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Abstract 

Among various utilizations of solar energy, solar-thermal conversion has recently gained renewed 

research interest due to its extremely high energy efficiency. However, one limiting factor common 

to all solar-based energy conversion technologies is the intermittent nature of solar irradiation, 

which makes them unable to stand-alone to satisfy continuous energy need. Herein, we report a 

three-dimensional (3D) graphene foam and phase change material (PCM) composite for the 

seamlessly combined solar-thermal conversion and thermal storage for sustained energy release. 

The composite is obtained by infiltrating the 3D graphene foam with a commonly used PCM, 

paraffin wax. The high macroporosity and low density of the graphene foam allow for high weight 

fraction of the PCM to be incorporated, which enhances heat storage capacity of the composite. 

The interconnected graphene sheets in the composite provide (1) the solar-thermal conversion 

capability, (2) high thermal conductivity and (3) form stability of the composite. Under light 

irradiation, the composite effectively collects and converts the light energy into thermal energy, 

and the converted thermal energy is stored in the PCM and released in an elongated period of time 
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 2 

for sustained utilization. This study provides a promising route for sustainable utilization of solar 

energy. 

Keywords: graphene; photothermal; thermal energy storage; phase change material; composite. 

 

Introduction 

Solar energy is the ultimate energy source of everything there is on the earth, and given its wide 

availability and inexhaustibility, solar energy is considered as the most renewable and clean energy 

source available to the mankind.1-3 Tireless efforts have been made, especially in the past two 

decades, in efficient utilization of solar irradiation for energy and environmental gains.4-11 Two 

typical examples are, photovoltaic (PV) materials, which convert solar irradiation to electricity,4,5 

and photocatalysis (PC) processes, which utilize solar energy to generate chemical fuels (e.g., 

hydrogen) or to treat contaminated water.6-8 While popular, these processes face a common 

challenge of low energy conversion efficiencies, with generally the state-of-the-art PV system 

achieving <50% while that of PC < 5%.5,8 

On the other hand, solar-thermal conversion in which photothermal materials are employed to 

harvest solar irradiation and convert it to heat as terminal energy for beneficial usage, a seemingly 

primitive and ancient means of utilizing solar energy, has gained renewed research interest in the 

past decade and found itself certain niche applications due to its operation simplicity and more 

importantly extremely high energy conversion efficiency.9-18 In a sharp contrast to the PV and PC, 

with a proper design, including proper material selection and heat management, a modern solar-

thermal conversion process can reach a perfect solar-to-heat conversion efficiency of almost 

100%.10 An emerging concept in solar-thermal conversion is localized interfacial heating for water 

distillation/evaporation, which has reached a total system energy efficiency >90% thus represents 

a new avenue for energy-efficient clean water production and wastewater treatment.12-18 

Among energy-efficient photothermal materials are metallic nanoparticles (e.g., gold, silver, 

platinum), conjugated polymeric materials (e.g., polypyrrole, polyaniline), and carbon-based 

materials (e.g., carbon nanotubes, carbon black, graphite, graphene).12-21 Graphene, an atom-thin 

layer of pure carbon, has distinguished itself among its peers owing to not only its high light 

absorption and photothermal efficiency but also its high thermal, electrical conductivity, and 
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superior mechanical strength.22-25 Nevertheless, one limiting factor common to all solar-based 

energy conversion technologies is the intermittent nature of solar irradiation (i.e. low-insolation 

periods and nights), which makes them unable to stand-alone to satisfy continuous energy need. 

The solar-thermal conversion is no exception where proper thermal energy storage becomes 

essential to provide reliable and dispatchable thermal energy for sustainable utilization.  

In general, current thermal energy storage methods are mainly twofold: sensible heat storage 

and latent heat storage.10,26-28 Compared with the sensible heat storage, which involves storing 

thermal energy by raising the temperature of a solid or liquid and is highly dependent on the 

specific heat capacity of the material, the latent heat storage engages an isothermal process in 

which energy is stored during melting and released during freezing of a phase change material 

(PCM) and thus offers a much higher storage density and narrower temperature range therein.26-33 

Therefore, combining PCM-based heat storage with solar-thermal conversion can be a promising 

strategy in need. For such a composite to be effective, the following criteria with respect to its 

desirable thermophysical, kinetic and chemical properties should be met: (1) a high light-to-heat 

conversion efficiency of photothermal component and a high latent heat of PCM component, 

which necessitates a high weight fraction of the PCM in the composite; (2) a high thermal 

conductivity of the composite to allow for effective heat storing and releasing in the PCM; (3) a 

good chemical and structural stability of the composite in the course of the phase change (e.g., 

melting and freezing) to ensure the cyclic use of the material. With these considerations in mind, 

an interconnected macroporous and three-dimensional (3D) structure of a photothermal material 

with high thermal conductivity becomes a rational choice as a host of PCM.  

In our previous study, we developed a facile in situ chemical reduction-assembly method to 

prepare 3D graphene foams, which exhibited 3D network structure of interconnected graphene 

sheets with low density, highly porous structures, and electrically conducting properties.34 Because 

of the excellent photothermal effect of graphene, we believe that such a graphene foam would be 

an ideal scaffold to support PCMs. Herein, we report a graphene-PCM composite for the solar-

thermal conversion and the thermal storage for sustained energy release. The composite was 

obtained by infiltrating the 3D graphene foam with a commonly used PCM, paraffin wax. The 

high macroporosity and low density of the graphene foam allow for high weight fraction of the 

PCM to be incorporated, which enhances heat storage capacity of the composite. The 
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 4 

interconnected graphene sheets in the composite provide (1) the solar-thermal conversion 

capability, (2) high thermal conductivity and (3) form stability of the composite. Under light 

irradiation, the composite effectively collects and converts the light energy into thermal energy, 

and the converted thermal energy is stored in the PCM and released in an elongated period of time 

for sustained utilization. In one further development, we employed the composite as a heat source 

for a thermoelectric device where the stored solar-generated thermal energy was utilized to 

generate sustained electricity when the solar irradiation was off. 

Experimental  

Materials 

Graphite powder (<20 mm), sodium nitrate, potassium permanganate, hydrogen peroxide (30%), 

oxalic acid (OA), sodium iodide (NaI), ethanol, and paraffin wax were purchased from Sigma-

Aldrich. All these chemicals were used as received. Deionized (DI) water purified in a Milli-Q 

(Millipore) system was used in all experiments. 

Preparation of graphene foam 

The graphene foams were prepared by an in-situ chemical reduction-induced self-assembly 

method reported previously.34 Briefly, 20.0 mL of the graphene oxide (GO) suspension obtained 

by a modified Hummer’s method with a concentration of 2.5 mg mL-1 was prepared, and then 

0.5 g of OA and 1.0 g of NaI were added to the GO suspension to initiate GO reduction to 

reduced graphene oxide (rGO). The mixture was sonicated for 10 min and then transferred to an 

oil bath at 90oC for 12 hours without stirring. The resulted black cylinder of graphene (rGO) 

hydrogel was washed with ethanol and water in a Soxhlet extractor for 24 h to remove residual 

impurities and then the wet hydrogels were freeze-dried for 2 days to obtain graphene foams.  

Preparation of graphene-wax composite 

The graphene–wax composites were fabricated by infiltrating the previously prepared graphene 

foams (obtained from 2.5 mg mL-1 GO suspension) with liquid paraffin wax at 90oC as illustrated 

in Figure 1a. Due to the highly porous structure of the graphene foams and its oleophilicity, the 

molten wax  quickly infiltrated into the foams, and the so-obtained composites were then cooled 

Page 4 of 17Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 1

1
 J

u
ly

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 b
y
 K

in
g
 A

b
d
u
ll

ah
 U

n
iv

 o
f 

S
ci

en
ce

 a
n
d
 T

ec
h
n
o
lo

g
y
 o

n
 1

7
/0

7
/2

0
1
6
 0

7
:4

2
:0

0
. 

View Article Online

DOI: 10.1039/C6NR03921A

http://dx.doi.org/10.1039/c6nr03921a


 5 

down to room temperature. The mass fraction of wax in the composite was measured by 

comparing the weights of the foam before and after the wax infiltration, and at least three 

samples were measured to determine the average value. For the preparation of the simple 

mixture of graphene and wax, graphene powders obtained by the above mentioned reduction 

method were mixed with paraffin wax with a loading fraction of graphene ~3%, and the mixture 

was stirred continuously at 90oC for 2 hours. Then the mixure was kept still at ambient condition 

to allow it to cool down to the room temperature to obtain the simple mixture of graphene and 

wax. 

Characterizations 

The morphology of the graphene foam and the composite was characterized by scanning electron 

microscopy (SEM) (FEI Company, Quanta 600). DSC data were obtained with a differential 

scanning calorimeter (Netzsch DSC 204 F1) with sealed Al pans. The amounts of the samples for 

the DSC measurements were around 10 mg and the measurements were conducted under N2 flow 

with a heating and cooling rate of 5 oCmin-1 in the range of 0-100oC. Thermo-gravimetric analysis 

(TGA) of the samples was conducted on a Thermo-gravimetric Analyzer (Netzsch TG 209 F1) 

with a heating rate of 10 oCmin-1. Diffuse reflectance spectra (DRS) were obtained by a UV-vis 

spectrophotometer (UV-2550, Shimadzu, Japan) with BaSO4 as reflectance standard. The 

temperature and thermal images of the samples under the simulated solar light illumination were 

recorded by using a FLIR A655 infrared camera. The simulated solar irradiation was provided by 

a 150 W Oriel Solar Simulator. The output voltage was measured by a Keithley 2400 multimeter. 

Results and discussion 

The graphene foam was prepared following the in situ chemical reduction-induced self-assembly 

method previously developed in our group.34 In the course of the graphene oxide (GO) reduction, 

the restored conjugated graphene structures allow for the strong interaction between separate 

reduced GO (rGO) nanosheets via the hydrophobic and π- π interactions, which enables the rGO 

to self-assemble into a stable monolithic graphene foam (Figure 1a).34 The composite was obtained 

by simply infiltrating the graphene foam with hot liquid paraffin wax. Due to the highly porous 

structure of the graphene foam and its oleophilicity, the molten wax quickly infiltrated into the 

foam, and after the wax was cooled down to room temperature the graphene-wax composite could 
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 6 

be obtained. Scanning electronic microscopic (SEM) images in Figure 1b and 1c reveal the 

microscopic structure of the graphene foam and the composite. As can be seen, the graphene foam 

exhibited 3D network structures, having a large amount of interconnected and throughout pores 

with the pore sizes of 4.8±0.9 µm and with the pore walls of thin layers of stacked graphene sheets 

(Figure 1b). These interconnected pores allow for easy access by the liquid wax during the 

infiltration process. The SEM image in Figure 1c reveals that the wax infiltrated in and fully 

occupied the void space of the graphene foam and that the graphene sheets adhered well to the 

wax (inset of Figure 1c), presumably because of the good affinity between the hydrocarbon chain 

of the wax and the graphene sheets.  

 

Figure 1. a) Schematic illustration for the preparation of the graphene foam and wax composite 

for the solar-thermal conversion and thermal energy storage. b) and c), SEM images of the 

graphene foam and the graphene-wax composite. Inset in (c): magnified view of the composite. 
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 7 

d) and e), digital photographs of the composite (left) and pristine wax (right: white sample) 

placed on a hot plate with a temperature of 100oC. f) TGA curves of the composite (red) and the 

pristine wax (black). 

 

Due to the high porosity, the pristine graphene foam exhibited a low density of ~12.3 mg cm-3 

and, after the wax infiltration, the composite had a high mass fraction of wax (97.8±0.2%), which 

was measured by comparing the weights of the foam before and after the wax infiltration. It is 

worth mentioning that the capillary effect between the graphene foam and the liquid wax resulted 

in a volume shrinkage of ~25.5% of the composite after the infiltration and the solidification of 

the wax. We believe that the capillary effect is conducive in confining the wax in pores of the 

graphene foam and in effectively preventing the liquid wax from leaking at elevated temperature 

(i.e., above the melting point of the wax), which is critical to the form-stability of the composite. 

When placed on a hot plate with a temperature of 100oC for 30 minutes, the composite maintained 

its original shape, without significant form-distortion and resulting in no leak of the liquid wax 

while, in a sharp contrast, the pristine wax pellet (i.e., without the graphene foam scaffold) quickly 

melted into liquid within 5 minutes under otherwise the same conditions (Figure 1d and e). 

Similarly, it was also found that a simple mixture of the graphene and wax with the same weight 

ratio (i.e., no 3D foam structure of graphene) melted into liquid and deformed at elevated 

temperature (ESI, Figure S1). The comparisons convincingly prove the critical role of the 3D 

graphene foam, even though its small weight percentage (<3.0%), in maintaining the form-stability 

of the resultant composite.  

Thermal stability of the composite was examined by using a thermogravimetric analysis (TGA) 

whose results are presented in Figure 1f. Compared with the pristine wax, the composite had a 

higher decomposition temperature (~348oC vs. ~322oC), indicating the interaction between the 

wax and the graphene and more importantly improved thermal stability of the composite. Besides, 

the wax weight fraction of the composite estimated from the TGA (97.8%) agreed well with the 

one obtained from the weighing measurement.  

Graphene is well known to have strong light absorbing capability.13,25 To evaluate the light 

absorbing capability of the composite, diffuse reflectance spectra of the composite were measured 

and the light reflection results are presented in Figure 2a. Clearly, compared with the pristine wax, 

Page 7 of 17 Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 1

1
 J

u
ly

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 b
y
 K

in
g
 A

b
d
u
ll

ah
 U

n
iv

 o
f 

S
ci

en
ce

 a
n
d
 T

ec
h
n
o
lo

g
y
 o

n
 1

7
/0

7
/2

0
1
6
 0

7
:4

2
:0

0
. 

View Article Online

DOI: 10.1039/C6NR03921A

http://dx.doi.org/10.1039/c6nr03921a


 8 

both the graphene foam and the composite with a thickness of ~ 1.0 mm exhibited low light 

reflection (less than 2.5%) within a wide wavelength range (i.e., 200-800 nm) (Figure 2a) and zero 

transmittance (ESI, Figure S2), demonstrating strong light absorbance by the graphene. The 

absorbed light was converted to heat by the graphene. To study the solar-thermal conversion and 

thermal energy storage performances of the materials, samples of the composite, pristine wax, and 

graphene foam were irradiated by the simulated solar light, and an infrared (IR) camera was used 

to capture thermal images and to record the temperature change of the samples in air, as 

schematically presented in Figure 2b. To minimize the heat loss, three circular non-through holes 

were made on surface of a thermally insulating polystyrene foam and the samples with the same 

weight of ~0.2 g were placed in these holes whose sizes were identical to those of samples. The 

simulated solar light was shined on top of the samples. All sample had the same top surface area 

of ~0.246 cm2 exposed to the light and the measurement was conducted at constant ambient 

temperature (~22°C). Under the light irradiation, a steady-state temperature, which is defined as 

the temperature at which the heat generation under light irradiation and heat dissipation due to 

radiative heat flux is at equilibrium, would be established. Figure 2c shows the steady-state 

temperature of the samples as a function of varying light intensity and it can be seen that the steady-

state temperature of all the samples increased with increasing light intensity. For instance, under 

1500Wm-2 light irradiation, the steady-state temperature of the graphene foam, composite, and the 

pristine wax were 76.9, 66.7, and 40.7oC, respectively, with the graphene foam and the composite 

showing a much faster temperature rise to their steady-state points than the pristine wax (Figure 

2d and e). These results demonstrate the strong light-to-heat conversion capability of the graphene.  
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 9 

 

Figure 2. a) Diffuse reflectance spectra of the graphene foam (red), composite (black), and wax 

(blue). The reflectance of the composite was similar to that of the graphene foam, leading to the 

overlap of these two curves. b) Schematic illustration of the photothermal performance 

measurement setup of the samples. 1: graphene foam; 2: composite; 3: pristine wax. The pellet 

samples of the graphene foam, composite and wax were inserted in thermally insulating 

polystyrene foam board, and the surfaces of these samples with the same surface area were 

exposed to the simulated solar light. An IR camera was used to capture the thermal image of the 

samples. c) The steady-state temperatures of graphene foam (red), composite (black), and 

pristine wax (blue) in air, under light irradiation with different light intensity. d) Time-course of 

the sample temperature under solar light irradiation (1500 Wm-2). e) and f), Details of the 

temperature change in heating and cooling processes in (d). Inset in (f) shows the details of the 

outlined parts. Arrows in (e) and (f) indicate the time when the light was turned on and off 

during the measurements. g) Thermal images of the samples under the light irradiation for 1 hour 

(left panel), 5 seconds after the light was turned off (middle panel), and 5 min after the light off 

(right panel). 1: graphene foam; 2: composite; 3: pristine wax. Outlines in the middle and right 

panels indicate the location of the graphene foam. 

 

Page 9 of 17 Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 1

1
 J

u
ly

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 b
y
 K

in
g
 A

b
d
u
ll

ah
 U

n
iv

 o
f 

S
ci

en
ce

 a
n
d
 T

ec
h
n
o
lo

g
y
 o

n
 1

7
/0

7
/2

0
1
6
 0

7
:4

2
:0

0
. 

View Article Online

DOI: 10.1039/C6NR03921A

http://dx.doi.org/10.1039/c6nr03921a


 10 

The fast temperature equilibration of the composite under the light irradiation can also be 

attributed to its thermal conductivity, which is an important parameter of the solar-thermal 

conversion and thermal storage composite. The thermal conductivity of the composite was 

estimated to be 0.617 Wm-1K-1 by IR thermal imaging (The measurement details can be found in 

ESI part, Figure S3) while that of the pristine wax was only ~0.309 Wm-1K-1. We believe that the 

good contact between the graphene sheets and the paraffin wax in the composite enables the 

composite to inherit the high thermal conductivity from individual graphene sheets35 and it is the 

3D network of the interconnected graphene sheets in the foam that provides dominant heat transfer 

pathways.29,36 Thus, it is not a surprise that the simple mixture of graphene and wax composite 

(i.e., without 3D interconnected foam structure of graphene) with the same weight fraction only 

achieved a thermal conductivity of ~0.372 Wm-1K-1. It should be noted that the relatively low 

thermal conductivity of the graphene-wax composite in this study, compared with those of 

chemical-vapor-deposition produced graphene and compressed expanded natural graphite based 

composites,29,36 was probably because of the low loading fraction of and the defects in the 

chemically reduced graphene oxide. 

By design, the composite is expected to effectively collect, convert the light irradiation into heat, 

and at the same time store the thermal energy. To prove the energy storage capability of the 

composite, the light was turned off after one-hour irradiation and the temperature decline curves 

of the samples were recorded (Figure 2d and f). A temperature plateau could be clearly observed 

during the cooling of the composite, which is an expected result of stored heat releasing by a PCM. 

The same phenomenon was not observed on the graphene foam, which quickly cooled down to 

ambient temperature also as shown in the thermal images of Figure 2g. These results indicate that 

the combination of the photothermal graphene and the PCM is essential for the successful solar-

thermal conversion and thermal energy storage. 

It is the wax that imparts the composite with the shown thermal storage capability. The 

thermophysical properties of the wax were then investigated by differential scanning calorimetric 

(DSC) measurement and were compared with those of the pristine wax. Figure 3a presents the 

DSC curves of the composite and the pristine wax undergoing melting and freezing cycles and 

Table 1 summarizes their thermal characteristics. As revealed by the DSC measurements in Figure 

3a, the composite and the pristine wax exhibited quite similar endothermic and exothermic 
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 11 

behaviors. It can be seen that the melting point (Tm) and freezing point (Tf) (peak temperature of 

the DSC curves) of the pristine wax and the composite were quite close, indicating that the 

infiltration of the wax in the graphene foam had little effect on its thermal properties. From the 

DSC endothermic curve of the composite, it can be seen that the melting took place over a wide 

temperature range, starting at ~31oC and ending at ~66oC. While for the freezing of the composite, 

a temperature range between 58oC and 26oC was observed. The melting (∆Hm) and freezing (∆Hf) 

enthalpy of the composite calculated from the DSC curves was only slightly lower than that of the 

pristine wax, which was a result of the high wax fraction in the composite. Such a high loading 

fraction of the PCM in the composite allows for high heat storage capacity. Under the light 

irradiation, the incident light is absorbed by the graphene in the composite and at the same time 

converted to heat, which leads to a temperature increase of the composite and phase change 

(melting) of the wax in the composite, storing the thermal energy in the composite (Figure 2d and 

e). The solar-thermal energy storage efficiency (Ƞ) of the composite under the light irradiation was 

estimated by the ratio between the stored thermal energy and the received light energy using 

equation (1): 

Ƞ = QsQ = m×∆HP×A×t  (1) 

Where, Qs is the stored thermal energy by the composite, Q is the received light energy by the 

composite, m (~0.2 g) is the mass of the composite sample, P is the intensity of the simulated solar 

light, A (0.246 cm2) is the surface area of the composite exposed to the light, t is the duration of 

light irradiation for heating the composite from a lower temperature (T1) to a higher temperature 

(T2), and ∆H is enthalpy change of the composite between the temperature range (T1-T2) and can 

be obtained by the DSC measurements. Under the simulated solar irradiation with a light intensity 

of 1500 Wm-2, for example, when the temperature of the composite increased to 60oC from 30oC, 

which corresponded to an enthalpy change (∆H) of 100 Jg-1, a storage efficiency (Ƞ) was calculated 

to be 79.9% for this period.  
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Figure 3. a) DSC curves of the graphene-wax composite (red) and the pristine wax (black). b) 

Normalized melting enthalpy of the composite during 15 cycles of melting and freezing 

processes. 

 

Table 1. Thermophysical properties of the wax and the graphene-wax composite. 

 

 

 

Upon the removal of the light, a temperature plateau could be observed during the cooling 

process of the composite starting at ~58oC (Figure 2f), corresponding to the thermal energy 

releasing characteristic of phase change (freezing) of the wax in the composite. In addition, the 

composite exhibited a very good thermal stability. We found that during 15 melting-freezing 

cycles, the melting enthalpy of the composite showed negligible change, which promises for 

repeated uses of the composite (Figure 3b).  

With the combined solar-thermal conversion and thermal energy storage capability, the 

graphene-wax composite can be expected as heat source for solar thermoelectric generator for 

sustained power generation. As a proof of concept, we designed a solar-driven thermoelectric 

conversion system to demonstrate sustained power generation by the composite (Figure 4a). In 

more details, the composite was fixed on the hot end of a commercially available thermoelectric 

conversion module (4.0 cm×4.0 cm) and was exposed to the simulated solar irradiation, and the 

 Tm (oC) Tf (oC) ∆Hm (J/g) ∆Hf (J/g) 

Pristine wax  61.8 50.8 203 199 

Composite  60.8 49.1 200 197 
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cold end of the module was attached to an aluminum bulk with cooling fans as heat sink. A digital 

voltage meter was used to measure the open-circuit voltage of the thermoelectric module. As a 

control, the thermoelectric module in the absence of the composite generated maximum voltages 

of 0.09 and 0.13 V under the light intensity of 1000 and 1500 Wm-2, respectively and the output 

voltages quickly dropped to less than 0.01V within ~100 seconds once the light was turned off 

(Figure 4b). As expected, significantly improved voltages (0.16 and 0.21 V) were obtained on the 

thermoelectric module with the composite under otherwise the same experimental conditions 

(Figure 4c). Most importantly, a unique feature of the composite integrated thermoelectric module 

lied in its prolonged thermal response, which was a result of the heat storage by the composite and 

which enabled the continuation of the voltage output even when the light was off. As shown in 

Figure 4d, the time for the voltage drop to 0.01V on the device with the composite was about 12 

minutes. As a demonstration of a practical application of the composite, the thermoelectric module 

with the composite (~13.5 g) was exposed first under light irradiation (1500 Wm-2) for 60 minutes 

and then was used to power an electronic fan with the light off (Figure 4e). It was observed that a 

constant fan rotation continued for 10 minutes in the absence of light. This feature of the sustained 

electricity generation by the composite-integrated thermoelectric device could be useful as it 

provides a buffer mechanism against the influence by temporary blocking of incident light, 

reducing power fluctuations.  
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Figure 4. a) Schematic illustration of the solar thermoelectric device based on graphene-wax 

composite. b) and c), Time-course of the open-circuit voltage of the thermoelectric modules under 

the simulated solar light irradiations. red curve: 1500 Wm-2; black: 1000 Wm-2. b: without 

composite; c: with composite (6.3g). d) Time course of voltage decay of the thermoelectric 

modules with (solid lines) and without the composite (dash lines) on the hot end of the module 

after the light was turned off. red curve: 1500 Wm-2; black: 1000 Wm-2. e) Digital photograph 

showing continuous rotation of the electronic fan driven by the thermoelectric device with 13.5 g 

composite on the hot end after the light was off.  

 

Conclusions 

In this study, we rationally devised and fabricated a novel composite of graphene-wax for the 

combined purpose of solar-thermal conversion and thermal energy storage. The composite was 

prepared by infiltrating the self-assembled 3D graphene foams with phase change material of 

paraffin wax. Under the light irradiation, the composite effectively collects and converts the light 

energy into thermal energy, and the converted thermal energy is stored in the PCM and released, 

when the light is off, for an elongated period of time for sustained utilization. We believe that 

this study provides a promising route for sustainable utilization of solar energy. 
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Graphical Abstract 

 

Solar-thermal conversion and thermal storage for sustained energy release are realized by a novel 

graphene foam and phase-change-material based composite. 

 

Page 17 of 17 Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 1

1
 J

u
ly

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 b
y
 K

in
g
 A

b
d
u
ll

ah
 U

n
iv

 o
f 

S
ci

en
ce

 a
n
d
 T

ec
h
n
o
lo

g
y
 o

n
 1

7
/0

7
/2

0
1
6
 0

7
:4

2
:0

0
. 

View Article Online

DOI: 10.1039/C6NR03921A

http://dx.doi.org/10.1039/c6nr03921a

