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Three-dimensional (3D) solid or hollow graphene beads (GBs) with obvious crumpled surface are fabricated by using a 

microfluidic emulsification device and with post-treatment process. In the emulsification process, graphene oxide 

(GO)/polyvinylpyrrolidone (PVP) solution is cut off by flowing dimethyl silicone oil in T-shape microfluidic channel and form 

into composite droplets with uniform size. PVP is used as the binder of GO sheets during the solidification and annealing 

procedure. The morphologies and structures of the solidified GBs are optimized by tailoring the concentration of GO/PVP 

solution, the size of droplets and the way of solidification. The as-prepared GBs are employed as electrode materials for 

supercapacitor application in this work. As three-step pre-oxidation and calcination process are carried out in the post-

treatment process, the ring structure of PVP is retained and this leads to the coexistence of electric double-layer 

capacitance (EDLC) and pseudocapacitance property. The results show that the GBs have a specific capacitance of 243 F·g-1 

at a current density of 1 A·g-1, and retain 97.5% of the initial capacitance after 3000 cycles in 6 M KOH aqueous solution. 

Thus, the 3D crumpled GBs present a great specific capacitance value, reduce the internal electrical resistance and 

enhance the durability of the electrode.  

1. Introduction  

In the past several years, due to their attractive properties of 

light weight, large surface area, high electrical conductivity and 

stable mechanical property, graphene-based assemblies and 

architectures, including one-dimensional fibers, two-

dimensional films/papers and 3D network-structured 

materials, have been prepared widely via kinds of techniques.1 

Among these assemblies and architectures, 3D spherical 

graphene-based materials with wrinkles and ripples for 

providing larger accessible surface area, faster diffusion of ions 

and molecules, and more transport paths of electrolytes and 

electrons, have been widely used as the ideal supporter for 

electrochemical energy devices,2-8 biological detection,9 

superhydrophobic materials,10 catalyst,11-13 water 

treatments,14,15 and so on. Up to now, spherical graphene or 

their hybrid spheres have been fabricated by several methods 

including W/O emulsion technique,2,3 hydrothermal 

process,16,17 template assisted method,18-27 chemical vapor 

deposition,28,29 carbon source,30-32 aerosol spray pyrolysis,33-40 

electrophoretic method41 and so on. These methods have 

enriched the spherical graphene-based materials family and 

expanded their applications. However, these spherical 

graphene-based materials still had flaws, such as poor 

uniformity, monodispersity, spherical structure, structural 

hierarchy and limited means of electrochemical properties. 

Here, we present novel 3D solid or hollow GBs with obvious 

crumpled surface by using a droplet-based microfluidic 

fabricating method. Because of their ability to control the 

structure of the final emulsion, droplet-based microfluidic 

techniques have paved a new way for fabrication of 

uniform, monodispersed, spherical beads in the micrometer to 

nanometer diameter, and it has become a means of 

constructing 3D or even more sophisticated architectures.
42-46 

However, so far there have been rare reports about the 

fabrication of 3D spherical graphene via this way.
14,47
  

In this work, we improved traditional receiving mode of 

droplet-based microfluidic device to fabricate 3D hollow or 

solid GBs. Compared with other graphene-based materials 

reported previous, our GBs microspheres possessed the 

characteristics of controllable sizes, various morphologies, well 

uniformity, monodispersity and sphericity. PVP was used as 

the binder of GO sheets. With water molecules evaporating 

during solidification process, water-soluble PVP diffused to the 

surface of composite beads to stabilize the spherical shape. 

Through pre-oxidation treatment and calcination process, the 

ring structures of PVP were partly retained, and a number of 

carbon nanoparticles attached to the crumpled reduced 

graphene oxide (rGO) sheets. The solid GBs had obvious 

crumpled sheets on their surfaces. When used as electrode 

materials, the GBs electrodes had good wettability 

in alkaline electrolyte and were endowed with excellent EDLC 

Page 1 of 7 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

and pseudocapacitance property. It was demonstrated that 

the formation of 3D graphene sheets structure could also low 

diffusion resistance of ions, suppress the internal electrical 

resistance of the electrodes and enhance the cycle life. These 

features made the GBs described here ideal for electrode 

materials. 

2. Experimental section 

Graphene Oxide Synthesis: Graphene Oxide (GO) was 

prepared by a modified Hummers method.48 2 g of graphite 

flake was dispersed in concentrated sulfuric acid and 

phosphateacid (9:1, v/v) in an ice bath. 6 g potassium 

permanganate was slowly added and stirred the mixture for 2 

h. The reaction device was subsequently transferred to a pre-

heated water bath at 35 oC and continued stirring for 24 h. 300 

mL deionized water was carefully added to the reaction 

mixture. Then 30 mL 30% hydrogen peroxide solution was 

added dropwise and 5% hydrochloric acid solution (v/v) was 

added to remove the excess of manganese salt. The above 

solution was further centrifuged at 4000 rpm for 10 min to get 

rid of the small amount of impurities. Thus, GO solution was 

obtained after strong ultrasonic treatment and had a 

concentration of 8 mg·mL-1. 

Preparation of graphene beads (GBs): The schematic diagram 

of a modified microfluidic device to fabricate GBs was shown 

in Fig.1. Syringe 1 was the mixed solution of GO/PVP (3.5 g GO 

solution and 0.25 g PVP powder were evenly dispersed in 4 mL 

deionized water), and syringe 2 was dimethyl silicone oil which 

was used as the mobile phase. Under the shear force from 

mobile phase, GO/PVP droplets formed in the junction of T-

shape channel. And then via a switching valve, they can be 

received by the mode (a) and (b). For the mode a, droplets 

were solidified at 60 oC for 12 h. As for the mode b, they were 

heated at the same temperature for 6 h with the pear-shaped 

bottle rotating. Subsequently, the dry droplets were 

repeatedly washed with n-hexane to remove dimethyl silicone 

oil. The solid products were treated by three-step preoxidation 

process, namely, heating at 100 oC for 2 h, 150 oC for 10 h, and 

280 oC for 2 h in air dry oven. At last, the products were 

calcined at 750 oC under N2 atmosphere for 2 h.  

 

 

 

 

 

 

 

Fig.1 Schematic diagram of a modified microfluidic device to 

fabricate GBs. 

Characterization: GO was analyzed by an X-ray diffraction 

(XRD, BrukerD8, Cu Ka, λ = 0.15418 nm), scanning electron 

microscope (SEM, S-4800), transmission electron microscope 

(TEM, JEM-2100, JEOL, Japan) and atomic force microscopy 

(AFM, SPM-5100, Agilent). X-ray diffraction (XRD) patterns of 

GBs beads and GO were recorded with D8 ADVANCE. The 

morphologies and structures of GBs were examined with SEM. 

FT-IR spectra were obtained with ADVANCE III, and all samples 

were prepared by potassium bromide tabletting. X-ray 

photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos) was 

used to clarify the chemical composition and binding energy of 

functional groups. Brunauer-Emmett-Teller (BET) surface area 

and pore size distribution measurement (ASAP 2020, surface 

area and pore size analyzer, Micromeritics) was carried out by 

nitrogen adsorption and desorption. 

Electrochemical measurements: The electrochemical 

properties of the as-prepared samples were investigated with 

a CHI 604D electrochemical working station in 6 M KOH 

solution. Cyclic voltammetry (CV), galvanostatic 

charge/discharge (GV), and electrochemical impedance 

spectroscopy (EIS) techniques were conducted in a 

conventional three-electrode cell by the electrochemical 

workstation (Chenhua, Shanghai). Platinum foil and Hg/HgO 

electrode were used as the counter and reference electrodes, 

respectively. As-prepared powders were mixed with acetylene 

black and polytetrafluoroethylene at a mass ratio of 80:10:10 

and pressed onto nickel foam (1×1 cm2) to act as the working 

electrodes. EIS was measured at the frequencies from 100 kHz 

to 0.01 Hz. 

3. Results and Discussion 

3.1 Characteristics of GBs 

Wrinkles and crumples were typical characteristics of GO. This 

was also observed in our work, as shown in Fig.2. In addition, 

the as-prepared GO sheets had also showed large and thin 

layer. Therefore, it was expected that they were conducive to 

the architecture of 3D spherical graphene. 

 

 

 

 

 

Fig.2 (a) TEM image and (b) SEM image of GO. 

As the morphologies and structures of GBs were controlled by 

the size of droplets, the concentration of GO/PVP solution and 

the way of solidification, when the size of droplets increased, 

the droplets started to deform under gravity and surface 

tension, and the shape of obtained GBs varied from sphere to 
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hemisphere (Fig. S1). When reducing the concentration of GO 

in the droplets, the excess PVP wrapped GO sheets to form 

hollow structure (Fig. S2). Considering the above cases, we 

adjusted the concentration of GO and the pushing rate ratio, 

3D solid GBs with uniform sizes and stacked structure were 

obtained via two reception modes.  

During the static solidification process, hydrophilic PVP and GO 

containing –COOH groups would diffused to the outer layers of 

droplets with water evaporating, and this led GO sheets to 

present inhomogeneous distribution from the inside of the 

droplets to the outside. Consequently, the outer rGO sheets of 

the GBs represented more obvious stacked structure after 

calcination treatment (Fig.3). In addition, carbon nanoparticles 

arising from carbonized PVP attached to the crumpled rGO 

sheets (Fig.3c), which was favorable for improving 

electrochemistry properties. 

 

 

 

 

 

 

 

 

Fig.3 SEM images of solid GBs fabricated by static solidification 

(mode a): (a) w (GO) = 0.45%, v1: v2 = 0.5:120. (b) and (c) SEM 

images of external surface. (d) SEM image of internal structure. 

Regarding to the solidification process by the rotary 

evaporation method, solid GBs with closer stacked structure 

were obtained in shorter time (Fig.4). At the same pushing 

speed ratio, compared with the solid GBs in Fig.3, they had 

smaller average size in diameter and obvious ridged rGO 

sheets under the pressure force of flowing dimethyl silicone oil.

 

 

 

 

 

 

 

 

Fig.4 SEM images of solid GBs fabricated by the rotary 

evaporation method (mode b): (a) vr = 200rpm, w (GO) = 0.45%, 

v1: v2 = 0.5:120. (b) and (c) SEM images of external surface. (d) 

SEM image of internal structure.
 

To further understand oxidation and reduction degree of 

graphene, XRD patterns were showed in Fig.S3a. A sharp 

diffraction peak at 11.8
o
 demonstrated that graphite was 

oxidized successfully by modified Hummers method. And a 

broad and weak peak at 25.4
o
 corresponded to the graphitic 

(002) profile, which showed the degree of crystallinity declined 

dramatically after GO were reduced. From the FTIR spectra (Fig. 

S3b), the absorption peaks of GBs were basically indentical 

with PVP beads, which demonstrated the presence of 

carbonized PVP in the GBs. Raman spectroscopy is one of 

effective tools to characterize the structure of carbon 

materials. In general, the intensity ratio of D band to G band 

(ID/IG) indicates the disorder degree of graphene materials. In 

Fig.S3c, it clearly showed that the D/G intensity ratio (ID/IG = 

0.98) of GBs was lower than that of GO (ID/IG = 1.15), which 

was attributed to the reduction of GO to graphene and the 

improved crystallinity of GBs after carbonization treatment. 

The N2 adsorption-desorption isotherm of the GBs was shown 

in Fig.S4. The isotherm curve was the type IV with a clear 

hysteresis loop in a wide pressure range, indicating the presence 

of mesoporous structure of the material. The BET surface area 

of the GBs by mode (a) was calculated to be 179 m2·g−1, 

which was much higher than that of graphene capsules (84 

m2·g−1) and graphene/PANI hollow balls (103 m2·g−1) as 

reported previously.15,19 In addition, the GBs showed an 

average pore size of 3.89 nm (inset of Fig.S4), which was well 

consistent with the SEM result (Fig.S5b). GO used in this work 

was characterized by AFM. The AFM image together with the 

height profiles in Fig.S5a clearly showed that the graphene 

nanosheets had a lateral dimension up to the micrometre 

scale and an average thickness of 1.06 nm. The SEM image of 

the crushed GBs was shown in Fig.S5b, which indicated the 

inner of them had clear porous structure and the thickness of 

the external surface stacked layer ranged from 6.45 to 16.13 

μm.  

XPS was a significant method to characterize the elemental 

composition of the GBs. As shown in Fig.5a, the content of 

nitrogen originating from the residual of PVP can be up to 5.15 

at.%. The content of oxygen was 12.67 at.% and C/O ratio in 

rGO was much lower than the related literature,49 which 

indicated that oxygen element partly arised from PVP. Those 

results meant that graphene beads might have two kinds of 

electrochemical properties, namely, EDLC and 

pseudocapacitance. For the C 1s XPS spectrum of the GBs 

(Fig.5b), four component peaks centered at 284.4, 285.1, 286.1, 

and 288.3 eV, which originated from C-C, C-N, C-O and C=O 

groups, respectively.
50

 The atomic percentages of C-O and C=O 

indicated the existence of oxygen-containing functional groups 

in the GBs. Compared with GO/PVP beads, the total content of 

oxygen-containing functional groups in GBs decreased 

significantly from 42.06% to 12.67% after carbonization 
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treatment, and the ratio of C-OH and C=O groups decreased as 

well (Fig. 5a, insert table). In the case of O 1s (Fig.5c), the 

binding energies about 530.6, 532.2-533.5 and 535.6 eV 

represented C=O groups, C-OH groups and chemisorbed 

oxygen (carboxylic groups) and/or water, respectively.
51-55

 The 

decomposition of PVP at above 500
 o

C resulted in degradation 

and expansion of the ring, and finally formed pyridine,
56-58

 

pyridine-N-oxide and pyridone-N (part of N-5). However, they 

were least stable at relatively intense pyrolysis conditions and 

converted to pyridinic-N, while pyrrolic-N (the other part of N-

5) remained unaffected. Therefore, as shown in Fig.5d, the N 

1s XPS spectrum of GBs was decomposed into three Gaussian 

peaks with their binding energy of 398.1, 400.5 and 404.3 eV, 

assigned to pyridinic (N-6), pyrrolic/pyridone (N-5) and 

pyridine-N-oxide (N-X), respectively.58-60

 

 

 

 

 

 

 

 

 

Fig. 5 (a) XPS of GO/PVP and GBs (insert table was the content 

(%) of C, N, O, C-OH and C=O in GO/PVP and GBs, respectively). (b), 

(c) and (d) were C 1s, O 1s, N 1s spectra of GBs (prepared by 

mode (a), and w (GO) = 0.45%, v1: v2 = 0.5:120), respectively.

3.2 Electrochemical performance 

The GBs received via the mode (a) were utilized as electrodes 

materials and their electrochemical properties were 

performed. Fig.6a showed the CV curves of GBs and PVP beads 

at scan rate of 10 mV·s-1 in the potential range of -0.2 to 0.6 V. 

During the testing process, nearly rectangular shape and 

obvious redox peaks of the curves indicated the coexistence of 

EDLC and pseudocapacitance properties. It was because that 

the GBs electrode materials existed charge transfer in the ring 

structure arising from PVP, which led to pseudocapacitance 

property and unsymmetrical redox peaks. It was also noted 

that GBs electrode possessed apparently larger specific 

capacitance, which attributed to their 3D structure and highly 

electroactive regions. Fig.6b showed the CV curves of GBs 

electrode at scan rates of 5-100 mV·s
-1

. It can be seen that the 

oxidation peaks shifted positively and the reduction peaks 

shifted negatively with increasing scan rate, which is mainly 

due to the resistance of the electrode.
61

 Fig.6c showed the GV 

curves of GBs and PVP beads electrodes at a constant current 

density of 1 A·g
-1

. Because of pseudocapacitors behavior, both 

GV curves displayed a bent triangular shape. It can be also 

observed that a voltage drop existed at the beginning of the 

discharge curve, and the IR drop of GBs was significantly lower 

than that of PVP beads. These results indicated that the 3D 

graphene sheets effectively suppressed the internal electrical 

resistance of the electrodes.
62 

Fig.6d represented the GV 

curves of GBs at current densities of 0.5, 1, 2, 3 and 5 A·g
-1 

and 

the specific capacitances were 248, 243, 227, 183 and 176 F·g
-1

, 

respectively. 

 

 

 

 

 

 

 

 

 

Fig.6 (a) CV curves of GBs (prepared by mode (a), and w (GO) = 

0.45%, v1: v2 = 0.5:120) and PVP beads at 10 mV·s-1. (b) CV 

curves of GBs electrode at 5-100 mV·s-1. (c) GV curves of GBs 

and PVP beads electrodes at 1 A·g-1. (d) GV curves of GBs at 

0.5-5 A·g-1.

In order to investigate the durability of the electrode materials, 

a repetitive charge-discharge cycling test was carried out at a 

current density of 1 A·g-1 (Fig.7). The specific capacitance 

retention ratios of GBs and PVP beads electrodes were 97.5% 

and 89.7% after 3000 cycles, respectively, demonstrating that 

GBs electrode possessed better long-term electrochemical 

stability and did not bring in a significant structural change 

after a repeated charge/discharge test. These results revealed 

that the cycle life could be enhanced by the formation of 3D 

graphene sheets structure.63 

 

 

 

 

 

 

Fig.7 Charge–discharge cycling test of GBs (prepared by mode 

(a), and w (GO) = 0.45%, v1: v2 = 0.5:120) and PVP beads 

electrodes at 1 A·g
-1

.
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To understand the dielectric and transport properties of the 

electrodes, EIS was conducted for PVP beads and GBs 

electrodes (Fig.8). It is well-known that ideal electrochemical 

capacitance behavior exhibits a small depressed semicircle at 

high frequency and the imaginary part of the impedance in the 

low frequency region being perpendicular to the real part.
64

 An 

intercept of the semicircle at the x-axis (starting point) 

represents internal resistance (Rs) and it corresponds to the 

internal charge, charge/discharge rate, and wettability of the 

electrode.
65,66

 It was observed that Rs of PVP beads and GBs 

were 1.49 and 0.94 Ω, respectively. The smaller Rs value of the 

GBs electrode may result from the formation of 3D graphene 

structure where efficient access of electrolyte ions can be 

facilitated inside the 3D sheets structure to the electrode 

surface and shorten the ion diffusion path. The obvious 

difference in the diameter of the semicircles indicated that 

GBs had much lower resistance in charge propagation at the 

interface between the electrode/electrolyte than the PVP 

beads. And GBs electrode exhibited a more vertical line than 

PVP beads electrode at low frequency, demonstrating better 

capacitive behavior and lower diffusion resistance of ions. In 

addition, we also investigated the electrochemical 

performance of GBs with different GO content, the size of 

droplets and the pushing rate ratio. The CV, GV and charge-

discharge cycling tests were shown in Fig.S8 and Table S1.

 

 

 

 

 

 

Fig.8 Nyquist plots for PVP beads and GBs (prepared by mode 

(a), and w (GO) = 0.45%, v1: v2 = 0.5:120) electrodes.

 

4. Conclusion 

We successfully prepared 3D GBs via a modified microfluidic 

device. In this process, a small amount of PVP was used as the 

binder of GO sheets to keep the solid sphericity. Through 

controlling the sizes of droplets, adjusting the concentration of 

GO solution and choosing the receiving methods, solid or 

hollow GBs can be obtained successfully. As for the solid GBs, 

their internal and external rGO sheets represented significant 

wrinkled structure, and a number of carbon nanoparticles 

originating from the calcination of PVP attached to external 

rGO sheets. When used as electrode materials for 

supercapcitor, these solid GBs exhibited the coexistence of 

EDLC and pseudocapacitance, which showed a specific 

capacitance of 243 F·g
-1

 at a current density of 1 A·g
-1

 and 

retained 97.5% of the initial capacitance after 3000 cycles in 6 

M KOH aqueous solution.  
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Three-dimensional (3D) solid or hollow graphene beads (GBs) with obvious 

crumpled surface were fabricated by a microfluidic emulsification device and 

employed as electrode materials for supercapacitor.  
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