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Nanofibrous hydrogel microspheres are formed by pH gelation of 

perylene diimide derivatives in emulsion droplets. These 

microspheres are freeze-dried and subsequently carbonized to 

produce discrete N-doped nanofibrous carbon microspheres. The 

carbon microspheres show high performance as electrode 

materials for supercapacitor.  

Carbon-based materials with different micro- or nano-structures, 

including fullerenes, single- and multi-walled carbon nanotubes, 

graphene, and carbon nanofibers (CNFs), are promising materials 

for electrochemical energy storage.
1,2

 Carbon materials may be 

prepared in the format of spheres with N-doping  for improved 

electrochemical applications.
3,4

 Carbon microspheres with 

homogeneous packing can reduce the diffusion resistance. The 

interstitial voids between the microspheres allow easy access of the 

electrolyte to the electrodes, hence to improve the performance.
5, 6

 

Porous carbon microspheres and nanospheres can be prepared by 

various approaches.
3
 However, there have been few reports on the 

preparation of nanofibrous carbon spheres. Nanofibers of polymer, 

carbon, and composites are extensively prepared by electrospinning 

(although other methods available as well), which have found wide 

applications in tissue engineering, separation, and energy 

applications.
7,8

 However, it is extremely difficult to prepare such 

nanofibrous spheres by the electrospinning approach. Other 

approaches such as chemical vapor deposition or catalytic gas 

deposition  approach to prepare carbon nanofibers can be equally 

difficult to form nanofibrous carbon microspheres.
8,9

 As carbon can 

be prepared by carbonization of carbon-rich polymer, we 

hypothesize that nanofibrous carbon-rich organic/polymeric 

microspheres may be prepared first and then followed by 

carbonization. 

Although there are a lot of reports on the preparation of 

polymer or organic microspheres, they are usually porous but not 

nanofibrous.
10

 Only a few reports have been found in literature on 

formation of nanofibrous polymeric microspheres. These include 

nanofibrous collagen microspheres by collagen reconstitution,
11

 

chitin microspheres by thermally induced gelation,
12

 hollow and 

novel microspheres from star-shaped poly(L-lactic acid)  by 

thermally induced phase separation (TIPS).
13

 All these reports 

involve emulsification and gelation/phase separation in the droplet 

phase of the emulsions. These nanofibrous microspheres have been 

used to deliver proteins or to support cell growth.
11-13

 It is possible 

to form nanofibrous poly(L-lactic acid) microsphere from its 

dimethylformamide solution via varying concentrations by TIPS but 

there is limited control on microsphere morphology.
14

 We report 

here the preparation of nanofibrous microsphere from the carbon-

rich perylene diimide derivatives by pH-triggered gelation in 

emulsion droplet phase. The freeze-dried microspheres are then 

carbonized to produce nanofibrous carbon microspheres for the 

first time (Fig. 1), which are evaluated as high performance 

electrode material for supercapacitors. 

Perylene diimides (PDIs) are primarily soluble in organic 

solvents. Due to their quadrupolar π system and π-π stacking 

nature in self-assembled structures, PDIs have been extensively 

investigated for applications such as biosensing, light emitting 

diodes, field effect transistors and photovoltaic cells.
15, 16

 Recently, 

investigation of water soluble perylene diimides has intensified, by 

modification of perylene diimide molecules to provide ionic 

substituents at the imide positions and/or bay positions.
17

 Once 

dissolved in water, the gelation/self-assembly of such perylene 

diimide derivatives may be initiated conveniently by change of pH 

or crosslinking with melamine.
17-19

 Particularly, the modified PDIs 

with amino acids can form homogeneous gels by the controlled 

hydrolysis of glucono-δ-lactone (GdL) to gradually reduce the 

solution pH.
20 

 

In this study, perylene-3,4,9,10-tetracarboxylic dianhydride 

was firstly reacted with 5-aminoisophthalic acid to produce a PDI 

derivative with four carboxylic group (PDI-COOH) (Fig. 1).
16

 As 

depicted in Fig 1, this molecule is dissolved in basic water with GdL 

and then emulsified into an oil phase to produce a water-in-oil 
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(W/O) emulsion. The hydrolysis of GdL in the aqueous droplet 

phase triggers the gelation of PDI-COOH. Due to the high carbon 

content in PDI-COOH molecules, the gel microspheres may be easily 

carbonized to produce nanofibrous carbon microspheres.  

 

 
 

Fig. 1 Schematic illustration showing the synthesis process of PDI-COOH and 

the emulsification process (water-in-oil emulsion) for the fabrication of 

nanofibrous carbon microspheres. 

 

PDI-COOH is not soluble in neutral water but can be dissolved 

in basic water. It is fine to use NaOH as the base but this may 

introduce additional Na into the final carbonized materials. We 

have therefore chosen an organic base triethylamine (TEA).  PDI-

COOH was dissolved in basic aqueous solution with the molar ratio 

of PDI-COOH:TEA = 1:6, which was then emulsified into o-xlyene in 

the presence of Span-80 (a sorbitan monooleate surfactant with 

HLB value of 4.3, known to stabilize W/O emulsions).
21

 o-xylene was 

chosen as the oil phase due to its low vapour pressure and low 

toxicity.
22

 The emulsion droplets with a diameter of approximately 

50 µm could be obtained. To initiate gelation in the droplets, 26 mg 

cm
-3

 GdL was added into the PDI-COOH solution before 

emulsification.  With the emulsion formed and hydrolysis of GdL in 

the aqueous droplets, the decreased pH induced the self-assembly 

and gelation of PDI-COOH, resulting into the formation of 

nanofibrous gel microspheres. 

The concentration of PDI-COOH solution was very important to 

produce stable nanofibrous microspheres. At the concentration of 

20 mM, relatively uniform red microspheres with diameters of ca. 

50 µm were formed (Fig. S1a, ESI†). After freeze-drying, separated 

particles with patched surface were obtained (Fig. S1b, ESI†). The 

scanning electron microscopic (SEM) imaging at high magnification 

showed the particles were constructed of entangled nanofibers 

with diameters of ca. 50 nm (Fig. S1c, ESI † ). When the 

concentration of PDI-COOH decreased to 10 mM, nanofibrous 

particles with similar morphologies were still formed (Fig. S1d-f, ESI

†). However, further reducing the concentration to 5 mM, the 

particles collapsed into capsule shells, with the nanofibers tending 

to aggregate (Fig. S1g-i, ESI†).  

It is believed that the emulsion stability might influence 

significantly the gelation in droplet phase and the formation of gel 

microspheres. 5 mM PDI-COOH solution was used to investigate 

this potential impact. Polystyrene of different molecular weights 

(MWs) was dissolved in o-xylene to increase the viscosity and 

improve the emulsion stability. Discrete microcapsules with densely 

positioned nanofibers were obtained from the emulsion containing 

polystyrene (MW 35K) (Fig. S2d-f, ESI† ). With the increasing 

molecular weight of polystyrene (MW 192K, termed as PS192), 

uniform microspheres (rather than with patched surface) were 

formed with the nanofibrous morphology (Fig. S2g-i, ESI†). But the 

nanofibers were not uniformly distributed and the nanofibrous 

microspheres seemed loose. It was reported that addition of salt 

could improve the emulsion stability.
23

 When 0.5 M NaCl was added 

into aqueous solution, more uniform nanofiber structure was 

observed from the freeze-dried microspheres (Fig. S2j-l, ESI†). In 

addition, different concentrations of Span 80 (5 -50 wt%, Fig. S3, ESI

†) and PS192 (5-15 wt%, Fig. S4, ESI†) were studied. The optical 

images demonstrated that the formed hydrogel microspheres were 

more uniform and stable with increasing the concentration of Span 

80. The solubility of PS192 was limited in the o-xylene with 50% 

Span 80 and the concentration effect was not obvious. 

 

 
 

Fig. 2 The optical and SEM images of nanofibrous hydrogel and carbon 

microspheres. The microspheres prepared from TEA + GdL precursors: the 

optical image of hydrogel microspheres (a), SEM micrographs of the freeze-

dried microspheres (b-d) and the carbonized microspheres (e, f). The 

microspheres prepared from TEA + MM + F-127 + GdL precursors: the 

optical image of hydrogel microspheres (g), SEM micrographs of the freeze-

dried microspheres (h-i) and the carbonized microspheres (j-l). All samples 

were prepared using optimized condition: 20 mM PDI-COOH solution and 40 

mM MM (in 0.05 mg cm
-3

 F-127 solution) using the volume ratio of water 

phase/oil phase (1/8) to form the water-in-oil emulsion, containing 50% 

span 80, 10% polystyrene (MW 192K) and 1.25% 0.5 M NaCl. 

 

High PDI-COOH concentration (20 mM) and use of PS192 (10 

wt%) with 50 wt% Span-80 were then combined in order to produce 

mechanically stable nanofibrous microspheres. With the volume 

ratio of water phase:oil phase remained at 1:4, some microspheres 

with broken pieces were formed (Fig. S5a, b, ESI†). Different ratios 

of water to oil were investigated (Fig. S5, ESI†).  Fine microspheres 

with nanofibrous structures were generated at the water:oil ratio of 

1:8 (Fig. S5c-d, ESI † ). However, the size distribution of the 
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microspheres was broad. NaCl solution was then introduced to 

further improve the microsphere morphology, which produced the 

best hydrogel microspheres under our preparation conditions (Fig. 

2a-d). The red hydrogel microspheres could be easily collected by 

centrifuging the emulsion and then redispersed into ethanol, 

acetone and cyclohexane for washing. After freeze-drying, the 

nanofibrous dry microspheres maintained the spherical shape and 

uniformly distributed nanofibers (Fig. 2a-d). Further carbonization 

of these microspheres under nitrogen produced nanofibrous carbon 

spheres with the sizes of the microspheres (~ 50 µm) and the 

nanofibers (~ 50 nm) largely unchanged (Fig. 2e-f). 

The preparation of nanofibrous microspheres included the 

gelation of PDI-COOH molecules in the emulsion droplets and the 

subsequent freeze-drying of the collected microspheres. The 

nanofibers were formed during the gelation in droplets, resulting 

from the self-assembly of PDI-COOH molecules into 1D 

nanostructure with the diameter of discreet nanofibers ~ 20 nm. 

This was due to the hydrogen bonding between protonated 

carboxylic acids and π-π stacking interaction among the perylene 

cores.
16,17,24

 However, when the gel was air dried, dense and 

aggregated nanofibers were formed.
16

 The freeze drying process 

helped to maintain the porous microspheres structure and limit the 

aggregation of the discreet gel nanofibers. 

This procedure was further used to produce N-doped carbon 

microspheres. Melamine (MM), a molecule with high N content, 

was used to crosslink PDI-COOH molecules by dissolving MM in the 

aqueous PDI-COOH solution before emulsification.
16

 However, 

irregular and broken particles were formed, and the nanofibers 

were somewhat aggregated (Fig. S6a-d, ESI† ). Based on our 

observation, it was believed that melamine with high concentration 

could precipitate out during the gelation process due to limited 

solubility, which made the emulsion unstable. A block copolymer 

Pluronic F-127 was added to improve the preparation, because that 

(1) it could help dissolve melamine; (2) it could produce N-doped 

carbon microspheres with additional surfactant templated pores. F-

127 was dissolved in MM solution and then mixed with the PDI-

COOH solution. The nanofibrous carbon microspheres (NCM) 

prepared with MM + F-127 were termed as NCM-MF, while the 

ones prepared with M only termed as NCM-M. The introduction of 

MM + F-127 in the emulsion droplet phase led to smaller gel 

microspheres and finer nanofibers (~ 20 nm) (Fig. 2g-i).  The 

polymer F-127 was removed simultaneously during carbonization. 

After carbonization, the structure of microsphere and nanofiber 

was well retained (Fig. 2j-l).   

Powder X-ray diffraction (PXRD) analysis revealed a broad peak 

at 2θ values of 24
o
 for the carbon microsphere samples (Fig. S7), 

attributing to the (002) reflections of turbostratic carbon structure. 

Raman spectroscopy showed two overlapping peaks at 1350 cm
-1

 

and 1580 cm
-1

 (Fig. S8), corresponding to the A1g mode (disordered 

carbon structure, D-band) and the E2g mode (C=C stretching in 

graphitic carbon, G-band). The ratio of the intensity of G- and D-

band, IG/ID, was found to be 0.96, 0.99, and 1.03 for NCM, NCM-M 

and NCM-MF, respectively. This indicates a disordered turbostratic 

carbon structure for all carbon microspheres but slightly improved 

graphitic content for NCM-MF. X-ray photoelectron spectroscopy 

(XPS) analysis showed increasing intensity of N signals for NCM, 

NCM-M and NCM-MF, with a relatively high amount of quaternary 

nitrogen (Fig. S9, ESI†). The N content of 4.69% (atomic percentage) 

was confirmed for the NCM-MF spheres. Although XPS is a surface 

characterization technique, this value should reflect the N content 

in the bulk material if N is uniformly distributed in the material. The 

elemental microanalysis gave a N content of 3.61% for the NCM-MF 

(2.52% for NCM and 3.26% for NCM-M).  The Brunauer-Emmett-

Teller (BET) surface areas of NCM, NCM-M and NCM-MF by N2 

sorption were 303 m
2
 g

-1
, 431 m

2
 g

-1
 and 427 m

2
 g

-1
, respectively 

(Fig. S10, Table S1). Such surface areas are quite good for carbon 

nanofibers.
9
 Addition of MM during the gelation increased the 

surface area for carbon microspheres while F-127 templating has 

increased the micropore area and volume considerably (Table S1). 

The macropores of the nanofibrous microspheres were 

characterized by Hg intrusion porosimetery. It gave similar 

macropore size distribution, with two peaks around 1.6 µm (voids 

between the nanofibers in the microspheres) and 90 µm (voids 

between the microspheres) (Fig. S11,ESI†). The intrusion volumes 

were 10.43 cm
3
 g

-1
 for NCM-MF and 11.46 cm

3
 g

-1
 for NCM-M, 

indicating highly porous and light carbon microspheres. 

 

 
 

Fig. 3 Electrochemical evaluation of the NCM-MF carbon microspheres. 

Cyclic voltammograms using different scan rates (a),  variation of specific 

capacitance with scan rate (b), Galvanostatic charge/discharge curves at 

different current densities (c) and variation of specific capacitance with 

current density (d). All the tests were carried out in 6 M aqueous KOH 

solution in the voltage window of  -1.0 V  ̶  -0.2 V. The NCM-MF slurry was 

coated on Ni foam as working electrode, Pt sheet as counter electrode, and 

Ag/AgCl electrode as reference electrode. 

 

The nanofibrous carbon microspheres prepared in this study 

were evaluated as an electrode material for supercapacitors, by 

cyclic voltammetry (CV) and galvanostatic charge/discharge 

techniques using a three-electrode system. The microsphere 

dispersion in ethanol was dropped on a piece of Ni foam (1×1 cm
2
) 

and then used as working electrode with a loading of about 1 mg 

cm
-2

. At the same scan rate, the increasing capacitance was 

observed for NCM<NCM-M<NCM-MF electrodes (Table S2). Fig. 3a 

shows that the CV curves of NCM-MF are nearly rectangular, 

indicating good charge propagation within the electrode. The shape 

of the CV curves changed slightly even when the scan rate increased 
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to 100 mV s
-1

, indicating a quick charge propagation capability of 

both double layer capacitances (Fig. 3a). The capacitance decreased 

with the increase of scan rate (Fig. 3b). Similar shapes of CV curves 

and trend of capacitance were observed for NCM and NCM-M, but 

with lower capacitance (Fig. S12, Table S2). A capacitance of 247 F 

g
-1

 at 2 mV s
-1

 and 163 F g
-1

 at 100 mV s
-1

 were recorded. In 

contrast, the capacitance for NCM and MCM-M was much lower, 12 

F g
-1

 and 109 F g
-1

 at 100 mV s
-1

 respectively (Table S2, ESI†). This 

increase in capacitance approximately agrees with the increase of 

surface area and N content, although not proportionally. The 

significant increase from NCM-M to NCM-MF may be attributed to 

the considerably increased microporosity in NCM-MF (Table S1). 

The rate performance of NCM-MF electrode was evaluated by 

galvanostatic charge/discharge at different current densities (Fig. 

3c). The specific capacitance was gradually reduced with the 

increasing current density (Fig. 3d). The specific capacitance 

remained above 200 F g
-1

 at the current density of 6 A g
-1 

(Table S2, 

ESI†), which showed greater or comparable discharge capacity 

compared to relevant carbon nanofibers.
25-26

 The superior 

performance of the NCM-MF electrode was also confirmed by 

impedance spectroscopy (Fig. S13), indicating the decreased 

interfacial charge-transfer resistance. Furthermore, the NCM-MF 

showed the smallest internal resistance determined by IR drop from 

the charge/discharge curves (Fig. S14). This NCM-MF electrode had 

good stability as confirmed by galvanostatic charge/discharge 

measurements at a current density of 4 A g
-1

. The specific 

capacitance remained at a high value of 150 F g
-1

 after 1000 cycles 

(Fig. S15, ESI†). Overall, the superior performance of the NCM-MF 

electrode may be attributed to the combination of fine nanofibers, 

higher microporosity, N-doping, and increased graphitic content in 

NCM-MF.
25-29 

Conclusions 

A novel one-pot synthesis strategy to prepare nanofibrous 

microsphere using W/O emulsion via pH-triggered gelation of 

perylene diimide derivatives has been demonstrated. These 

microspheres can be pyrolyzed under N2 to produce 

nanofibrous carbon microspheres. Melamine and F-127 can be 

introduced to generate N-doped and templated carbon 

microspheres with the nanofiber diameter around 20 nm.  The 

nanofibrous carbon microspheres are evaluated as electrode 

for supercapacitor, showing a high specific capacitance of 284 

F g
-1

 at a current density of 1 A g
-1

, 214 F g
-1

 at 6 A g
-1

, and 

good rate capability with the specific capacitance remaining at 

67% after 1000 cycles at current density of 4 A g
-1

. 
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