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Excellent Absorption of LaCo,O; Over Full Solar Spectrum and
Direct Photothermal Energy Storage of Ca(OH).-LaCo,0;
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Abstract: Photothermal conversion is a vital way for solar energy applications. The strong absorption of near Infrared
light is essential for excellent photothermal performance. In this study, we demonstrated that nano LaCo,O; is able to
harvest light intensely across the full solar spectrum with high photothermal temperature. A core-shell-like structure of
LaCo,O;-coated Ca(OH), particles was fabricated and shows excellent photothermal conversion, high kinetics of
dehydration and remarkable cycle stability of heat storage and release. The photothermal dehydration-conversion of
Ca(OH), increases 8.4-fold. Results demonstrate the multifunctionality of LaCo.O3, intensifying light harvesting, high
photothermal conversion, good stability, considerable strength, and porous framework favouring the performance of
photothermal storage and release cycles. LaCo,O;—Ca(OH), composite can simultaneously harvest light and store

thermal energy.
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1. INTRODUCTION

The sun irradiation on the Earth is about 4.3 x 10"
GJ/h, which is nearly the whole energy consumption of
the world in one year [1]. However, the usage of this
huge renewable resource is limited by its intermittency
and instability. Technology in thermal-energy storage is
developed to overcome these issues [1, 2]. Molten
salts have been largely used for heat storage in solar-
thermal-power plant since the last century [3]. Basing
on reversible thermochemical reaction, thermochemical
heat storage (TCHS) technology provides a solution for
long-term storage, e.g., storing the strong solar energy
in the summer and then releasing in the winter [4, 5].
For instance, hydroxides and salt hydrates charge
thermal energy via dehydration and discharge with the
reverse hydration reaction [6, 7]. Carbonates conduct
heat storage and release with pyrolysis and the reverse
carbonation reaction, respectively [8, 9]. The TCHS
conversion and kinetics dominate the efficiency of the
thermal charge and discharge [10, 11]. Conventionally,
solar-thermal-energy storage is performed through a
continuous-multistep process, i.e., light harvesting and
photothermal conversion by the corresponding
materials, heat transfer with a fluid and tubes, and the
heat stored with energy-storage materials in a heat
exchanger [1, 3, 12]. This complicate process is
expected to be substituted by a one-step system, direct
solar-thermal conversion and thermal-energy storage;
namely, photothermal storage (PTS), which leads to
low cost, less equipment and concise procedure [1].
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Ordinarily, thermal-energy-storage materials
(TESM) absorb sunlight very weakly, which must be
enhanced by absorbers to harvest light. Some metal
oxides were employed to enhance the light absorption
of CaCOj; such as FeMnOz;—Fe,03, oxide mixture of
CuO-(Co0,/CrO,/FeO,/MnOy), SiC—MnO,, FeO,/Al,O3,
MnO,/Cr,03, and co-doped Ce/Co/Mn oxide [13-18].
Besides the absorption, however, photothermal
conversion, photothermal temperature, and the cyclo-
stability of photothermal storage and heat releasing are
also vital index to evaluate the performance of a direct
photothermal-storage system.

It is reported that LaCo,O3 has metallic behavior via
the semiconductor—metal transition occurring at 500 K
[19]. Metals characterize high free carrier density,
which supports surface plasmonic resonance (SPR)
absorption conducive to high photothermal conversion
[20-22]. Herein, we report that LaCo,O; is able to
harvest light efficiently over the full solar spectrum,
which is also a multifunctional material to boost
photothermal conversion, dehydration conversion and
energy-charge-discharge reversibility of hydroxides.

2. EXPERIMENTAL

2.1. Chemicals and Instruments

All the chemicals employed, Co(NO3;),'6H,0,
La(NO;);-6H,0, polyethylene glycol, and glycine,
were purchased from Beijing Chemical Co., Ltd.,
China. These chemicals were recrystallized before use.
Ca(OH), (98.8%) was prepared with a previous
procedure.[6] Xe lamp (GME Xe-300F, 300-2500 nm)
was employed to simulate solar irradiation. Differential
scanning calorimetry (DSC) and thermogravimetric
analysis (TG) were carried out with SDT-Q600. The
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optical absorption was recorded with a Shimadzu UV-
3600 spectrophotometer (200—2500 nm). Pure BaSO,
was used as the reflectance standard material.

The compositions and crystallographic phase of as-
prepared materials were identified on an X-ray
diffractometer (XRD, Ultima IV) with monochromatized
Cu-K, radiation (0.154059 nm, 40 kV). The XRD
patterns were operated in the 26 range of 10° to 80° at
a scanning rate of 2° min~". Micromorphology of the
materials was measured by scanning electron
microscopy (SEM, ZEISS GeminiSEM 300) and
transmission electron microscopy (TEM, JEOL JEM-
F200) micrographs. X-ray photoelectron spectroscopy
(XPS) spectra were recorded with the Thermo
Scientific K-Alpha photoelectron spectrometer by using
an Al K, radiation source (1486.6 eV).

2.2. Preparation of LaCo,0O; and Ca(OH),-LaCo,0;
Composites

All the materials were prepared via nitrate pyrolysis.
Preparation of lanthanum cobaltites with porous
nanostructure: solution a: Co(NOj3),-6H,0 (1.31 g, 4.5
mmol) and La(NOj3);-:6H,O (1.95 g, 4.5 mmol) was
dissolved in deionized water (10 mL) and followed by
adding ethanol (5 mL). Solution b: glycine (0.75 g) was
dissolved in a solution of deionized water—ethanol (20
mL, v/v=2:1). This solution was mixed with solution a
and stirred at 80 'C to be a gel, which was sequentially
maintained at 140 ‘C for 2 h, 280 °C for 4 h, and 650 C
for 4 h to form the desired nano LaCo,Os.

General procedure for preparation of core—shell-like
Ca(OH),-LaCo,03 composites: solution a:
Co(NO3),'6H,O (0.58 g), glycine (0.5 g), and
La(NO3);-6H,O (0.87 g) were dissolved in deionized
water (10 mL) and followed by adding ethanol (5 mL).
Solution b: polyethylene glycol (1 g) was dissolved in
deionized water (5 mL) and mixed with solution a. This
mixture is concentrated under reduced pressure to
be viscose and followed by adding Ca(OH), powder
(2.17 g). After stirring for 10 min, the mixture was dried
at 80 C. The solid was sequentially calcined at 180 ‘C
for 4 h, 280 °C for 3 h, and 800 C for 4 h to give CaO—
LaCo,O3; composite. After cooled to room temperature,
deionized water (2.0 mL) was added for hydrolyzation
in 10 min, and then dried at 120 C for 5 h to form
Ca(OH),-18.45 wt% LaCo,O3; composite with a core—
shell-like structure.

3. RESULTS AND DISCUSSION

3.1. Photothermal Performance of Nano LaCo,03
and Ca(OH),-LaCo,0; Composite

The optimal absorption of nano LaCo,O; was
measured and shown in Figure 1a. A very strong
absorption curve was clearly observed across full solar
wavelength and the absorbance is much stronger than
that of Co304. The photothermal performance of nano
LaCosO3 was further evaluated by the photothermal
temperature (T,) under Xe-lamp irradiation. Figure 1b
indicates that the T, rises sharply under irradiation with
various intensity of light, namely, the different electric
current of the lamp, 16 A, 18 A, and 20 A. Under the
first 30-s irradiation, almost all the Tys rise up to the
maxima and increase with the current’s increase. The
maximum Tps are 780+2 °C, 731+2 °C, and 669+3 °C
for nano LaCo,O3 at 20 A, 18 A, and 16 A, respectively.
In comparison, under similar conditions, the maximum
T,s shown by Co304 are only 6532 °C, 589+2 °C, and
539+1 °C, respectively.

To evaluate the capacity of nano LaCosO; in
enhancing the absorption of Ca(OH),, a core—shell-like
structure of LaCo,Os-coated Ca(OH), composites was
constructed for both the photothermal efficiency and
the energy density stored in Ca(OH),. The amount of
LaCo,O3 in this composite was briefly optimized. A
number of composites of Ca(OH),-LaCo,O; with
different contents of LaCo,O3, 7.0 wt%, 18.5 wt%, and
24.0 wt% were fabricated and termed as CaCola-y,
the y is the number of mass percentage, i.e., 7, 18, and
24, respectively. The T, of these composites was
measured under Xe-lamp irradiation (18 A). As shown
in Figure 1c, all Tys rise also quickly up to the highest
number in ca 30 s, namely, 69312 °C, 72414 °C, and
73613 °C for CaColLa-7, CaColLa-18, and CaCola-24,
respectively. The much lower T, showed by CaCola-7
indicated that 7 wt% of LaCo,O3; is not enough to
surround the full surface of Ca(OH), particles, leading
to low photothermal efficiency. The similar Tgs’
numbers showed by both CaColLa-18 and CaCola-24
may elucidate that ca 18 wt% of LaCoO; is nearly
perfect to cover the surface of the Ca(OH), powders.
Thus, CaColLa-18 composite was selected as a
candidate for further investigation. Under similar
conditions, the bare Ca(OH), powders showed only
466.5+2.5 °C.

Moreover, the dehydration conversion (a) under
irradiation is another key index to the efficiency of
photothermal conversion for this composite. The a was
calculated using Equation 1. Under irradiation,
milligram samples of CaColLa-18 were collected at
some intervals for TG analysis to examine mass losses
(my). Under 30-min irradiation, the a values are 77.2
wt%, 87.4 wt%, and 95.4 wt% corresponding to the
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Figure 1: (a) Absorption curves of LaCoxO3 and Co30s. (b) photothermal temperature of LaCoxO3 and Co3O4 under irradiation of
Xe—lamp. (¢) photothermal temperature of Ca(OH)>—x% LaCoxO3 composite under Xe lamp.
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Figure 2: (a) Relations between dehydration conversion (a) and irradiation time (min) for Ca(OH),-18.4 wt% LaCoxO3 and mere
Ca(OH) under different irradiation. (b) relations of dehydration conversion (a) and heat amount with irradiation time (min) for
Ca(OH)2-18.4 wt% LaCoxO3 and mere Ca(OH). under light (20 A).

lamp-current of 16 A, 18 A, and 20 A, respectively
(Figure 2a). In contrast, under similar conditions, the a
values of pure Ca(OH), are only 5.2 wt%, 6.6 wt%, and
11.4 wt%, respectively. Thus, these data show that the
a is pronouncedly improved by nano LaCo,Oj3 particles
and an 8.4-fold increase is achieved. Further, after 60-
min irradiation, the a values of CaColLa-18 rise to be
87.4 wt%, 92.7 wt%, and 97.5 wt% in the increase
intensity of light. Therefore, 60-min irradiation is nearly

enough for CaColLa-18 to complete heat storage (a
=97.5 wt%). Nano LaCo,Os is able to boost the light
harvesting, photothermal conversion, and heat storage
of Ca(OH), in one-step.
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Table 1: Thermal-Storage Rate for Ca(OH)2—LaCoxO3 and Ca(OH)2
t/min - 5 10 20 30 40 50 60
, Ca(OH), 10.4 9.2 6.3 4.9 4.4 4.0 4.4
Vo/(J/gemin)

CaCola-18 112 65.9 40.4 28.7 21.6 17.4 14.7
where m; is the mass percentage loss of the composite irradiation (Figure 2a), a 60-min irradiation was
showed by TG after a ~min irradiation, my represents conducted for the heat charge of this composite. After
the initial mass percentage loss of the composite, Qo is cooling to around 50°C, deionized water was added for
the maximum amount of stored-heat in Ca(OH),— hydrolyzation to release the heat completely. Thus, one
LaCo,03, and Q; represents the amount of stored heat cycle of heat storage and release was completed. This
under a t-min irradiation. photothermal cycle was repeated 30 times. After every

five cycles, samples (ca 5 mg) were collected from the
Furthermore, The amount of stored heat (Q) under  dehydration product for TG analysis. The photothermal
irradiation for CaColLa-18 and Ca(OH), was derived g is calculated in terms of Equation 1. The variation of
from Equation 2 and depicted in Figure 2b. The a with the number of cycles is depicted in Figure 3a.
composite exhibited a stored heat of 861 J/g in 30-min  After 30 cycles, the a is still excellent (81.4%). In
irradiation, which is approximately 5.8 times higher contrast, the a value for bare Ca(OH), is only 2.8% after
than that stored in bare Ca(OH), (148 J/g). Over a 60- 30 cycles under similar charge—discharge conditions.
min irradiation, the Q: values for CaColLa-18 and bare ~ Hence, LaCo,O; tremendously raises the reversibility,
Ca(OH), are 880 and 265 J/g, respectively. The which is resulted from the brilliant structure-stability
photothermal-storage rate (vq) was calculated using with high porosity.
equation 3 (Table 1). In the first 30-min irradiation, the
v values are 28.7 and 4.9 J/gsmin for CaCoLa-18 and ~ 3.4. X-ray Diffraction and X-Ray Photoelectron
bare Ca(OH),, respectively, which is 5.86-fold increase. Analysis
Thus, nano LaCo,O; is also capable to improve i
strongly the photothermal-storage kinetics of Ca(OH),. The crystal phase and the composition of. the as-
prepared LaCo,Os3; were verified by X-ray diffraction
3.3. Photothermal Charge-Discharge Cycles (XRD) technology. Figure 3b shows that the XRD
pattern matches well with the JCPD standard cubic
The stability of the dehydration—hydration cycle is LaCosO3 (No 75-0279) with a high purity [24]. The
much weak for pure Ca(OH), mainly due to the poor main diffraction peaks, at 26, 23.266°, 33.138°
permeability induced by agglomeration during this 40.884°, 47.568°, 59.198°, and 69.547°, correspond
process [23]. The reversibility of heat charge and well to the crystalline planes (100), (110), (111), (200),
discharge for Ca(OH),-LaCoO; was investigated (211), and (220), respectively. The lattice parameters,
under Xe-lamp irradiation. Based on the nearly a=b=c=3.84 A, a=p=y=90°, were derived from the XRD
thorough dehydration of CaColLa-18 under 60-min data, which are consistent with standard data of the
A
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Figure 3: (a) Relation between dehydration—conversion and cyclic numbers for Ca(OH), and Ca(OH)>—18.4 wt% LaCoxO3
composite. (b) X-ray diffractometry patterns of the as-prepared LaCo,03 LaCoxO3-Ca(OH), and Ca(OH)s.
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cubic phase. Moreover, the remarkable broad bands
indicate the existence of many lattice defects or oxygen
vacancies. For the core-shell-like Ca(OH),-LaCosO3;
composite, the main diffraction peaks also demonstrate
well the existence of both Ca(OH), and cubic
crystalline LaCo,O3 species.

The chemical nature of as-prepared LaCo,O3 and
CaColLa-18 was accurately confirmed using XPS
analysis. The elemental survey spectrum clearly
exhibits the presence of lanthanum, cobalt, calcium

(@) [ca(OH),-18.4we%4 LaC0,0, . o 1<

Intensity (a.u.)

1000 800 600 400 200 0

and oxygen elements (Figure 4a). The O 1s spectra
were deconvoluted into three peaks, 528.04, 530.59,
and 532.48eV. The first is attributed to the crystal-
lattice oxygen ions of Co-O. The second peak
corresponds to the absorbed oxygen species (022',
O,, and O") resulted from oxygen vacancies (Figure
4b) [24-26]. This result is consistent with the data of the
relative XRD analysis shown in Figure 3b.

The La 3d spectra of LaCo,O3; were deconvoluted
into two doublet peaks at 833.63/837.28 eV and
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Figure 4: X-ray photoelectron spectroscopy spectra. (a) elemental survey spectrum of Ca(OH).—LaCoxOs. (b) deconvoluted
spectrum of O 1s for LaCoxOs. (¢) deconvoluted spectrum of La 3d for LaCoxO3 and Ca(OH),—LaCoxOs. (d) deconvoluted

spectrum of Co 2p for LaCoxO3 and Ca(OH)—LaCoxOs.
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Figure 5: (a) and (b) SEM images for as-prepared LaCoxOs. (¢) and (d) TEM and HRTEM micromorphology of LaCoxQOs. (e) and
(f) SEM images of Ca(OH),—LaCoxO3 (A area shows a particle of Ca(OH)).

850.23/853.95 eV, corresponding to La 3ds, and La
3ds,; spin-states, respectively. These peaks confirm the
presence of La®" state and reflects the charge transfer
between O2p and La4f orbits in La-O (Figure 4c) [27].
For the Ca(OH),-18.5 wt% LaCo,O; composite, the
deconvoluted spectra of La 3d show similar pattern
with four peaks and these peaks remarkablely shift to
higher BEs clearly, indicating the strong interaction with
Ca(OH),. The deconvoluted Ca 2p spectra of the
Ca(OH),-LaCo,0;3 is similar to that of pure Ca(OH),.

Two specific peaks shift slightly to high binding energy,
also confirming the interaction between Ca(OH), and
LaCoOs. This interaction promotes the dehydration
conversion and improves the heat storage kinetics.

In the deconvoluted Co2p spectra (Figure 4d), two
prominent peaks are observed at 779.24 and 794.33
eV, corresponding to the co* 2p3/2 and 2p1/2 spin—
orbit states in CoOs> species, respectively. This BE
splitting of Co 2p;3,—Co 2p4, (15.2 eV) is also
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consistent well with the literature data for LaCoO; [27,
28]. The satellite peaks center at ~789.5 and 804.84
eV indicates the presence of paramagnetic Co” at the
surface. The weak peaks at 781.1 and 795.9 eV also
correspond to Co* 2p3/2 and C02+2p‘|/2 spin—orbit
states. The peak-area ratio of Co®* 2p3/2 to Co’* 2p3/2
is 0.36 [24]. Compared to the Co2p spectra of
LaCo,O;, all these BE peaks for CaColLa-18 shift
upward and the peak-area ratio of Co®* 2p3/2 to Co**
2p3/2 increases by 0.56. These results indicate the
occurrence of Co®* in the as-prepared LaCo,O3
material. Co®* is Jahn-Teller active and induces lattice
defects and oxygen vacancies (Vo). More
concentration of Co** generates large Vo, conducive to
increasing free carrier density and inducing
semiconductor-metal transfer. This may elucidate the
strong absorption of LaCo,O3; across the entire solar
wavelength (Figure 2a) [19, 31].

The surface micromorphology of the as-prepared
LaCoO3 was identified by scanning electron
microscope (SEM, Figure 5(a) and (b)). A porous foam-
like framework with numerous nano-size pores was
observed to this cobaltite material [30]. This nano
structure is favorable to solar absorption and increases
the photo-thermal conversion efficiency [20, 32, 33].

Transmission electron microscopy (TEM)
micrographs of LaCo,O; presented in Figure 5c¢
confirm also the porous structure of LaCo,O;. The
high-resolution TEM images show clear crystalline
fringes (Figure 5d). The facet spacings of 0.267, 0.216,
0.219, and 0.372 nm correspond well to the nano
crystal plane of (211), (222), (220), and (110) in cubic
LaCo.O3, respectively. These crystalline facets also
correspond to the relative diffraction peaks at 26
=33.138° and 59.198° in the relative XRD spectrum
(Figure 2).

Additionally, Figure 5e and 5f indicate that a core—
shell-like structure of the as-prepared Ca(OH),—
LaCo,O3 composite was well formed and the shell
possesses abundant nanopores to form a framework
structure, which favors mass transfer and
deagglomeration [34, 35]. Thus, the nano structure of
LaCo,O; benefits light harvesting, the photothermal
conversion and the kinetics of Ca(OH), dehydration.

4. CONCLUSIONS

We demonstrated that LaCo,O3; nanoparticles can
exceptionally absorb sunlight over the whole solar

wavelength, which also considerably enhances the
absorption, photothermal temperature, and dehydration
conversion of Ca(OH),. The core—shell-like LaCo,O3—
Ca(OH), composite exhibits excellent capability of high
photothermal conversion, brilliant dehydration kinetics,
and good reversibility in photothermal charge—
discharge cycles. This composite is a potential
candidate for performing photothermal conversion and
energy storage in one step. Moreover, a porous
framework of LaCo,O3; nano structure with good
stability and high strength is also promising for solar
steam generation, desalination, and photothermal
reaction.
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