated by
field emission scanning electron microscopy—energy-dispersive spec-
troscopy (FESEM-EDS) on a SU-8010 microscope equipped with an
Oxford X-max80 spectrometer. The redox activity and energy density
were monitored by simultaneous thermal analysis (TGA/DSC3+)
with heating in air at a flow rate of 50 mL/min. Also, the test
temperature range was 50—1100—700 °C at a heating/cooling rate of
20 °C/min. The interaction of prompter and metal oxides was
characterized by Fourier transform infrared (FTIR) spectra on a
Thermo Scientific Nicolet iS20 spectrometer using KBr pellets in the
range of 4000—400 cm™" with a resolution of 4 cm™. The analysis of
surface chemistry of materials by X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific K-Alpha electron
energy analyzer with monochromatic Al Ka (1486.6 V) radiation,
which was operated at 15 kV. The binding energy (BE) value of C 1s
at 284.8 eV was used to calibrate the peak positions of various
elements. The surface areas were measured on an ASAP2460
automatic specific surface and micropore size analyzer using N,
adsorption isotherms and calculated by the Brunauer—Emmett—
Teller (BET) theory.

2.3. DFT Computation. All of the calculations were performed
using periodic, spin-polarized density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP)>’
using the generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation function.”®
To describe the core—valence interaction, the projector-augmented
wave (PAW) method was used.”” For valence electrons, the plane-
wave basis set was obtained with a kinetic energy cutoff of 500 eV. To
accurately address the strong electron correlation effects in Cu and
Cr, the DFT + U method was implemented.>® We applied U = 7 eV
to the Cu 3d*' and 3 eV for Cr 3d,** respectively. For energy
calculations, the convergence criterion of the total energy was set to
1.0 X 107" eV, and all of the atoms and geometries were optimized
until the residual forces were less than 0.02 eV/A. The Brillouin zone
of the Monkhorst—Pack grid is set in Table S1. The lattice constants
calculated by DFT are in good agreement with the experimental data
with small deviations, as shown in Table S2. These results showed
that the DFT calculation was reliable for geometric optimization.
Because CuO(111), Cu,0(111), and MgCr,0,(111)** are stable
low-index surfaces, they were selected for this work. For the surface
slab calculations, we adopted a slab/vacuum geometry composed of
repeating slabs and vacuum layers. The detailed structural parameters
of slab models are listed in Table S3. The surface model was further
expanded by the supercell method into a p(2 X 2) surface unit cell. A
vacuum thickness of 20 A in the z-direction was placed to avoid
spurious interactions between neighboring slabs.

3. RESULTS AND DISCUSSION

3.1. Thermochemical Energy Storage Performance.
The phase composition of the as-prepared composites is
analyzed by XRD, as shown in Figure S1. The diffraction peaks
of all samples could be indexed as CuO (ICDD-PDF No. 48-
1548, C2/c monoclinic space group) and MgCr,0, (ICDD-
PDF No. 10-0351, Fd3m cubic space group). The diffraction
peaks were intense, implying good crystallinity. The
composites with different doping amounts did not form new
phases, indicating that the prompter existed alone without
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Figure 1. Redox reaction characteristics of different doping ratios of MgCr,O,: (a) TG curves, (b) reaction time, and (c) weight change ratio. DSC

curves: (d) MC-S, (e) MC-10, (f) MC-15, and (g) MC-20.

forming new substances with CuO. The FESEM images of the
prepared samples are shown in Figure S2. The irregular shape
of CuO microparticles and spherical nanosized MgCr,O,
particles are obtained. Compared with CuO, the surface of
CuO particles was uniformly decorated with more MgCr,0,
small grains in the MC-5, MC-10, MC-15, and MC-20
samples, indicating that the MgCr,0,-modified CuO materials
were successfully synthesized.

The improvement of the CuO/Cu,O oxidation performance
by MgCr,O, prompter modification is tested by thermog-
ravimetry-differential scanning calorimetry (TG-DSC) (Figure
1). As shown in Figure la,c, the weight gain of CuO/Cu,O is
only 4.6% during the oxidation process, and the re-oxidation
degree is 46%. However, the oxidation activity of the modified
samples had been greatly improved. When the doping amount
was only S wt % (MC-S), the re-oxidation degree reached
99.9%. The oxidation reaction rate was faster under 5—20 wt %
doping ratios (about 4 min on average), while CuO took 13.2
min (Figure 1b). In addition, for every S wt % increase in the
doping amount of MgCr,0O,, the equal proportion of CuO/

43153

Cu,O in which the redox reaction occurred decreased.
Therefore, the weight loss and gain of samples correspondingly
decreased by 0.5%. Figure 1d—g shows that the enthalpy
changes of the reduction of MC-5, MC-10, MC-15, and MC-
20 are —939.42, —851.09, —818.23, and —769.01 kJ/kg and
those of the oxidation are 930.40, 842.26, 812.90, and 752.58
kJ/kg, respectively. However, the thermochemical energy
release density of CuO is only 466.23 kJ/kg (Figure S3).
The results show that the MgCr,0,-modified CuO/Cu,O has
higher thermochemical energy density and excellent reversi-
bility.

3.2. Physicochemical Characterizations during
Redox. To clarify the phase change of samples during the
redox reaction, XRD tests were carried out at different stages.
The strong Cu,O diffraction peak appeared in the phase
composition after oxidation (Figure S4), indicating that more
Cu,0 was not oxidized to CuO, resulting in a low re-oxidation
degree, which was consistent with the results in Figure I.
Figure 2 presents the XRD patterns of the MC-5, MC-10, MC-
15, and MC-20 samples. The phase composition of materials
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Figure 2. XRD patterns of the samples at different stages: (a) MC-5, (b) MC-10, (c) MC-15, and (d) MC-20.

Fresh Sample(MC-5)|(d)
v 3

After Reduction(MC-10)|(h)

After Oxidation(MC-10)|(i)

Fresh Sample(MC-10)|(g)

Fresh Sample(MC-20)

After Reduction(MC-15)[(K) _ After Reduction(MC-20)

After Oxidation(MC-15) (1) After Oxidation(MC-20)

Figure 3. FESEM images of samples at different stages: fresh samples of (a) MC-S, (d) MC-10, (g) MC-1S, and (j) MC-20; after reduction of (b)
MC-5, (e) MC-10, (h) MC-15, and (k) MC-20; and after oxidation of (¢) MC-S, (f) MC-10, (i) MC-15, and (1) MC-20.

with different doping amounts during the reaction was CuO,
Cu,0, and MgCr,0,. Cu,0 was completely converted to CuO
after oxidation, and the phase composition was consistent with
the fresh sample. It demonstrated that MgCr,O, could
significantly improve the chemical reaction reversibility.
MgCr,0, did not show phase transitions during the whole
redox reaction, and the peak diffraction intensity remained

unchanged. Only CuO/Cu,0 underwent the redox reaction.
Thus, the chemical reaction process of surface decoration
modification by MgCr,O, spinel prompter could be obtained.
The prompter has excellent thermal stability in the operating
temperature range and does not react with CuO/Cu,O to form
impurities affecting the reaction characteristics. The reaction
equation is derived as follows:
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4CuO + MgCr, 0, = 2Cu,0 + O, + MgCr,0,

FESEM was used to characterize and analyze the
morphology of samples at different stages, which further
revealed the mechanism of MgCr,O, surface modification on
the improvement of redox reaction performance. The FESEM
images of CuO during the redox reaction are presented in
Figure S5. Coalescence between CuO particles led to
densification, forming large particles with irregular shapes. It
is speculated that due to the densification of the larger
particles, oxygen absorbs and reacts on the surface of the
particles but is difficult to diffuse into the interior, resulting in
the inability to completely oxidize Cu,O to CuO. The crystal
morphology changes of the MC-5, MC-10, MC-15, and MC-
20 samples at different stages are shown in Figure 3. In the
whole redox reaction process with various doping ratios,
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MgCr,0, was uniformly decorated on the CuO/Cu,O surface,
indicating that MgCr,0, and CuO/Cu,O had a strong
interaction. Even when CuO/Cu,O underwent a phase change
during the reaction, MgCr,O, was not easy to detach and
coalesce while maintaining the phase structure stability and
was evenly distributed on the CuO/Cu,O surface. Moreover,
the decoration of nanosized MgCr,O, on the surface of metal
oxides can ensure that there is a larger reaction area between
the materials and air and effectively prevent the coalescence
and sintering caused by the mutual contact between CuO/
Cu,O grains. The particle size of the MgCr,O,modified
materials after reaction were all ~4—6 pum, which was about 1/
4 of that of CuO (~19—20 um). Therefore, doping MgCr,O,
can effectively improve the reaction performance of CuO/
Cu,O.
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The surface chemistry properties of different samples are
shown in Figure 4. The local enlargement FTIR spectra in the
range of 400—1000 cm™" have been presented in Figure 4a,b.
The detailed FTIR spectra at 400—4000 cm™' are shown in
Figure S6. The peaks at 423, 499, 534, and 652 cm™' on the
MC samples could be attributed to the lattice vibrations of
Mg**—0*" and Cr’’—0% at the tetrahedral and octahedral
sites of the spinel structure.”* *° With the increase in the
MgCr,0, doping content, the Mg’* and Cr’*—0*" peak
intensities increased gradually. Bands were observed at 616—
631 cm™', arising from the vibrations of Cu'—O”" at the
samples after reduction.”” For the oxidized samples, there were
strong absorption peaks at 417—427, 505—522, and 576—583
em™, corresponding to characteristic stretching vibrations of
the Cu**~0?" bond in monoclinic CuQ.***’ It was worth
noting that the position of the Cu—O peak in MC samples at
different stages shifted to a higher wavenumber, suggesting a
strong interaction between Cu,0/CuO and MgCr,0O,. There-
fore, the prompter can be firmly combined with Cu,O0/CuO,
which is not easy to detach and coalesce during the cycle,
inhibiting the migration and sintering of Cu,O/CuO.

The XPS results of different samples after the first cycle were
used to further evaluate their re-oxidation. The XPS spectra of
Cu 2p are detailed in Figure 4c, where the peaks split into Cu
2p,/, and Cu 2p;,, along with the satellites, respectively. The
peaks at 931.4 and 951.3 eV were associated with Cu*
species.”” The binding energies of 933.2 and 953.2 eV and
the shake-up satellites correspond to Cu*".*' MC-5, MC-10,
MC-15, and MC-20 had stronger satellite and Cu* peaks, and
no obvious Cu® peak appeared, further proving that the
oxidation reaction of the MgCr,0,-modified samples was more
complete. The Cu LM2 spectra are shown in Figure 4d, with
peaks at 568.4 and 569.5 eV attributed to CuO and Cu,0O,
respectively.” Consistent with the results of Cu 2p analysis,
the undoped CuO sample after the first cycle had an obvious

Cu" peak, which further proved its poor re-oxidation
performance together with Figure S4. In addition, there was
a Cr** characteristic peak at 576 eV in the modified samples.*’
Compared with CuQ, the peaks of MC-5, MC-10, MC-15, and
MC-20 shifted to the higher binding energy. The shift indicates
some alterations in the electronic properties of copper species,
suggesting that there is a charge transfer between CuO and the
prompter. The electron binding energy shift of Cu 2p and Cu
LM2 reveals a strong interaction between CuO and MgCr,O,,
which is consistent with FTIR analysis. Two typical peaks at
528.9—529.9 and 530.4—531.6 eV in the O 1s spectra of Figure
4e can be attributed to lattice oxygen and adsorbed oxygen,
which includes oxygen defects or a mixture of hydroxyl groups
on the surface of CuO.*" The lattice oxygen content of CuO
after oxidation was 34.68%, while those of MC-5, MC-10, MC-
15, and MC-20 increased to 43.07, 42.04, 55.76, and 41.77%,
respectively. It should be noted that the adsorption and release
of lattice oxygen are the rate-determining steps in the redox
reaction.” Therefore, the increase of active lattice oxygen
content is conducive to promoting the redox cycle.

3.3. Sintering Amelioration. The sintering of the samples
in the operating temperature range is shown in Figures S7
andS. The CuO powder appeared to be significantly sintered at
800 °C to form coacervates (~10 ym), melting began at 1020
°C and particle growth (~14 pm), further intensified sintering
and melting at 1040 °C produced densified lumps (~22 pm),
and completely melting at 1060 °C (~26 pm). CuO did not
melt before reduction, resulting in only severe sintering. It
started to melt at the reduction temperature of about 1020 °C
and was completely reduced to Cu,O. However, Cu,O has
poor thermal stability and a lower melting point. Accordingly,
it is speculated that the melting might be caused by Cu,0 and
the sintering of CuO in the early stage promoted melting. The
chemical reaction contact area between the material and the air
decreased sharply, resulting in poor performance. Surprisingly,
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(a) Fresh Sample

Figure 6. SEM images and the corresponding EDS mapping of MC-15 at different stages: (a) fresh sample; (b) after reduction; and (c) after

oxidation.

samples doped with 5—20 wt % MgCr,0, were significantly
less sintered than undoped CuO. Consistent with the above
results, the re-oxidation performance of all doped MgCr,O,
samples was improved due to the mitigation of sintering.
However, the MC-5 sample showed more severe melting at
1100 °C (particle size ~11 ym), so the redox results (Figure
la,b) showed a relatively slow re-oxidation rate. MC-10 also
demonstrated a slightly melting at 1100 °C (~8 um), which
had little effect on the first re-oxidation performance. However,
MC-5 and MC-10 certainly could not be recycled because
cycling at high temperatures further exacerbated melting,
resulting in attenuation of cycle life. Only slight sintering was
observed for MC-15 (~4 pm) and MC-20 (~$ ym) during
operating temperature. As shown in Figure 1f,g, CuO/Cu,0O
decreased with the increase of MgCr,0, doping, thus reducing
the energy storage density. MC-1S significantly increased the
sintering temperature of CuO/Cu,O while considering higher
energy density. Therefore, 15 wt % MgCr,O, is the optimal
doping amount.

EDS mapping was used to observe the distribution of
prompter on the CuO/Cu,O surface to explain the mechanism
of slowing sintering. The EDS mapping of MC-15 at different
stages is shown in Figures 6 and S8. The elemental mapping
further revealed that the MgCr,0, prompter was uniformly

distributed on the surface of CuO/Cu,O particles as a separate
phase. The more uniform the prompter was decorated, the
physical barrier effect could be maximized to prevent particle
coalescence, thereby promoting the sintering resistance of the
material. Meanwhile, no obvious CuO, Cu,O, or MgCr,0,
coalescence was observed in the whole reaction process,
indicating that CuO/Cu,0O and MgCr,O, were more attractive
to each other. Therefore, the phenomenon of material
densification can be avoided, which is caused by the migration
of the substance after the bonding between CuO—CuO or
Cu,0—Cu,O particles to produce strength in the powder. To
further demonstrate the sintering resistance of MC-1S5, the
sample with physical mixing of 15 wt % MgCr,0O, and 85 wt %
CuO was labeled as PX-MC-15 for comparison with MC-15.
As shown in Figure S9, the particle size of PX-MC-15 was
about 23 um after calcination at 1100 °C. Compared with
undoped CuO (~26 pm at 1060 °C), it indicates that the
steric hindrance effect of MgCr,0, on CuO can alleviate
sintering to a certain extent. However, its particle size was
about 5.8 times that of MC-15 (~4 um at 1100 °C). The
uneven distribution of MgCr,0, on the CuO surface was
obviously observed in the fresh sample and the PX-MC-15
sample at 1100 °C. There were many MgCr,O, and CuO
coacervates, which did not conform to the material structure
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Figure 7. Long-life cycling performance of MC-15. (a) TG curves, (b) conversion rate, and (c) FESEM images with different cycles.

we proposed. In brief, the sintering amelioration of the
material was closely related to the surface modification
amount, dispersion uniformity of the prompter, and its
interaction with sinter-prone substances.

3.4. Cycling Life. The long-life cyclic performance of MC-
1S is shown in Figure 7. A cycle refers to the achievement of a
complete redox process of the material. After 600 cycles, the
reduction degree of MC-15 reached 99% of the initial reaction
value, and the re-oxidation degree remained at 98.77% (Figure
7a,b). The re-oxidation degree of CuO decreased to 28% only
after 40 cycles (Figure S10), which was 1.6 times less than that
of the first cycle and had a fast decay rate.

SEM was used to observe the changes in grain morphology
after multiple cycles, and the effect of sintering on the cycle
performance was explored. There was serious agglomeration
and sintering between CuO particles after only 10 cycles
(Figure S11). With the progress of the cycle, the grain fusion
and grain boundary blurred, and the sintered body was
obviously densified after 40 cycles. The FESEM images of MC-
15 after different cycles are shown in Figure 7c. The relatively
large particle size of MC-135 after 600 cycles was about 19 pm,
which was comparable to that of CuO after 20 cycles (~20
pum). In addition, MgCr,0, had been uniformly decorated on
the CuO surface to ensure the physical barrier effect even after
multiple redox cycles, further demonstrating the strong
interaction between MgCr,0, and CuO/Cu,0. Overall,
MgCr,0, effectively alleviates the sintering of CuO/Cu,O so
that the material still has excellent cycle stability in a high-
temperature working environment.

The change in the specific surface area of the material after
multiple cycles was tested to jointly verify the improvement
effect of MgCr,0,-modified samples on cycle performance.
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The specific surface area change after different cycles is listed
in Table 1. The specific surface area of CuO was 1.1 m?/ g after

Table 1. Specific Surface Area Change after Different Cycles

metal oxides cycle number BET (m’/g)

CuO 1 1.1
20 0.8

40 0.3

MC-15 1 1.9
200 1.1

400 1.0

600 0.7

the first cycle, but it decreased to 0.3 m?/g after only 40 cycles.
With the increase in the number of cycles at high temperatures,
severe sintering of CuO led to densification and growth of
particles, causing a sharp decrease in its specific surface area.
The BET surface area of MC-15 after one cycle was 1.9 m*/g,
which might be due to the small particle size of the MgCr,O,
prompter (nanosized) loaded on the surface of CuO, resulting
in its specific surface area being slightly larger than that of
CuO. Surprisingly, the specific surface area of MC-15 after 600
cycles remained 0.7 m?/g, which was 2.3 times larger than that
of CuO after 40 cycles. It was further confirmed that MC-15
can effectively alleviate sintering and limit the aggregation and
growth of particles, thus ensuring the chemical reaction contact
area of CuO/Cu,0. Therefore, MC-15 has excellent reactivity
and cycle life.

3.5. Modification Mechanism. All of the aforementioned
results confirmed the interaction between CuO/Cu,O and
MgCr,0,, which significantly increasing the sintering temper-
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and Cu,0—MgCr,0,.

ature and greatly improving the reaction performance.
Therefore, DFT calculations are carried out to further reveal
the mechanism of antisintering modification (Figure 8).
Different CuO/Cu,0—MgCr,0, interface structure models
are constructed (Figure S12). As shown in Figure 8a,b, the
absolute values of interface binding energy |AE,| has the order
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of CuO—CuO < CuO-MgCr,0, and Cu,0—-Cu,0 < Cu,0—
MgCr,0,. It indicates that compared with CuO—CuO and
Cu,0—Cu,O self-binding, CuO/Cu,O is easier to combine
with MgCr,O, and the system is more stable, which can
alleviate the sintering caused by surface contact and bonding.
In addition, the bond lengths of Cu—O and Cr—O bonds at
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Figure 9. Schematic of the CuO/Cu,O reaction modification mechanism of the surface-decorated MgCr,O, spinel prompter.

the interface after optimization of different models are listed in
Table S4. After the combination of CuO/Cu,O and MgCr,0O,,
the bond length was shortened and the bond energy was
enhanced, which verified the strong interaction between metal
oxides and prompter. It can inhibit the migration and
coalescence tendency of CuO/Cu,O at high temperatures.
Also, the prompter is not easy to detach in the cycle, ensuring
its spatial confinement effect. According to the mass transfer
through diffusion mechanism in solid state sintering theory, the
vacancy concentration of each part of the particle has a certain
difference, and the concentration gradient promotes the
diffusion and migration of thermal defects such as vacancy
on the surface or inside of the particles, thus accelerating
sintering. Consequently, the formation energies of copper
vacancy at different positions were calculated and compared.
The results are illustrated in Figure 8c,d. The formation
energies of copper vacancy in different atomic layers of the
CuO/Cu,0—MgCr,0, structure are greater than those of
CuO/Cu,0O. The formation of copper vacancies in CuO/Cu,O
after the surface modification of MgCr,O, became more
difficult, thus retarding sintering. These calculations theoret-
ically elucidate that the introduction of the MgCr,O, prompter
can effectively resist sintering by enhancing the interaction
between metal oxides and prompter and increasing the copper
vacancy formation energy of metal oxides.

As shown in Figure 9, the CuO/Cu,O reaction modification
mechanism of surface-decorated MgCr,O, spinel prompter is
obtained by combining material characterization and DFT
calculations. MgCr,O, is uniformly loaded on the surface of
Cu0O/Cu,0 and does not react with CuO/Cu,O to maintain
phase stability throughout the reversible reaction. The driving
force of CuO/Cu,O grain growth is countered by the pinning
force of inert prompter MgCr,O, on the grain boundary,
which can effectively inhibit grain growth. Moreover, MgCr,O,,
effectively plays the physical barrier role of the prompter to
prevent the active component particles from sintering without
destroying redox activity. In addition, CuO/Cu,O and
MgCr,0, have a large interfacial interaction intensity due to
the strong interaction between metal oxides and prompter. It
inhibits the migration and sintering of materials and enables a
firm bond between prompter and metal oxides, thus ensuring
the high reactivity and long cycle life of metal oxides that are
easy to sinter at high temperatures.

4. CONCLUSIONS

In summary, we have successfully synthesized MgCr,O4-
modified CuO/Cu,O material with a significantly improved re-
oxidation performance of Cu,O at high temperatures. The
oxidation rate of the 15 wt % MgCr,0O,-modified material was
increased by 3.7 times, with the re-oxidation degree reaching
99.9%. The chemical energy density of storage and release

reached —818.23 and 812.90 kJ/kg. The experimental test
elucidated that the prompter was uniformly distributed on the
CuO/Cu,0 surface, and there is a strong interaction between
them, which effectively solves the problem of severe sintering
in the working temperature range. Moreover, MgCr,0,
increased the lattice oxygen content of the material and
promoted oxidation reactivity. After 600 cycles, the oxidation
activity remained 98.77%. DFT calculation results further
verified the strong binding relationship, and copper vacancies
in CuO/Cu,0 were more difficult to form after MgCr,O,
modification. The mechanism of antisintering and reaction
modification was revealed by combining material character-
izations and theoretical calculations. Through deep research of
the relationship between CuO/Cu,O and MgCr,0, spinel
prompter, this work provides a facile and efficient design
strategy for the development and operation of high-perform-
ance thermochemical energy storage materials, which can be
extended to synthesize other sintering-resistant metal oxides.
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