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Abstract: Thermochemical heat storage material inorganic hydrate LiOH is selected as a promising candidate material for storing low-temperature heat energy because of its high energy density (1440 kJ/kg) and mild reaction process. However, the low hydration rate of LiOH limits the performance of low temperature thermochemical heat storage system as well as the thermal conductivity. In this study, porous-graphene/LiOH composite thermochemical heat storage materials with strong water sorption property and higher thermal conductivity were synthesized by hydrothermal process. The experimental results show that the hydration rate of the composites was greatly improved. The heat storage density of the composite materials was increased by 47% (from 661 kJ/kg to 974 kJ/kg). By combing the porous graphene, the thermal conductivity of composites with different contents were highly increased by 21.1% to 78.7%, but the increase of heat storage density is opposite to that of thermal conductivity. The development of high-performance materials for thermochemical heat storage should consider the relationship between the heat storage density and thermal conductivity of the material, and the thermal conductivity of the supporter needs to be further improved.
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1  Introduction

Low-grade heat energy (below 100°C) [1] such as industrial waste heat and solar energy has the characteristics of great potential utilization and wide distribution. However, how to solve the problem of time-space mismatch between supply and demand in low-grade heat energy utilization and further improve energy utilization has become very important [2]. Thermal energy storage technology can be divided into sensible heat [3,4], latent heat [5,6] and thermochemical heat storage (TCS) system [7–9], all of which are potential means to solve the problems by storing the low-grade heat energy [10].

Among the above technologies, TCS is more suitable for efficient utilization of thermal energy due to their high heat storage densities [11–14] and probably no energy loss [15]. Many literatures have described the adsorption process of metal salts with water [16,17], ammonia [18–21], methanol [22,23] or metal alloys [24,25] in order to utilize low-grade heat energy. Because of its high energy density (1440 kJ/kg) and mild reaction process, the inorganic hydrate LiOH has been selected as the promising candidate for storing low-temperature heat energy efficiently. However, the low hydration rate of thermochemical heat storage materials as an important influence factor still limits the performance of low temperature thermochemical heat storage systems [26–28].

In order to improve the hydration rate, hydrophilic inorganic salt as an additive was prepared to composite, which can react with H2O stably because of good water adsorption performance of salt. For example, Posern et al. [28] compounded MgSO4 with MgCl2. Ishitobi et al. [29] compounded Mg(OH)2 with LiCl and explored the mechanism of hydration hydrolysis reaction of the material. The previous studies show that the materials mixing hydrophilic inorganic salts can improve the hydration rate and also reduce the regeneration temperature. However, the inorganic salt materials have no pores, and this modification method cannot solve the problems of swelling and caking of the materials. In addition, Kim et al. [30] compounded CaCl2 with Mg(OH)2 and expanded graphite, effectively improving the hydration reaction rate of the composite, and the porosity of expanded graphite can help the composite solve the selling and caking problem. But the triple compound composite will decrease the content of the reactant. In the case of limited heat transfer enhancement by materials, the optimization of reactor structure is also an effective means to improve the heat storage and release performance of materials [31]. However, the low thermal conductivity leads to the huge volume of the reactor, which is not conducive to its popularization and application.

The preparation and application of porous nano-carbon materials have become one of the advanced researches and hot spots in the field of materials [32,33]. From previous studies [25–27], nano-carbon materials can increase the hydration rate and thermal conductivity of the thermochemical heat storage materials owing to the high thermal conductivity and high surface area of the nano-carbon supporter. Porous graphene denoted by PG is an excellent nano-carbon material, which is composed of graphene and forms a porous structure. Therefore, PG exhibits large surface area, low bulk density, and high thermal conductivity. The particle size of LiOH·H2O is greatly reduced by the high specific surface area and porous structure of PG, so as to reduce the activation energy and diffusion resistance of the material. In this study, PG/LiOH·H2O composite thermochemical heat storage materials with strong water sorption property and higher hydration rate are of great significance to be synthesized. Furthermore, the heat storage performance study on dehydration and hydration transformations of composite materials with different LiOH·H2O content (30%, 47%, 63%) was carried out on a thermogravimetric and differential scanning calorimetric analyzer after 60 min hydration. The hydration behaviors and thermal conductivities of composite were also studied experimentally.

2  Experimental

2.1 Synthesis Method

To prepare PG, the precursor graphene oxide was first prepared by a modified Hummers method [34]. The subsequent PG was synthesized by hydrothermal method as follows. The prepared 8 mg/mL graphene oxide solution was placed at 150 mL with a capacity of 200 mL Teflon lined stainless steel autoclave. The hydrothermal temperature and time were set at 180°C and 12 h, respectively. After the end of the reaction, the reactor was naturally cooled to room temperature and the reaction product was taken out for freeze-drying. Thus, the preparation process of PG was completed.

The PG and LiOH·H2O composite was also prepared by hydrothermal method. Firstly, LiOH·H2O and PG supporter in different mass ratios of 30%, 47%, 63% are added to a 150 mL Teflon lined stainless steel autoclave and fully mixed with adding a small amount of deionized water (just immersed sample). Then, the reactor was heated to 105°C for hydrothermal reaction for 12 h, and then the reactor was naturally cooled to room temperature. The composite samples were taken out for freeze-drying. After freeze-drying, put the final sample into a tubular furnace and hydrolyze it at 150°C in argon atmosphere for 3 h. The hydrolyzed product is cooled to 30°C, and the nitrogen flow at 120 mL/min is used as supporter gas to carry water vapor. It is introduced into a tubular furnace for hydration reaction at 30°C The partial pressure of water vapor is 2.97 kPa. After the hydration reaction, the required composite PG/LiOH·H2O chemical heat storage materials with LiOH·H2O content of 30%, 47% and 63% were obtained and denoted as PG/LiOH·H2O-30%, PG/LiOH·H2O-47% and PG/LiOH·H2O-63%.

2.2 The Characterization of Composites

X-ray diffraction (XRD) analysis was performed on PG and composites using an X-ray diffractometer (D8-advance X, Bruker Co., Ltd. (Karlsruhe, Baden-Württemberg, Germany)) with Cu target (40 kV, 40 mA) at a scanning step of 0.0167° and a counting time of 10.160 s. The pore structure of the composite was calculated by nitrogen adsorption isotherms at 77 K and relative pressure of 0.1–1.0 using a gas adsorption apparatus (QDS-30, Quantachrome Instruments Co. Ltd. (Florida, USA)). The weight of material is about 70–100 mg. The material degassing temperature was 180°C for 8 h. Surface topography was measured by scanning electron microscopy (SEM, S-4800, Hitachi Co., Ltd. (Tokyo, Japan)) and trans-mission electron micrographs (TEM, JEM-2100F, JOEL Co., Ltd. (Tokyo, Japan)) with the controlling voltage of 200 kV.

2.3 Hydration Behaviors Experiments

Hydration experiments on the PG/LiOH composites were conducted with an electronic balance analyzer (Ohaus Corp. (Florham Park, NJ), AX124ZH) with a temperature and humidity control system. Firstly, the composite material was dehydrated in the vacuum drying oven at 150°C for 180 min. Then, the samples were taken out to the temperature and humidity control system with a relative humidity of 80% at 30°C. The weight change of the composite material was recorded for 60 min. In this experiment, the LiOH hydration reaction of the composite was carried out simultaneously with the adsorption of water vapor by PG. Therefore, the hydration process of PG/LiOH composite materials is defined as hydration reaction and water adsorption.

2.4 Heat Storage Performance and Thermal Conductivity Evaluation Experiments

The heat storage performance test was conducted as follows. Firstly, the sample is put into a tube furnace to hydrolyze at 150°C for 180 min in argon atmosphere. Then, the dehydrated material is cooled to 30°C in argon atmosphere. And the water vapor partial pressure was set to 2.97 kPa and flowed into the sample tank by flowing nitrogen at 30°C and the hydration reaction maintained for 60 min. After hydration, the heat storage performances of the samples were carried out on a thermogravimetric and differential scanning calorimetric analyzer (TG-DSC, STA-200, Nanjingdazhan Co., Ltd. Nanjing, China). The dehydration TG-DSC curves of the materials were obtained at a heating temperature range of 30°C–200°C and a heating rate of 10 °C/min under nitrogen atmosphere.

The thermal conductivity of the sample was measured by steady heat flux method instrument (DRL-II system, Xiangtan xiangqi instrument Co., Ltd. (Xiangtan, China)). The testing sheet samples with a thickness range of 2–3 mm were pressed by using cylindrical mold with diameter of 30 mm and 20 MPa pressure. The effective thermal conductivities of samples could be obtained by Fourier’s law.

3  Experiment Results

Fig. 1 shows the XRD patterns of PG and 63% content of LiOH·H2O on PG supporter. It can be seen that there are obvious diffraction peaks near 15°, 20°, 30°, 32.19°, 34.84°, 38.83°, 50°, 56° and 60°, all of which are attributed to LiOH·H2O (JCPDS 25-0486). The diffraction peaks at 25° and 43° belong to graphite carbon of PG (JCPDS 24-0619). The peak dispersion diffraction intensity of LiOH·H2O of composite is low, indicating that LiOH·H2O is highly dispersed on the surface of supporter. It also proves that PG/LiOH was successfully synthesized after hydrothermal treatment.
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Figure 1: XRD patterns of PG and PG/LiOH·H2O composites

Table 1 shows the pore structure of PG and PG/LiOH composites. The specific surface area of PG is much higher than LiOH. Fig. 2 shows the pore size distribution of composites. It can be seen from figure that all samples have nano channels, and the pore diameter of pure LiOH is mainly concentrated near 45 nm (Fig. 2a). It can be seen from results that the average pore diameter of pure LiOH is near 45 nm, and the composite has nano channels (average pore diameter of 4 nm). The smaller pore diameter size of PG/LiOH changed from 45 to 4 nm, indicating that the pore size of the composite material modified by PG has been redistributed at nanoscale.
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Figure 2: Pore size distribution of (a) pure LiOH·H2O, (b) PG/LiOH·H2O-30% composite, (c) PG/LiOH·H2O-47%, (d) PG/LiOH·H2O-63%. (a) Adapted with permission from reference [35], Copyright© 2021, Wilkey-VCH GmbH

The SEM and TEM images of the composite with different LiOH·H2O content are shown in the Figs. 3 and 4, respectively. As shown in from Figs. 3a–3c, the SEM images of LiOH·H2O were loaded content of 30%, 47% and 63% on the PG, respectively. When the content of LiOH·H2O was less than 30%, the structure of the PG supporter in the composite did not change significantly (Fig. 3a). With the increase of LiOH·H2O content, there are no obvious particles on the surface of the supporter, but a few large particles of LiOH·H2O are difficult to locate on the surface of PG (as shown in Figs. 3b and 3c). The particle size of pure LiOH·H2O ranges from 300 nm to 2 μm without the addition of PG, thus it can be explained laterally that LiOH·H2O particles exist in PG supporter at smaller nanoscale. The results indicated that LiOH·H2O added into the composites did not lead to the structural damage of the whole materials.
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Figure 3: SEM images of (a) PG/LiOH·H2O-30%, (b) PG/LiOH·H2O-47%, (c) PG/LiOH·H2O-63%

The TEM images of PG/LiOH·H2O-30%, PG/LiOH·H2O-47% and PG/LiOH·H2O-63% are shown in Fig. 4 to observe more microscopic structures of the composites. Obvious particles have been pointed out in the figures, which indicate that about 5–10 nm LiOH·H2O nanoparticles have been successfully dispersed on PG supporter. By comparing with Fig. 4a, the diameter of LiOH·H2O nanoparticles shows an increasing trend with the increase of its content loading on the PG supporter (shown in Figs. 4b and 4c). When the content of LiOH·H2O reaches 63% (Fig. 4c), the particle size of LiOH·H2O nanoparticles can be increased to about 10 nm, which is higher than that of LiOH·H2O nanoparticles with the lower LiOH·H2O content. Because the nanoparticles easily agglomerated on the surface during the preparation of composites when the mass ratio of LiOH·H2O increased. However, the pure LiOH·H2O particles with a size range of 300 nm–2 μm exist in laminated bulk form. The large particle LiOH·H2O can be effectively induced to form small-sized nanoparticles dispersing on PG supporter. Combining the results of micromorphology characterization shows that high specific surface and nanopore size are the important factors for LiOH·H2O particles achieving nanoscale dispersion.
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Figure 4: TEM images of (a) PG/LiOH·H2O-30%, (b) TEMPG/LiOH·H2O-47%, (c) PG/LiOH·H2O-63%

Fig. 5 shows the temporal change in amount of hydration of PG, LiOH and PG/LiOH-63% when each sample was hydrated at temperature of 30°C and relative humidity of 80%. LiOH gradually reacts with water vapor, and the amount of hydration increases monotonously with time. The amount of hydration of LiOH is 0.24 g/g at 60 min, while PG rapidly adsorbs water vapor and almost reaches equilibrium state within 20 min. The equilibrium amount of hydration was 0.1 g/g at 60 min. Meanwhile, the hydration rate of PG/LiOH·H2O-63% composite was faster than that of LiOH and PG. The PG/LiOH·H2O-63% amount of hydration was 0.48 g/g at 60 min, and equilibrium amount of hydration was 0.58 g/g at 120 min. According to the results of hydration behaviors, the average hydration rate of the composite is 2 times that of the pure material at 60 min, so that the composite can store and release more thermal energy at the same time.
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Figure 5: Temporal changes in amount of hydration for pure LiOH·H2O, PG/LiOH·H2O-63% and PG at 30°C with 80% relative humidity

Fig. 6 is the TG-DSC curve of hydration reaction with different content of LiOH·H2O loaded on PG for 60 min. The content of LiOH·H2O was 30%, 47% and 63%, respectively (Figs. 6b–6d) and Fig. 6a is the TG-DSC curve of pure LiOH·H2O. Because the hydration rate of pure LiOH is slow, only 43.7% of LiOH is hydrated after 60 min of hydration, so its heat storage density is only about 661 kJ/kg (Fig. 6a). Compared with pure LiOH, the hydration rate of LiOH is greatly increased by the addition of PG, so the LiOH monomer can react completely after 60 min hydration. By changing the content of LiOH·H2O, the overall thermal storage density of composites can reach 549 kJ/kg (30%), 752 kJ/kg (47%) and 974 kJ/kg (63%), respectively, and the highest thermal storage density of LiOH·H2O monomer can be increased to 1830 kJ/kg (the heat storage density of PG is only 59 kJ/kg). The reason why the hydration rate and heat storage density of PG/LiOH·H2O composites have been greatly increased is that on the one hand, there are a large number of hydrophilic groups such as hydroxy, carbonyl and carboxyl groups on the surface of the PG supporters, which provides an efficient hydrophilic interface for the LiOH hydration process, and enhances the adsorption capacity of materials on water molecules to improve the hydration reaction rate, on the other hand, when PG is compounded with LiOH·H2O, the size of LiOH·H2O particles reaches nano-scale and the surface atomic quantity increases significantly. Moreover, the lattice field and binding energy of the internal atoms are significantly different from that of the surface atoms, and the surface atoms have many suspended bonds due to the lack of adjacent atoms. Under these conditions, the thermodynamic properties of nanoparticles will be enhanced, which makes LiOH·H2O after hydration reaction have higher heat storage density. The evaluation results of thermal storage performance of PG/LiOH·H2O composites show that the hydration rate of LiOH monomer is greatly increased by the compounding of PG supporter, and the temperature range of LiOH monomer is significantly expanded compared with that of pure LiOH·H2O (Fig. 6a). The initial temperature range (60°C–110°C) is extended to 30°C–200°C, and the energy storage density is increased to varying degrees, which will greatly expand the range of available heat energy and effectively improve the energy utilization rate.
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Figure 6: TG-DSC curves of (a) pure LiOH·H2O, (b) PG/LiOH·H2O-30%, (c) PG/LiOH·H2O-47% and (d) PG/LiOH·H2O-63%. (a) Adapted with permission from reference [35], Copyright© 2021, Wilkey-VCH GmbH

Fig. 7 shows the thermal conductivities of pure LiOH·H2O and the composites with different LiOH·H2O content. As shown in the figure, the thermal conductivity of the composites decreased with the increase of LiOH content. With the addition of PG supporters, the thermal conductivity of composite with different LiOH·H2O content increased from 1.69 W/(m·°C) to 2.05, 2.54 and 3.02 W/(m·°C), respectively. In order to better analyze the role of the supporter, the thermal conductivity model of porous composite heat conduction model is used for analysis. From the previous microscopic characterization analysis, it can be assumed that the PG in composite belongs to the continuous phase and the LiOH·H2O belongs to the dispersed phase. Thus, Maxwell–Eucken model is used as a famous theoretical calculation model of thermal conductivity of porous composites [36]. The thermal conductivity calculation equation was as Eq. (1).


K=(k1υ1+k2υ2(3k1)/(2k1+k2))/(υ1+υ2(3k1)/(2k1+k2))
(1)

where K is the effective thermal conductivity, k1 is the thermal conductivity of continuous phase and k2 is the thermal conductivity of dispersed phase, and 
υ1 and υ2
are the volume fraction of the corresponding phase.
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Figure 7: Thermal conductivities of LiOH·H2O and PG/LiOH·H2O composites

According to Eq. (1), the thermal conductivity of the composites was predicted by using the thermal conductivity of LiOH·H2O and PG. The comparison between the calculated and the experimental results is shown in Table 2. The deviations of the theoretically calculated values from the experimental values were all less than 10%. The deviation may be caused by uniform material distribution and experimental errors when theoretical model is used. Therefore, it can be assumed that the thermal conductivity of PG/LiOH·H2O composites is affected by the LiOH·H2O content. Because the thermal conductivity of pure LiOH·H2O is lower than PG, the thermal conductivity of the composite shows a decreasing trend with the increase of LiOH·H2O content. The results show that the thermal conductivity of the composites increased by 78.7%, 50.4% and 21.1% when the content of LiOH·H2O is 30%, 47% and 63%, respectively. Therefore, when preparing high-performance composites, it is necessary to comprehensively consider the heat storage density and thermal conductivity.
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4  Conclusions

We mainly study on the thermochemical heat storage materials hydrate LiOH for storing low temperature heat. However, its application is limited by the low hydration rate and thermal conductivity. In order to improve its hydration rate and thermal conductivity, porous graphene combing LiOH·H2O was synthesized to composite PG/LiOH·H2O by hydrothermal method. The main conclusions are summarized as follows:

1.    The addition of PG caused the composites to have higher specific surface, nanopores distribution and nanoparticle size of LiOH·H2O. The composite materials exhibited improved hydration rate. The hydration rate of PG/LiOH·H2O-63% was twice as high as that of pure LiOH·H2O at 60 min.

2.    Compared with the pure LiOH·H2O, the heat storage density of PG/LiOH·H2O composite is greatly increased to 974 kJ/kg from 661 kJ/kg. The heat storage density of PG/LiOH·H2O-63% is 47.3% higher than that of pure LiOH·H2O.

3.    By combing with PG, the thermal conductivity of the composite is greatly improved. With the LiOH·H2O content of 30%, 47% and 63%, the thermal conductivities of composite were increased by 78.7%, 50.4% and 21.1%, respectively. According to theoretical analysis, the key factor affects the thermal conductivity of composites is the proportion of components.

4.    With the increase of LiOH·H2O content, the heat storage density and thermal conductivity of composite show the opposite trend. The development of high-performance materials for thermochemical heat storage should consider the relationship between the heat storage density and thermal conductivity of the material, and the thermal conductivity of the supporter needs to be further improved.
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Table 1: Pore structures of LiOH and the PG/L1OH-H,O composites

Samples Specific surface area [m® g‘l] Average pore [nm]
LiOH-H,O 15 45

PG 116 5
PG/LiOH-H,0-30% 100 4

PG/L1OH-H,0-63% 43 4
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Table 2: Comparison between the calculated and experimental thermal conductivities

Samples Calculated value Experimental value Deviations
LiOH-H,O — 1.69 -

PG — 3.59 -
PG/LiOH-H,0-30% 2.91 3.02 —3.64%
PG/LiOH-H,0-47% 2.59 2.54 +1.97%
PG/LiOH-H,0-63% 2.18 2.05 +6.34%
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