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Abstract

Although phase change materials have been extensively used for thermal energy storage,
various shortcomings such as low thermal conductivity, leakage during work, and short-
age of multiple driving ways greatly hinder their practical applications. Among the new
materials that can overcome these problems, graphene aerogel has attracted special inter-
est owing to its 3D conductive network and extraordinary capillary force. In this chapter,
we review recent progress of graphene-aerogel-based phase change composites (PCCs)
and provide a brief introduction on the following topics: 1) why graphene aerogels can be
used for PCCs, 2) the sol-gel transition synthesis of graphene aerogels, 3) the fabrication of
graphene-aerogel-based PCCs, and 4) their applications in thermal energy storage,
electric-thermal conversion and storage, solar-thermal conversion and storage, and ther-
mal buffer. Finally, we also discuss the limitation and future development of these
graphene-based materials.
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1. Introduction

Thermal energy storage technologies have played a broad and critical role in sustainable

utilization of energy in heating and cooling apparatus, including vehicles and buildings, smart

textiles with thermal comfort, electrochemical and electronic devices [1–3]. Phase change

materials (PCMs) have been widely used in thermal energy storage technologies because they

can absorb or release a great amount of energy as latent heat during the solid-solid or solid-

liquid phase transitions over a narrow temperature range. In general, PCMs can be classified

into organic (e.g., paraffin, fatty acids, and polyethylene oxide) and inorganic types (inorganic

salts and their hydrates). The organic PCMs have attracted great attention in phase change
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system as they exhibit high phase change enthalpy, wide melting temperature for convenient

use, chemical stability and abundance in natural resources, besides the common properties of

the inorganic ones. However, their practical applications are still hindered by various short-

comings of PCMs [4], such as the low thermal conductivity, leakage during melting process,

and weak responsiveness to optical or electrical stimuli.

To resolve these disadvantages, scientists have tried to embed various PCMs into a lot of

matrices, such as microcapsules and 3D porous materials (aerogel, foam, and sponge) with

interconnected network [5–10]. The matrices can give the PCMs improved thermal conductiv-

ity, shape stability during melting process, and high absorption of sunlight or sufficient elec-

trical conductivity for multiple driving ways. In principle, the ideal matrix should possess

excellent thermal conductivity to improve the power capacity, extensive capillary force and

high mechanical property to avoid leakage during working, lightweight framework to main-

tain high latent heat, and dark color and high electrical conductivity to store thermal energy

via multi-driven ways (sunlight absorbing or Joule heating).

Graphene, a novel nanomaterial with two-dimensional (2D) planar crystal consisting of a

single carbon atom layer, has many extraordinary properties including superior flexibility,

strong mechanical strength, and excellent electrical and thermal conductivities [11]. However,

graphene sheets usually tend to irreversibly aggregate or even re-stack back to graphite due to

their intrinsic 2D conjugated structure, making it difficult to efficiently exploit the inherent

properties of graphene [12]. There are several ways to resolve such problem by designing

porous assemblies of graphene with a 3D interconnected network, namely, assembling into

aerogel microspheres by a micro-droplet technology, into aerogel fiber with the help of spin-

ning technology, and even into aerogel film and monolith. These different forms of graphene

aerogel have the following common characters: low mass density, high porosity, robust

mechanical performance, blackbody-like absorptive performance, electrically and thermally

conducting, and extraordinary capillarity [12–14]. Therefore, multifunctional phase change

composites (PCCs) can be developed based on these graphene aerogels, and are expected to

exhibit superior performances including excellent conductivity, high latent heat, multiple

driving ways (thermal, electrical, and optical), and no leakage for melt PCMs.

This chapter reviews recent and rapid progress on graphene-aerogel-based PCCs and dis-

cusses their future development. First, the fabrication of graphene aerogels based on sol-gel

transition is described in Section 2. Then, Section 3 discusses in detail the synthesis of

graphene-aerogel-based PCCs including microspheres, fiber, film, and monolith. Finally, the

typical applications of PCCs are introduced in Section 4. This chapter may inspire many new

explorations surrounding the PCM-based thermal energy storage.

2. Fabrication of graphene aerogel

Graphene aerogels can be prepared via both solution assembly and chemical vapor deposition

(CVD) growth. The solution assembly technology is based on a sol-gel reduction process of

graphene oxide (GO) solution and a subsequent specific drying [12, 14]. GO sheets are rich in
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oxygen-containing functional groups that allow excellent dispersibility in water and polar

organic solvent, promising the possibility to operate graphene sheets into aerogels. The CVD

growth technology is usually performed on specific template (e.g., Ni foam or SiO2 aerogel)

during high temperature atmosphere that contains carbon source (e.g., CH4 and ethanol), and

the aerogel is obtained after removing the template [15, 16].

The solution assembly has become the most popular method to prepare graphene aerogels due to

its cost-effective progress, high yield from cheap graphite, amenability to operation, and efficient

utilization of the inherent properties of graphene [12]. The solution fabricationmainly involves the

synthesis of graphene hydrogel, the aerogel precursor, and the subsequent drying process.

2.1. Synthesis of graphene hydrogel

The graphene hydrogel can be synthesized via a sol-gel transition of GO solution, together with a

reduction process. After the reduction, the oxygen-containing functional groups on GO sheets

can be removed, resulting in the recovery of strong π-π interaction and a transition from

hydrophilicity to hydrophobicity [12]. It can also promote the gelation process to form a uniform

graphene hydrogel, based on the partial overlapping and π-π stacking between the reduced GO

(rGO) sheets [12]. Such sol-gel transition can be realized via a variety of reduced routes, such as

chemical reduction [17], hydrothermal reduction [18], and electrochemical reduction [19].

Chemical reduction is a versatile and mild method, and can be performed in acidic or alkaline

media by using different reducing agents, such as L-ascorbic acid (L-AA), HI, NaHSO3, NaI/

oxalic acid, dopamine, ethane diamine, and even metals (Zn) [14]. Notably, the agents used here

should be mild and green, and can promote the formation of uniform graphene hydrogel

without generating any gas. For example, by introducing L-AA into GO solution, mixing them

uniformly, and then heating the mixture for a period of time without stirring, a uniform

graphene hydrogel was obtained (Figure 1a-b) [17]. To understand the sol-gel transition, various

factors like GO concentration, GO/L-AA mass ratio, temperature, time, and pH of the sol-gel

reaction were investigated systematically [20]. For the GO/L-AAmixed solution, the GO concen-

tration and L-AA/GOmass ratio are two key factors; the optimal GO concentration was found to

be 1.0–6.0 mg/mL and the mass ratio could be in a very wide range 1:2–832:1. When the amount

of GO was too small (<1.0 mg/mL) or L-AA was insufficient (L-AA/GO <1:2), it was difficult to

induce the partial stacking and overlapping; on the contrary (GO >6 mg/mL or L-AA/GO

>832:1), the uniform dispersion of GO or L-AA became difficult. Other parameters like a pH

value of 7.0-3.0, a high temperature of 25–80�C, and a long aging time were also found to benefit

the gelation rate and the hydrogel quality. Besides L-AA, other reducing agents have also been

investigated. By using a similar sol-gel treatment, ethane diamine was dissolved in a GO solution

to reduce the GO during the formation of graphene hydrogel, after being aged in 95�C for 6 h

[21]. Such hydrogel was electrically conducting and mechanically robust, and exhibited a uni-

form gel network, being able to serve as an ideal precursor for aerogel.

However, under a low GO concentration, such as the aforementioned optimal 1.0–6.0 mg/mL,

the obtained graphene aerogel usually exhibited a disordered porous network. For a better

performance, is it possible to assemble GO sheets to an anisotropic graphene hydrogel with a
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certain alignment or orientation of the pore or graphene sheets? As a successful demonstration,

under a high-speed centrifugation, a highly concentrated GO dispersion exhibited a novel

fluid crystal phase, namely, a GO liquid crystal (GO-LC). The GO sheets tended to orient

parallel with each other, resulting in the ordered arrangement of GO sheets [22, 23]. However,

the high viscosity of GO-LC brought new problems toward the uniform sol-gel transition,

making the application of the conventional reduction routes no longer suitable for the prepa-

ration of graphene hydrogel.

Very recently, a novel sol-gel strategy was proposed to synthesize the anisotropic graphene

hydrogel, by an in situ gelation of GO-LC using the gaseous hydrogen chloride (HCl (g)), and a

subsequent chemical reduction as well (Figure 2) [24]. When a GO-LC is placed in HCl

atmosphere, the HCl molecule can dissolve and diffuse slowly into the GO-LC, together with

an immediate ionization, which promised the “in situ freezing” of dynamic hydrogen-bonding

network and resulted in the generation of GO-LC hydrogel (Figure 2). Interestingly, the HCl

treatment can also induce a typical colorful texture between crossed polarizers, due to the

directional arrangement of GO sheets. Then, the GO-LC hydrogel can be immersed into HI

(aq) to obtain an anisotropic graphene hydrogel with different macro-sizes and shapes. As no

stirring and mixing operations are involved, the original arrangement of GO sheets can be well

maintained in the final graphene hydrogel.

Importantly, the shape of graphene hydrogel can simply be controlled by changing the reactor

or introducing a certain confinement effect. From the former way, graphene hydrogels with

various shapes including cylinder, sphere, and rectangular solid have been reported. For the

Figure 1. Digital photos of the aqueous suspension of graphene oxide (a), the graphene hydrogel in a vial (b), the

graphene aerogels obtained by supercritical CO2 drying and freeze-drying (c), and a graphene aerogel supporting a

counterpoise (d) [17].
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latter, the micro-droplet, filming, and spinning techniques have been used to obtain the

graphene hydrogel microsphere, film, and fibers.

2.2. Drying process

The obtained graphene hydrogel can be dried via some specific drying treatment to form a

graphene aerogel. During the normal drying method, the graphene hydrogel undergoes a

direct liquid-gas transition, where the remarkable change in capillary force causes the shrink

and collapse of the porous network [25]. Therefore, in order to maintain the porous network,

supercritical fluid drying or freeze-drying is suggested to replace the liquid solvent of

graphene hydrogel with air, rather than by the direct liquid-gas transition [17, 25].

The supercritical fluid drying is realized in a supercritical state where the temperature and

pressure are beyond the critical point. Supercritical CO2 (Sc CO2) has become the most widely

used method due to its low critical temperature (31.1�C), no risk of combustion and toxic gas,

and a moderate critical pressure (7.38 MPa). By the Sc CO2 drying, graphene hydrogel can be

converted into graphene aerogel successfully [17, 24]: 1) the liquid component of the original

graphene hydrogel is replaced by an organic solvent (ethanol, acetone, methanol, etc.); 2) the

obtained organogel is placed in a pressure vessel and then soaked in a flowing Sc CO2 for a

period time, until all the solvent in the porous network was replaced by Sc CO2; and 3) a

graphene aerogel is finally obtained after recovering the pressure vessel to ambient pressure.

For example, as shown in Figure 1c, a graphene aerogel with Sc CO2 drying was obtained,

which exhibited a certain darkness, high porosity, high specific surface area (512 m2/g), large

pore volume (2.48 cm3/g), high electrical conductivity (~102 S/m), and high mechanical prop-

erty; it could support at least 14,000 times its own weight (Figure 1d) [17].

The freeze-drying mainly involves the freezing and sublimate processes, and this drying can

induce a solid-gas transition [25]. To prepare a graphene aerogel, a graphene hydrogel that

contains plenty of water is first frozen at a low temperature (liquid N2 or freezer), and then the

Figure 2. Schematic description of the synthesis of anisotropic graphene aerogels, derived from liquid crystals under the

assistance of the solid hydrogen-bonded network, based on a vapor diffusion and sol-gel process [24].
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ice inside the pore starts to sublimate directly under vacuum, with the pore being filled by air

[17, 26–28]. During the freeze-drying process, the growth of ice crystal usually causes reconstruc-

tion of the original network of hydrogel, together with an aggregation of the mesopores into a

macropore. Then the resulting graphene aerogel usually shows a poor mechanical strength, high

brittleness, low specific surface area, and little mesopore volume. As shown in Figure 1c, the

graphene aerogel by freeze-drying showed ametal luster, but it could only support 3300 times its

own weight [17]. Based on a N2 adsorption/desorption test, the pore volume was 0.04 cm3/g in

the size range of 1.5–55 nm, which was much lower than that of the graphene aerogel by Sc CO2

drying (2.48 cm3/g), corresponding to the disappearance of mesopores.

3. The fabrication of graphene-aerogel-based PCCs

According to the different macroscopic architectures of graphene aerogels, the graphene-

aerogel-based PCCs can be developed in forms of 0D microspheres, 1D fibers, 2D films, and

3D monoliths. The two widely used strategies for the fabrication of aerogel-based PCCs (e.g.,

carbon aerogel, carbon nanotube sponge, carbon nanotube array, graphene aerogel, and other

aerogel matrices) are the melted filling and solvent-assisted filling [7–9, 24].

Above the melting point, the conventional PCMs will become liquid state. The melted PCMs

can be infiltrated directly into the porous network of aerogel owing to aerogel’s extraordinary

capillary force, similar to the simple process of “sponge absorbing water”. Thus, graphene

aerogel could direct the fabrication of PCCs [24, 29]: immerse a graphene aerogel into a melted

PCM, allow the pore space of aerogel be filled by the PCM, promise the melted PCM to be

cooled inside the aerogel network, and then by removing the residue paraffin on the surface of

composite, the relevant graphene aerogel-directed PCC could be obtained.

The solvent-assisted filling strategy can be performed by introducing a PCM solution into the

internal space of aerogel. This method could avoid the limitation of temperature and high

viscosity of the melted PCM [7]. First, a graphene aerogel is immersed into a PCM solution

such as polyethylene glycol (PEG)/water, wax/CH2Cl2, stearic acid/C2H5OH. Then the PCM

solution will flow into the porous network of aerogel, and then stay in the pores or get

absorbed on the walls. After removing the solvent via natural volatilization, a PCC can be

obtained. Notice that the densification and solidification effects from the solvent evaporation

process may bring many fascinating properties.

Both the melted filling and solvent-assisted filling are based on the similar driving force—the

capillary force of aerogel. There are also slight differences between these two methods, and

they have their own scope of application. In the following sections, more detailed introduction

is provided according to the shapes of microspheres, fibers, films, and monoliths.

3.1. 0D composite microsphere

To prepare graphene-aerogel-based PCC microspheres, the mono-dispersed graphene aerogel

microspheres (GAMs) with 3D interconnected porous network should be produced first.
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Unfortunately, the traditional strategies, including injection prilling, emulsion polymerization,

and spray granulation, are not suitable for the fabrication of mono-dispersed GAMs [30–32],

because the gelation should be realized in microdroplets and a long aging process is necessary.

Herein, based on the original sol-gel principle, a novel and programmable strategy has been

developed, namely, an ink jetting-liquid marbling-supercritical fluid drying coupling tech-

nique, to produce mono-dispersed GAMs (Figure 3a) [33]. Typically, the valve ink jetting was

used to synthesis the GO/L-AA droplets because it had a much wider size window and could

precisely control the droplet size. The obtained mixed microdroplets were then dropped into a

specific container fully filled with hydrophobic nanoparticles to form liquid marble. The liquid

marbling technology could keep individual droplets separated from each other and maintain

spherical structure without amalgamation. Once the injection was completed, the container

Figure 3. Schematic and results of the “ink jetting�liquid marbling�supercritical drying” coupling approach to make

graphene aerogel microspheres and phase change microspheres [33]. (a) the ink jetting of sol droplet precursor. (b) the

preparation of GAMs and phase change microspheres. (c-f) SEM images of a GAM (c,d) and a PCC microsphere (e,f).

(g) Cyclic DSC curves of the paraffin and GAM-based PCC microspheres. (h,i) DSC curves and the corresponding

latent heats of the PCC microspheres tested in 50 cycles.
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was sealed and a sol-gel transition was triggered. Thus, GAMs with 3D interconnected

graphene porous network could be fabricated by supercritical drying (Figure 3c-d). By

adjusting the size of microdroplets, the size of graphene hydrogel microspheres could be

efficiently controlled. Based on a statistical analysis on the size distribution of graphene

hydrogel microspheres, the variation coefficients were 6.4, 4.9, and 5.6%, for the graphene

hydrogel microspheres with an average size of 170, 200, and 230 μm, respectively, indicating

that the ink jetting and liquid marbling techniques showed a superior advantage to produce

uniform-sized GAMs.

By the melted filling, the PCM could be introduced into the inner pore spaces of GAMs, and

the relevant graphene aerogel-directed PCC microspheres were obtained [33]. These micro-

spheres exhibited good sphericity, and owing to the continuous conducting network of

graphene aerogel and phase change ability of paraffin, they also exhibited a high latent heat

(136 J/g, Figure 3g), excellent cyclic stability (Figure 3h and i). Furthermore, the microspheres

(diameter ~700 μm) could respond to a weak heat (as low as 0.027 J) very sensitively, together

with fascinating electrical properties, remarkable mutation of electrical resistance; the resis-

tance was about 1370 Ω for the solid and 4850 Ω after being melted.

3.2. 1D composite fiber

Phase change fiber, also named as smart thermoregulating fiber, can buffer the environmental

temperature variation by absorbing/releasing thermal energy. So far, the preparation of PCC

fiber is mainly based on composite spinning, including wet-spinning, melt-spinning, and

electrospinning [34–36]. For example, pure PCM or microencapsulated PCM can be mixed into

polymer solution or its melt, which can be later spun into fibers [37]. However, the obtained

fibers did not show a high enthalpy and their repeatability was quite low. It is still of strong

requirement to develop new-type PCC fibers, via a novel and facile approach.

Graphene aerogel fiber (GAF) consisting of aligned graphene porous network can provide a

successful template toward such development. The GAF can be prepared by both freeze-dry

spinning and wet-spinning based on GO-LC. Such aerogel fibers usually contain

interconnected porous network of aligned graphene sheets, and thus also exhibit high poros-

ity, large specific surface area, excellent conductivity, and high flexibility. For example, a

GAF with a unique “porous core-dense shell” structure was produced by a freeze-dry

spinning, a combination of spinning and ice-templating strategy [38]. The obtained GAF

showed a high electrical conductivity of 2.0 � 103 S/m, high mechanical strength

(11.1 MPa), and large specific surface area (~884 m2/g). At the same time, another GAF with

aligned porous network was obtained by spinning GO-LC into specific coagulation bath

which contained a reducing agent, such as HCl/L-AA (aq), HCl/HI (aq), acetone/HI (aq),

CaCl2/HI (aq), aniline hydrochloride/HI, followed by an aging process and specific drying.

Such aerogel fiber exhibited a high mechanical strength (up to 18.1 MPa), high specific

surface area (~548 m2/g) and a large pore volume (~2.28 cm3/g). In a different way, by

injecting a GO/L-AA or GO/HI mixed solution into a micro-tube, after aging for a period of

time under water bath and a following supercritical drying or freeze-drying, GAFs with

excellent electrical conductivity and high flexibility property can be obtained [39].
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Based on the obtained aerogel fiber, the aerogel-directed PCC fibers with variable phase

change enthalpy and other thermal properties can be fabricated, by a solvent-assisted filling.

By carefully adjusting the PCM materials and filling process (concentration, temperature,

aging time, etc.), the mechanical, electrical, and thermal properties were tunable. For example,

after introducing PEG-4000 (average molecular weight 4000), the obtained graphene/PEG PCC

fiber exhibited a tunable phase change enthalpy of 28–116 J/g, depending on the PEG fraction,

at a constant melting point of 54�C of the pure PEG-4000, see Figure 4b. The phase change

enthalpy and melting point can also be efficiently adjusted in a wide temperature range by

using different PCMs. For example, by using n-eicosane, the melting point could be just 36�C,

and the enthalpy was as high as 186 J/g (Figure 4c).

3.3. 2D composite film

As compared to the 0D and 1D PCCs, a planar phase change film could provide a larger thermal

exchange interface for thermal management in portable electronic devices. By combining the

conventional filming technique [40–42], such as wet-spinning and blade-coating, with sol-gel

transition and specific drying processes, graphene aerogel films with interconnected porous

network can be produced.

Typically, GO-LC was spun via a wide spinning channel into a coagulation bath containing

reducing agent (e.g., HCl/HI (aq), CaCl2/HI (aq)) [41]. By such treatment, the fluid GO-LC

would convert to a gel film, which was then being aged for 12 h. After a supercritical drying or

Figure 4. Aerogel-directed fabrication of graphene-aerogel-based PCC fiber. (a) Schematic description of the fabrication.

(b,c) DSC curves of the PCC fibers, and for a comparison, the DSC result of PEG4000, and n-eicosane are plotted.
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freeze-drying, a continuous graphene aerogel film was obtained. In another method, a high

concentration GO dispersion or GO hydrogel was spread onto a glass substrate and a uniform

GO hydrogel film could be obtained [42]. To reduce the GO, such hydrogel film was immersed

into HI solution to obtain a flexible and free-standing graphene aerogel film by a supercritical

drying process.

Based on the melted filling or solvent-assisted filling, the PCMs could be introduced for

fabricating flexible and free-standing PCC films (Figure 5). For example, by immersing a

graphene aerogel film into melted n-eicosane for about 3 h, a flexible composite film with a

high latent heat (161 J/g) and low melting point (about 36�C) was obtained. As shown in

Figure 5b, the PCC film exhibited a similar phase change behavior to pure n-eicosane.

3.4. 3D composite monolith

PCC monolith is the most widely used form for thermal energy storage due to their intrinsic

bulk energy density. For a good heat transfer through a bulk PCC, the continuous and thermal

conductive network is necessary. By considering its 3D porous network and high ability to

conduct heat and current, graphene aerogel can serve as an important template to develop

PCC monoliths.

The graphene-based PCC monoliths have been synthesized by melted filling. By immersing a

bulk graphene aerogel into a melted PCM with the aid of vacuum, the inner pore spaces of

aerogel can be fully filled by the PCM molecules. After a following cooling treatment, a PCC

monolith can be obtained. For example, an anisotropic composite monolith was reported

based on a composition of paraffin with a graphene aerogel with aligned pore structure, as

shown in Figure 6 [24]. Such PCC monolith contained a high paraffin loading up to 93.6 wt%

with an enthalpy of 193.7 J/g. This special alignment of graphene network also induced a high

anisotropy of the thermal conductivity, along the graphene sheet, the thermal conductivity

could reach to 2.99 W/mK, about 15-fold higher than that of pure paraffin, higher than that of

carbon nanotube array/n-eicosane composite; in other direction, the thermal conductivity

exhibited a lower value of 1.2 W/mK.

A different method of hydrothermal reduction was also used to synthesize PCC monoliths

[43]. To do so, a GO solution was mixed with a paraffin/cyclohexane solution, under a violent

Figure 5. The preparation and thermal property of graphene-aerogel-based PCC film. (a) Schematic of preparation. (b)

DSC curves of PCC film and n-eicosane.
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shaking to make the mixture (emulsion) homogeneous. Then, by a high temperature-induced

reduction under a hydrothermal condition, and a following freeze-drying process, a PCC with

encapsulated structure and continuous graphene network was obtained. By adjusting the

concentration of the paraffin solution, a high PCM loading could be up to 97 wt%. Under such

high loading, a good shape stability was still maintained as reflected by the zero PCM leakage,

because the paraffin was encapsulated into the closed pore shell of graphene aerogel, to form

micrometer-scaled droplets. Unfortunately, the thermal conductivity of such PCC monolith

was just 0.274 W/mK, just comparable to that of the pure PCM (0.207 W/mK) [43].

4. Applications of graphene-aerogel-based PCCs

An intrinsic phase transition and high latent heat of PCMs, and their excellent physicochemical

properties, would allow these graphene-aerogel-based PCCs to be applied in many fields with

extraordinary performances.

4.1. Thermal energy storage

Among the various applications, thermal energy storage is the most fundamental application.

It requires a superior thermal performance of PCM, including high thermal conductivity, high

latent heat, excellent thermal cycling stability, and no leakage during work [24]. So far,

graphene-aerogel-based PCCs have shown many advantages in thermal energy storage owing

to the synergistic effect between graphene network and PCM.

Thermal conductivity is the most important property as it determines severely the power

capacity of PCMs. Owing to the graphene network, the conductivity of graphene-aerogel-

based PCCs were all much higher than that of pure PCMs. For example, based on a CVD-

based graphene foam, the conductivity of the graphene/paraffin PCCs was up to 3.61 W/mK,

18 times higher than that of paraffin (0.2 W/mK) [3]. The similar enhancement was also

observed for a rGO/octadecanoic acid PCC (from 0.18 W/mK for the pure octadecanoic acid

to 2.6 W/mK) [44]. By using an anisotropic graphene aerogel, there was also an anisotropy in

thermal conductivity (Figure 7a) [24]: the in-plane thermal conductivity was up to 2.99 W/mK,

Figure 6. Illustration of the fabrication process in which the melting paraffin fills in the anisotropic graphene aerogel to

make a composite that can be driven either electrically or optically for heat storage [24].
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while along the perpendicular direction it was just 1.2 W/mK (Figure 7b). Such anisotropy

could provide a chance for rapidly storing heat along the parallel direction, and slowly

releasing the heat along the other direction, making the heat usage more efficiently.

Figure 7. Thermal properties of an anisotropic graphene-based PCC monolith. (a) Schematic illustration of anisotropic

heat transfer. (b) Thermal conductivities of the anisotropic graphene aerogel and the relevant PCC. (c,d) TGA and DSC

curves of the pure paraffin, the commercial composite and the anisotropic graphene aerogel/paraffin PCC. (e) the

measured latent heats obtained from (d). (f) Cyclic behaviors of the latent heat of the PCC during 45 melting-freezing

cycles. The inset shows the 45th DSC curve which is fully identical to the first one in (d) [24].
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Phase change enthalpy is another important characteristic, as it corresponds to the energy

density. Although the introduction of graphene aerogel might affect the enthalpy of PCM

slightly, the enthalpy of the overall PCC could be as high as the pure PCM. On the other hand,

the presence of graphene could also benefit the crystallization of PCM, as a remedy to the

enthalpy loss. Therefore, the full potential of PCM could still be realized in the PCC. For

example, for a PCC monolith at a paraffin loading of 94 wt% (Figure 7c), the enthalpy was

measured to be 193 J/g (Figure 7d-e), just ~6 wt% smaller than that of pristine paraffin (208 J/g).

Nevertheless, such value was slightly higher than the secondary crystallization of pure paraf-

fin (190.2 J/g) [24]. Furthermore, the porous network of graphene aerogel could promise the

PCC to possess an excellent thermal stability between cyclic heating and cooling, as confirmed

by the cyclic DSC curves (Figure 7f), and this excellent thermal stability also be found in other

forms of PCC (0D, 1D, and 2D), as shown in Figures 3–5 [26].

4.2. Electric-thermal conversion and storage

Electric-thermal conversion and storage based on PCM technique is important for effective

utilization of power from off-peak electricity and renewable energy sources (e.g., wind and

solar) [45]. As the basic property for electric-thermal conversion, high electrical conductivity of

PCM is required. Unfortunately, the conventional PCMs are usually not an electrical conduc-

tor, and thus not available for electric-thermal conversion. For graphene-aerogel-based PCCs,

the graphene network not only improves the thermal conductivity, but also exhibits many

advantages in the electrical performances. As a result, when a current is passing thorough a

PCC, the electric-thermal effect can be triggered by the graphene porous network, and the

converted energy will be absorbed and stored by the PCM in the PCC [24].

Figure 8a shows the setup to evaluate the electro-thermal conversion and energy storage: a

cylinder PCC monolith was connected into a DC circuit, and then the temperature evolution of

PCC was recorded by a data collection system [24]. Under a constant voltage of 1.5 V, the PCC

temperature increased rapidly during the first 45 s, and then reached a plateau until ~190 s,

corresponding to the melting of paraffin (Figure 8b). After the full melting, the temperature

started to increase again and much more rapidly. When the voltage was turned off, the

Figure 8. (a) Schematic illustration of the electro-driven phase change composite device circuit. (b) the temperature-time

relationship of AN-GA-paraffin under different voltages [24].
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temperature declined immediately to the freezing point (about 48�C) of paraffin, and another

plateau was formed, corresponding to the solidification of paraffin. After the solidification

stopped, the temperature would decrease again to room temperature. Via the temperature

curves under different voltages, a critical voltage for a complete phase change was found to be

about 1.0 V, which was a quiet low threshold compared to carbon aerogel (15 V) [8] and carbon

nanotube sponges (1.5 V) [7].

4.3. Solar-thermal conversion and storage

Solar-thermal energy conversion and storage were essential for harvesting and utilizing of

abundant solar energy. Both graphene aerogel and its directed PCC exhibited black appear-

ance and high thermal conductivity, promising the application in solar energy.

To characterize the ability to convert solar energy [24], the graphene-aerogel-based PCC was

placed under a solar simulator, by a tungsten-halogen lamp (Figure 9a). Without infiltrating any

PCM into the graphene aerogel, the temperature of aerogel could increase up to 40–75�C under

different light intensities, indicating that the graphene was a nice photo absorber (Figure 9b). For

the graphene-aerogel-based PCC, due to the phase change, temperature plateaus (around 48�C)

were observed during the solar-induced heating and cooling processes (Figure 9c), corresponding

to an efficient energy storage. By dividing the stored thermal energy (from the product of

enthalpy and PCC mass) by the irradiating energy overall received during the working time for

the plateau, the conversion-storage efficient could reach to 77% (1.0 sun).

4.4. Thermal buffer

Graphene-aerogel-based PCCmicrospheres could serve as thermal buffer in electronic devices,

as besides the ability to store the energy by Joule heating, they have also shown a fascinating

electrical property.

To show such effect, a single graphene-based PCC microsphere was connected to a DC power

by Cu wires (Figure 10a) [33]. Upon increasing the voltage, the current passing through the

microsphere increased linearly until a critical point, where the Joule heating could have

increased the temperature up to the melting temperature of PCM. Due to the PCM melting,

Figure 9. (a) Schematic of the characterization of solar-thermal conversion. (b,c) Temperature-time relationship under

simulated sunlight (AM 1.5) at intensities of 0.7 sun, 0.8 sun, 0.9 sun, and 1.0 sun, for the anisotropic graphene aerogel and

the corresponding PPC, respectively [24].
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the resistance of the PCC microsphere increased very rapidly, as reflected by the current drop

shown in Figure 10b. With further increasing the voltage, more PCMs melted, with the current

suppressed at the finite value. Clearly, such effect of thermal buffer can effectively protect the

circuit upon the overloading of voltage.

5. Conclusion and outlook

We have reviewed recent progresses of graphene-aerogel-based PCCs, in different forms with

different dimensions, introduced in detail the sol-gel-based fabrication methods, and demon-

strated their potential applications.

Besides these successful achievements, there are still many problems and challenges. For

example, it is still easy to cause the reopening of the porous network of graphene under the

external strike, leading to the leakage during the service. A higher thermal conductivity is still

of strong request for high-performance applications, especially for the directional thermal

conductivities. Furthermore, besides the thermal performance, more focus should be paid to

the electrical and mechanical properties of PCC. Based on the multifunctionalities of graphene

assemblies, smart PCCs are expected to respond to magnetic, heat, moisture, and abrasion.

Furthermore, for the stored thermal energy, it is also important to convert it into electrical or

mechanical energies by developing PCM-based actuators.
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