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Sheet-like graphene tends to stack with each other in thin films, 

resulting in relatively smooth microstructures with increased 

reflection as the thickness increases. In contrast, when the sheets 

are crumpled into a shape like paper balls, reflection is greatly 

reduced. In this work, crumpled graphene balls are found to be 

strong light absorbers in the visible and near-infrared region. 

Average absorption of thin films made of crumpled graphene balls 

can reach up to 97.4% in the wavelength region of 350-2500 nm. 

When crumpled graphene balls are used as the solar absorber for 

the interfacial evaporation system, evaporation efficiency of 

84.6% was obtained under one sun at ambient pressure. Enhanced 

solar absorption of crumpled graphene balls, coupled with their 

aggregation-resistance and universal solution processability 

makes them promising candidates for solar heating/distillation 

applications.   

Introduction 

Efficient utilization of solar energy has attracted significant 

interest in society due to continuously increasing energy 

demand and depleting fossil fuel resources. To enhance the 

efficiency of solar absorption and convert the solar energy into 

other forms of energy such as thermal,
1-3

 electrical,
4-6

 and 

chemical energy,
7-9

 carbon-based materials, including 

fullerenes
10,11

 and vertically aligned carbon nanotubes,
12,13

 

have been previously studied as broadband solar absorbers. In 

recent years, graphene-based sheets have attracted significant 

interest as a promising photothermal harvester of solar 

energy.
14-16

 Perfect monolayer of graphene can absorb ~2.3% 

incident light in the visible range.
17

 Reduced graphene oxide (r-

GO),
18-20

 as a more scalable alternative to graphene made by 

mechanical exfoliation or chemical vapor deposition, has also 

been studied and achieved average broadband absorption 

around 85%.
21

 The relatively high reflection (~15%) due to the 

stacking of multiple r-GO layers
22

 in their thin film forms, 

however, has limited their performance as broadband 

absorber. There have been recent efforts in improving the 

optical absorption of graphene based films.
21,23-25

 Qu et al.
26

 

fabricated vertically aligned graphene sheet membrane 

through antifreeze-assisted freezing approach and enabled the 

broadband absorption of the graphene film.  

In this work, we studied the light harvesting capability of 

films of crumpled graphene balls (CGBs), which are sub-micron 

sized r-GO particles with paper ball-like morphology.
27 

These 

particles have rough outer and inner surface at a length scale 

well below sub-microns, leading to high broadband absorption 

over 97% from visible (VIS) to near-infrared (NIR) region. They 

are also aggregation-resistant
28-30

 and will not stack to form 

highly reflective microstructures, even after densification. Our 

earlier studies have found that wrinkles and folds in r-GO thin 

films cause strong light scattering.
31

 Due to their crumpled 

paper ball-like structure, CGBs could better trap incident light 

by scattering both between the neighboring CGBs as well as 

inside the individual particles, which is full of wrinkled and 

folded domains of r-GO (Figure 1a). This greatly increases the 

optical path within the CGB films and leads to more efficient 

light absorption. With relatively simple generation process and 

the enhanced optical absorption, CGB films will help expand 

the application of graphene-based materials as broadband 

solar absorbers. The combination of high light absorption, high 

specific surface area, and thermal stability makes the CGB film 

an effective photothermal conversion layer in the interfacial 

evaporation system. 

Experimental 

Materials and Methods  
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All chemical reagents were purchased from Sinopharm 

Chemical Reagent Co., Ltd., without further purification. 

 

Synthesis and Purification of Graphene Oxide 

Graphite oxide (GO) was pre-oxidized and synthesized by a 

modified Hummers method
32

 and purified by a two-step 

washing method. 50 mL concentrated H2SO4 was added in a 

250-mL round-bottom flask and heated to 80 °C. 10 g K2S2O8 

and 10 g P2O5 were added in the H2SO4 and the solution was 

stirred until the solutes dissolved. 12 g graphite powder (Bay 

Carbon Inc., SP-1 grade) was added into the mixture and 

stirred for 4.5 h at 80 °C. The pre-oxidized graphite powder 

solution was cooled down to room temperature, diluted with 

100-mL deionized (DI) water, filtered with PTFE membrane 

(Millipore) and then rinsed with DI water to remove the 

residual reagents. The pre-oxidized graphite powder was then 

dried in air over night and collected for further oxidization. 

The pre-oxidized graphite powder was stirred in a 2-L 

Erlenmeyer flask with 460-mL concentrated H2SO4 and kept at 

0 °C in an ice bath. 60 g KMnO4 was gradually added into the 

flask while the temperature was controlled at 0 °C. After 

adding KMnO4, the flask was moved to a water bath of 35 °C 

for 2 h to complete oxidation. The flask was then transferred 

to the ice bath again and 1-L DI water was slowly added into 

the mixture to dilute the H2SO4 solution. After dilution, 50-mL 

30 wt% H2O2 was added dropwise into the flask to reduce the 

remaining oxidant. The mixture was filtered with PTFE 

membrane (Millipore) and rinsed with aqueous HCl solution 

(3.4%) to remove the residual reagents. The mixture was then 

re-dispersed in acetone, filtered again with PTFE membrane 

(Millipore), and rinsed with acetone to remove the residual 

HCl. The obtained GO was collected, dried in air, and then 

stored for future usage. 

 

Synthesis of Crumpled Graphene Balls 

Crumpled graphene balls (CGBs) were prepared using capillary 

compression through rapid evaporating of GO sheet aerosol 

droplets reported previously.
27

 The as-prepared GO sheets 

were dispersed in water at a concentration of 1.0 mg mL
-1

 by 

an ultrasonic cleaner (40kHz, KQ5200DE, Kunshan Ultrasonic 

Instruments Co., LTD). Aerosol droplets of GO sheets, 

generated by a ultrasonic atomizer (1.7 MHz, SS-6B, 

Shuangsheng Medical Co., LTD), were carried by nitrogen gas 

(1L min
-1

) through a tube furnace (SLG1400-60, Shanghai 

Shengli Test Instruments CO.,LTD; tube diameter = 25 mm) 

that was preheated to 500 °C. A PTFE filter (Hydrophilic, pore 

size: 100nm, Haiyan New Oriental Plastify Technology Co., LTD) 

was placed at the end of the tube furnace to collect the 

partially reduced CGBs (CGB500). The CGB500 were collected 

into a quartz boat and further annealed at 600 °C, 700 °C and 

800 °C in tube furnace under nitrogen atmosphere for 2 h.  

 

Preparation of CGB Thin Film 

The as-prepared CGBs were re-dispersed in ethanol with a 

concentration of 0.1 mg mL
-1

 by using the ultrasonic cleaner. 

Then the mixture was filtered with a PTFE filter to obtain CGB 

thin films with area densities of around 1.0 mg cm
-2

. The 

CGB/PTFE composite membranes were cut to circles with 

diameter of 1.68 cm and stored for further steam-generation 

experiment. 

 

Synthesis of Reduced-Graphene Oxide Thin Film 

Reduced graphene oxide (r-GO) was prepared in a 

hydrothermal process. 15-ml GO solution (0.1 mg mL
-1

) was 

mixed with 15-mL ethanol in the hydrothermal reactor and 

heated in oven (LS-VO20, Labserv Ltd) at 120 °C for 15 h. The 

generated r-GO solution was further dried in a freeze dryer 

(FD-1A-50, Beijing Boyikang Laboratory Instruments Co., Ltd) 

for 24 h to avoid regraphitization. The r-GO was collected and 

the r-GO/PTFE composite membrane was prepared using the 

same process as used in preparing the CGB/PTFE composite 

membrane. 

 

Characterization and Property Measurement 

Scanning electron microscope (SEM; 5 kV, Sirion 200 from FEI) 

was used in these experiments to characterize the 

microstructure of the thin films. X-ray photoelectron 

spectroscopy (XPS; Kratos AXIS Ultra) was used to characterize 

the chemical composition of the r-GO and CGB samples. 

Ultraviolet-visible-NIR spectrophotometer equipped with an 

integrating sphere (Lambda 750S, PerkinElmer Inc.) was used 

to measure the hemisphere reflection and transmission of the 

thin films. Contact angle was measured by contact angle meter 

(DSA30, KRUSS GmbH, Germany). 

 

Evaporation Performance Measurement 

Xenon light (BILON-GHX-Xe-300, Shanghai Binlon Instrument 

Co., LTD), which has a similar output spectrum as the sun 

simulator, was used as light source and the light intensity was 

measured by a power meter (CEL-NP2000, Ceaulight Co. LTD). 

Weight of the evaporation system was measured by an 

electronic balance (BSM-220.4, Zhuojing Electronic Technology 

Co., LTD). An IR camera (T620, FLIR Systems Inc.) was used in 

the temperature measurement during the evaporation 

process. The background water evaporation rate was 

measured without the solar absorber films (CGB and r-GO 

films). The background rate was measured to be 0.4866 Kg m
-2

 

h
-1

. 

Results and discussion 

CGBs were synthesized by an aerosol assisted capillary 

compression process as illustrated in Figure 1b.
27

 First, aerosol 

droplets of graphene oxide (GO) sheets were created by an 

ultrasonic nebulizer and passed through a tube furnace pre-

heated at 500 °C. The capillary force generated by the 

evaporating liquid droplets compressed the GO sheets into 

crumpled paper ball shape. During the flight through the 

heated furnace, GO also became partially reduced, which is 

reflected in the dark brown to black color of the collected 

powders. To further reduce the as-prepared samples (Figure 

1c), the CGBs collected at 500°C were further annealed at 600  
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Figure 1. (a) Schematic drawings illustrating that flake-like graphene layers 

become reflective due to their planar microstructure, while layers of crumpled 

graphene balls are non-reflective due to extensive scattering within or between 

the particles. (b) Drawings illustrating the aerosol-assisted capillary compression 

route to synthesize CGBs. 

°C, 700 °C and 800 °C, and the corresponding samples are 

named CGB500, CGB600, CGB700 and CGB800, respectively. 

Powders of crumpled graphene balls are then dispersed in 

water and deposited on polytetrafluoroethylene (PTFE) filter 

membrane by filtration (Figure 2a) to create CGB/PTFE bilayer 

films for interfacial evaporation studies. A control sample of r-

GO sheets was prepared by the same method as CGB film. The 

photo in Figure 2b shows the r-GO sheets and CGB500 films,  

both of which were made with similar area densities of around 

1.0 mg cm
-2

. Figure 2c-2d are scanning electron microscopy 

(SEM) images of the CGB500 film, showing that the CGBs are 

indeed closely packed but not aggregated. The average 

diameter of the particles was found to be around 400 nm. 

Compared with r-GO, the crumpling structure is quite stable 

and it does not unfold or collapse during annealing.
27

 In deed, 

additional SEM studies confirmed similar size distribution and 

morphology for the other CGB samples (Figure S1). Figure 2e-

2f shows the microstructure of the r-GO sheet. Without the 

crumpled structure, the paralleled flat r-GO layers stack with 

each other and form a lamellar film. Although the CGB500 

sample were less reduced than the r-GO sheets (see Figure 3 

for XPS analysis), its film appears much darker than the one 

made of r-GO sheets, which suggests that the crumpled 

structures indeed significantly reduce light reflection. 

The volume densities of CGB800 film and the r-GO film are 

calculated based on their thicknesses measured in cross-

sectional SEM imaging. With the same area density of 1.0 mg 

cm
-2

, and the thickness of 78.9 �m and 56.0 �m, the volume 

densities of the CGB800 and r-GO films were calculated to be 

0.127 g cm
-3

 and 0.179 g cm
-3

, respectively. The CGB film has 

lower volume density since there are tens of nanometer sized  

Figure 2. (a) Schematic drawing showing the filtration process used to prepare 

thin films of r-GO and CGBs. (b) Photos of CGB500 and r-GO sheet deposited on a 

PTFE filter membrane with the same loading level of 1.0 mg cm
-2

. Although the 

level of oxidation of CGB500 sample is found to be higher than the r-GO sheets, 

its film appears a lot darker, which is attributed to its much stronger light 

scattering capability of the crumpled microstructures. Indeed, SEM images of the 

CGB500 sample (c, d) show uniform distribution of heavily crumpled features at 

sub-micron length scale throughout the film. In contrast, the r-GO film is much 

more reflective due to its smoother microstructures (e, f). 

voids inside and between each crumpled particles. As shown in 

Figure S7, CGB800 film has a much larger porosity (~1.14 cm
3 

g
-

1
) than that of the r-GO film (~0.17 cm

3
 g

-1
). 

X-ray photoelectron spectroscopy (XPS) was used to 

confirm the chemical composition of the r-GO and CGB 

samples annealed at different temperatures (Figure 3). The 

atomic percentage of oxygen in GO was found to be around 

28.3%, and decreased slightly to 23.7% after passing through 

the tube furnace (CGB500). This small degree of reduction is 

attributed to very short time-of-flight of the flowing aerosol 

droplets, which does not allow sufficient heating of the 

crumpled particles. After further annealing, the oxygen 

content of CGB600, CGB700 and CGB800 decreased to 11.9%, 

10.5% and 7.2%, respectively. The oxygen content of the r-GO 

sheets was 19.7%. The XPS spectrum of the C 1s for CGB800 

(Figure 3g) has three peaks at 284.1, 285.0, and 289.1 eV, 

which can be assigned to C-C/C=C, C-O and C=O groups, 

respectively.
33

 Compared with GO (Figure 3b), the amount of 

C-O bond in the CGB800 decreases substantially and the 

amount of C=O bond decreases only slightly. Such change 

indicates that the quantity of the hydroxyl and epoxy groups 

on the graphene layer decreases significantly, accompanying 

with the recovery the π conjugation network on the basal 

plane of r-GO.  

The reflection and transmission of the r-GO and CGB films 

in the wavelength region of 350-2500 nm were measured 

using an integrating sphere (Figure S2). The absorption of all 

thin films  

can be calculated by equation 1: 

 �	 � 	1	– 	�	– 	�                                                                     (1), 

where A represents absorption, R reflection and T the 

transmission. The average absorption for all the CGB thin films 

was above 95% (Figure 4a). From CGB500, CGB600, CGB700 to 

CGB800, the average absorption of their thin films are 96.3%, 

96.8%, 97.4%, and 97.4%, respectively, all of which are 

significantly larger than that of the r-GO film (84.3%). Figure 4b 

shows the specular reflection of the CGB800 film in the mid-IR 
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Figure 3. (a) XPS spectrum of GO, r-GO and CGB samples. XPS spectra of C 1s for 

(b) GO, (c) r-GO, (d) CGB500, (e) CGB600, (f) CGB700, and (g) CGB800. 

region of 2.5-14.8 µm, which is measured to be around only 

0.20 %.  

The light absorption of these graphene-based materials was 

mainly influenced by two factors: microstructure and oxygen 

content of the graphene layers. The crumpled structure of 

CGBs successfully prevented the stacking of the graphene 

layers, thus reduced the reflection due to stacked structures 

with more than 10 layers of graphene.
22

 Beside reduced 

reflection, light illuminating the surface CGB films is also 

heavily scattered due to the rough outer and inner surface of 

each crumpled particles at a length scale well below sub-

microns. Reduced reflection and the multi-scattering 

mechanism leads to the excellent light absorption properties 

of CGBs. Annealing CGBs at higher temperatures helps remove 

more oxygen-containing functional groups and increase the 

degree of π conjugation, making them absorb light even more 

strongly.
34 

 

We also calculated the optical properties of CGB films 

through theoretical simulation based on the single particle Mie 

scattering model.
35 

TracePro software was used to build the 

model of the closed packed CGB film with detailed descriptions 

provided in the supporting information. In the simulation, two 

detectors were placed at the upper and lower surfaces of the 

CGB800 film to collect the reflection and transmission of the 

light. Figure 4c shows the simulated reflection of CGB800 film 

in the wavelength range of 250 to 2500 nm. The insets are the 

simulated reflection distributions of CGB800 film under one 

sun at wavelengths of 500nm, 1250nm and 2000nm. With 

increasing wavelength, simulated reflection of the CGB800 film  

Figure 4. (a) UV-VIS-NIR absorption spectra of r-GO and CGB thin films. The inset 

shows the optical image of r-GO, CGB500, CGB600, CGB700 and CGB800 thin 

films from left to right. (b) Specular reflection of CGB800 (red) and PTFE (purple) 

in Mid-IR region. (c) Simulated reflectance of CGB800 film under illumination at 

different wavelengths. The insets show the simulated reflection distribution of 

the upper surface of the CGB thin film under one sun at illuminating wavelength 

of 500 nm, 1250 nm and 2000 nm. The color scale on the right shows the level of 

light intensity in reflection. 

increases from 1.2% at 250 nm to 4.5% at 1250 nm, and then 

decreases to 1.5% at 2500 nm. The transmission is near zero at 

all wavelengths in this range. The simulated result deviated 

marginally from our experimental data, because only the first 

order of the multi-scattering was used in the calculation. The 

use of uniform sphere balls with close packing to represent the 

crumpled shape of CGBs may also contribute to the difference 

between the simulation and the experiments. 

Next, CGB films are integrated into a solar driven interfacial 

evaporation system. The self-floating interfacial evaporation 

system was fabricated by placing the CGB/PTFE membrane on 

top of a piece of expandable polyethylene (EPE) foam wrapped 

by a piece of air-laid paper (Figure 5a). The CGB layer served as 

the light to heat conversion layer. With the low thermal 

conductivity of EPE foam (~0.032 W m
-1

 K
-1

)
36 

and high water 

replenishment speed of the air-laid paper, the multi-layered 

system can efficiently harvest solar energy for rapid 

evaporation at the liquid-air interface. The converted heat is 

localized at the interface, which leads to evaporation 

efficiencies greater than those of conventional bulk heating 

approaches.
37-40

 For effective transfer of solar generated heat 

to water, these CGBs need to display good wettability. Upon 

contact between water and CGB films generated in this work, 

the contact angles of water gradually decreased from ~10° to 0° 

in about 5s (Figure S4 and Movie S1). The numerous pores 

between CGBs form an interconnected 3D network that 

absorbs the water droplet into the CGB film. During the 

evaporation process, this 3D network also helps replenish 

water at the top surface of CGBs through capillary wicking. The 

mass change of water during the evaporation process was 

recorded by an analytical balance (Figure S5). The evaporation 

rate at the equilibrium state was calculated based on the slope 
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Figure 5. (a) Drawing illustrating the experimental setup for interfacial 

evaporation study. (b) Evaporation rate and efficiency of r-GO and CGB films. (c) 

The mass change of evaporation after 0.5 h using the same CGB800 film for 10 

cycles. 

of the mass change curve. Figure 5b shows that after 

subtracting background evaporation, the evaporation rate of 

the CGB800 reached 1.436 kg m
-2

 h
-1

. Under the same 

conditions, the evaporation rates of r-GO, CGB500, CGB600, 

and CGB700 were 1.206, 1.397, 1.415 and 1.425 kg m
-2

 h
-1

, 

respectively. All evaporation rates of the CGB films were larger 

than that of the r-GO film due to the greater light absorption 

of the CGB films than that of the r-GO film. 

The evaporation efficiency was calculated using equation 2: 

	 � 	

� �
�

�����
                                                                                    (2), 

where ��  is the mass flux of vapor, HLV is the total enthalpy 

change during the evaporation process, Copt is the optical 

concentration, and P is the nominal power density of solar 

illumination. Figure 5b shows the calculated evaporation 

efficiencies. The evaporation efficiency of CGB800 reached 

84.6% under one sun, which is among the best reported in the 

literature for graphene-based systems. CGB500, CGB600, and 

CGB700 samples also attained efficiencies of 82.2%, 83.2%, 

and 83.9%, respectively. The evaporation efficiency of the r-GO 

film was 70.8%, which was similar to the values reported by 

others.
41 

As a demonstration of device stability, interfacial 

evaporation experiments were repeated ten times using the 

same CGB800 film. Mass change of water after 0.5 h for each 

repetition were showed in Figure 5c, where the average mass 

change of the ten cycles was 0.452 ± 0.004 g.  Figure S8 also 

shows that the microstructure of the CGB800 film remained 

the same after the cycling.  

Conclusions 

This work demonstrates that CGBs are highly efficient 

broadband solar absorbers due to their unique morphology 

and aggregation-resistant properties. The crumpled paper ball-

like structure of r-GO greatly reduces the surface reflection in 

their thin film forms, leading to significantly higher light 

absorption than the sheet-like r-GO. Consistently strong light 

absorption larger than 96% in the wavelength range of 350-

2500 nm was achieved for CGBs annealed between 500-800 

°C. The strong broadband light absorption capability of CGBs 

was employed for making interfacial solar evaporation 

systems, which delivered efficiencies of around 84.6% under 

one sun at ambient pressure. The combination of strong light 

absorption capability and thermal stability makes crumpled 

graphene balls an attractive candidate for a number of solar-

enabled applications, including solar distillation, solar thermal 

power generation, and thermal energy storage. 
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Crumpled microstructures enable reduction of reflection at the graphene surface and make crumpled 
graphene balls as excellent broadband light absorbers.  
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