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ABSTRACT
Commercial Chinese ink was employed to disperse pristine 
vapor-grown carbon nanofibers (VGCNFs) in aqueous suspen-
sions via horizontal ball milling. The obtained suspension was 
used to fabricate conductive paper-based composites through 
filtration-deposition onto filter paper. It was found that the 
carbon black particles from the Chinese ink helped separate 
VGCNFs and acted as connection points between the VGCNFs, 
while the glue reinforced the conduction network. Thus, the 
VGCNF-ink/paper ternary composite showed sufficiently low 
sheet resistance. With merely 2.5 mg·cm−2 VGCNFs, the sheet 
resistance could be reduced to 4.5 Ω·sq−1. As a proof of con-
cept, these paper-based composites were directly used as 
electrodes of solid-state symmetric electronic double-layer 
capacitors (EDLCs) and the substrate for the electrodeposition 
of MnO2 to achieve higher electrochemical performances. The 
EDLCs fabricated with 2.5 mg·cm−2 VGCNFs showed a specific 
capacitance of 224 mF·cm−2 at a current density of 1 mA·cm−2, 
which was retained by 86.4% after 10,000 charge-discharge 
cycles. Moreover, thanks to the high electrical conductivity 
and the porous structure, the MnO2 decorated paper-based 
composites exhibited dramatically enhanced specific capaci-
tance. It is believed that our finding offers an idea to directly 
utilize commercial Chinese ink for the fabrication of electrode 
materials.
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Introduction

Supercapacitors (also known as electrochemical capacitors or ultracapacitors) are highly 
valued by researchers as a promising energy storage strategy to meet ever-growing 
needs of clean energy, because of their unique features, especially in terms of superior 
power density, fast charge-discharge rate, long life span [1–6]. Depending on the energy 
storage mechanism, supercapacitors can be divided into electrical double-layer capaci-
tors (EDLCs) and pseudocapacitors. EDLCs usually employ carbon materials with large 
specific surface area as electrodes and the capacitance arises from the pure electrostatic 
charge accumulation at electrode–electrolyte interface [7]. By contrast, pseudocapaci-
tors employ metal oxides/nitrides [8] or conducting polymers [9,10] as main electrode 
materials, taking advantage of the fast and reversible Faradaic charge reactions of 
electroactive species occurring on electrode surface. In general, pseudocapacitors 
demonstrate higher capacitance than EDLCs, but meanwhile they suffer from higher 
equivalent series resistance (ESR) and short-cycle life. It has been a trend to incorporate 
carbon materials with electroactive species to obtain supercapacitors with balanced 
performance [11].

Vapor-grown carbon nanofibers (VGCNFs) is one kind of one-dimensional carbon 
nanomaterials. Analogous to carbon nanotubes (CNTs), VGCNFs possess many appealing 
properties, such as the high aspect ratio, high electrical conductivity and good electro-
chemical stability. However, compared with CNTs, VGCNFs have more microstructure 
defects, larger fiber sizes, and lower bulk density [12]. Wet chemistry on the basis of 
CNT/VGCNF suspensions is a simple and efficient approach to preparing electrode mate-
rials for supercapacitors. Nevertheless, pristine VGCNFs suffer from low dispersity due to 
their high aspect ratio and poor interfacial interaction with aqueous or organic solvents, 
which drastically reduces their performance. To tackle this problem, pristine CNTs or 
VGCNFs are commonly subjected to surface functionalization by strong acids or surfac-
tants in prior to use [13–15]. Although effective to some extent, these pre-treatments tend 
to undermine the intrinsic electrical conductivity and electrochemical stability, and suffer 
from one or more shortcomings, such as laborious processes, high cost, high risk, and low 
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efficiency. Thus, it is always desirable to find alternative methods to develop high- 
performance electrode materials [16,17].

Chinese ink is rarely applied as a material for scientific research, though it has a long 
history of being a black pigment for calligraphy and drawing. Technically speaking, Chinese 
ink is a kind of colloidal suspension (i.e. sol), with water as the continuous phase and glue- 
coated carbon black particles as the dispersed phase. Chinese ink can be regarded as 
a ready-made suspension of carbon nanomaterials owing to the contained carbon black. 
The homogeneity of Chinese ink inspires us to apply it as a starting material for research.

In view of the good stability of carbon black particles in Chinese ink, we assumed that 
Chinese ink could be used to facilitate the dispersion of VGCNFs, by taking advantage of 
its colloidal suspension system, as well as the contained carbon black particles. To verify 
this idea, we mixed commercial Chinese ink with pristine VGCNFs through horizontal ball 
milling and subsequently deposited the mixture on filter paper by filtration to form 
VGCNF-ink/paper conductive composites. The morphology and the electrical conductivity 
of the composites were investigated. Based on the observation, we propose a mechanism 
by which Chinese ink facilitated the dispersion /VGCNFs and improved their distribution 
in a porous substrate. As a proof of concept, we applied the VGCNF-ink/paper composites 
as electrodes to fabricate solid-state symmetric EDLCs. Due to the good dispersion of 
EDLCs within the filter paper substrate and robust electrode structures, these paper-based 
solid-state EDLCs showed decent electrochemical performance. To further explore the 
variability of the VGCNF-ink/paper composites as well as to enlarge their capacitance, the 
composites were also used as substrates for the electrodeposition of metal oxides. Among 
the plentiful metal oxide candidates, MnO2 was selected in this work for its wide potential 
window, high theoretical specific capacitance, low cost, and low toxicity [18,19]. 
Benefiting from the porous structure of filter paper and the good electrical conductivity 
of VGCNFs, the electrodeposition of MnO2 was efficiently achieved in a short time. The 
resulting MnO2/VGCNF-ink/paper quaternary composite displayed good electrochemical 
performance.

Materials and experimental methods

Materials

VGCNFs were Pyrograf-III carbon nanofibers (PR-24-XT- 
HHT) purchased from Pyrograf Products, Inc (USA). The VGCNFs have an average fiber 
diameter of 100 nm and lengths of 50–200 μm. Poly(vinyl alcohol) (PVA, on average Mw 
31,000–50,000, 87–89% hydrolyzed), and poly(vinyl pyrrolidone) (PVP, Mw 40,000) were 
purchased from Sigma. The Chinese ink used in this work was Kaimei SU3005, supplied by 
Kaimei & Co., Ltd, Japan, which consisted of commercial carbon black particles as the 
black pigment and synthetic resins as surfactants/dispersants. The Chinese ink was used 
without any pretreatment, owing to its high homogeneity and stability.

Preparation of paper-based composite sheets

VGCNF-ink/paper composites were prepared in two steps, including the preparation of 
VGCNF aqueous suspension and the subsequent filtration-deposition onto filter paper. 
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Firstly, VGCNFs, Chinese, and deionized water (DI water) ink with a predetermined ratio 
were added into a plastic bottle and subjected to horizontal ball milling at a speed of 
250 rpm for different periods of time. After ball milling, additional DI water was added to 
dilute the suspension. The diluted VGCNF-ink suspension was transferred onto a piece of 
filter paper through vacuum filtration. Afterward, the VGCNF-ink deposited paper was 
detached from the Buchner funnel and dried in an oven at 60°C for 24 h. The dried paper- 
based composite was ready for characterization and subsequent applications. The loading 
content of VGCNFs was calculated based on the area of filter paper. For example, for the 
used filter paper with an area of 36.30 cm2, 72.8 mg VGCNFs were added to obtain 
a loading density of 2.0 mg cm−2. For the sake simplicity, the loading content of 
Chinese ink was also calculated in the same way. The composites were thus labeled as 
which was Inkx, where ‘x’ denoted x mg·cm−2 of the Chinese ink loaded. For instance, 
1.815 g of Chinese ink was added to obtain a loading density of 50 mg cm−2 and the 
resulting composite was labeled as Ink50. However, it should be pointed out that, unlike 
VGCNFs, most of the carbon black particles from Chinese ink could penetrate the filter 
paper. Thus, the calculated loading content of Chinese ink differed considerably from its 
real loading density.

Electrodeposition of MnO2 and electrochemical characterization

The VGCNF-ink/paper with 2.0 mg cm−2 of VGCNFs and 50 mg cm−2 of Chinese ink was 
used as the substrate for the Electrodeposition of MnO2. The VGCNF-ink/paper was cut 
into a rectangle shape with a dimension of 1.0 × 1.4 cm2, on which 1.0 cm2 was used as 
the working area, and the rest part was used as the current collector.

The electrodeposition was carried out in a three-electrode cell, equipped with 
a platinum counter electrode and an Ag/AgCl reference electrode. The electrolyte was 
an aqueous solution of 0.1 mol L−1 Mn(OAc)2 and 0.1 mol L−1 Na2SO4. The MnO2 was 
deposited onto the VGCNF-ink/paper by galvanostatic electrodeposition (GED) and 
potentiostatic electrodeposition (PED). For GED, 5.0 mA of current was applied on the 
working electrode, while for PED, 1.0 V (vs. Ag/AgCl) of potential was applied on the 
working electrode. After electrodeposition, the surface of the VGCNF-ink/paper turned 
from black to brownish. The MnO2/VGCNF-ink/paper was taken out from the electrolyte 
bath, rinsed with deionized water and dried in an oven at 60°C. The mass of electro-
deposited was determined by comparing the mass of the paper before and after 
electrodeposition.

Preparation of cross-linked H2SO4-PVA gel electrolyte

The cross-linked H2SO4-PVA gel electrolyte according to a method modified from the 
reference [20]. Figure 1 shows the preparation process of the composites. In a typical 
procedure, 1.6 g PVA and 0.4 g PVP were first added into 24 ml deionized water and then 
heated at 80°C until the solution became clear. After the solution is cooled down to room 
temperature, the cross-linking agent (glutaraldehyde, 2.0 wt% PVA) and the catalyst 
(2 M H2SO4, 200 μL) were added. The resulting mixture was stirred for 30 min, allowed 
for degassing and then cast onto a plastic petri dish (polystyrene, dia. 90 mm × 15 mm), 
where it was cured at 5°C for 5 h to form PVA-PVP hydrogel. The hydrogel was freeze-dried 
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to remove water. The obtained dry and porous PVA-PVP sheets was soaked into a 1:10 (v: 
v) H2SO4:H2O electrolyte solution. After the sheet was saturated with electrolyte, it was 
removed from the electrolyte bath and placed on a glass plate, where it was air-dried for 
24 h to remove the free water on the surface. Finally, the resulting translucent and flexible 
PVA-H2SO4 gel electrolyte was ready for use.

Material characterization

Morphology and microstructures of the composites were examined by using field emis-
sion scanning electron microscopy (FESEM, JEOL, JSM-7600 F, operated at 5 kV). 
Crystallographic structures of the composites were characterized by using XRD 
(Shimazu, XRD-6000) equipped with Cu Kα radiation (λ = 0.15406 nm) and operated at 
40 kV and 30 mA. Thermal properties of the Chinese ink and the component content of 
the prepared composites were studied by using thermogravimetric analyzer (TGA, TA 
Instruments, Model Q500). The samples were loaded on a platinum pan, heated from 
room temperature to 600°C at a ramping rate of 10°C∙min−1 in N2/air atmosphere.

The sheet resistance of the composite sheets was measured by using the four-probe 
method, with an automatic-mapping four-point-probe system (Materials Development 
Corporation, Model CMT-SR2000N) at room temperature. The tested samples were placed 
onto a glass slide as the probes may penetrate the sheets and give false results. For each 
sample, nine even-distributed points were tested to get an average value.

Electrochemical measurement

The VGCNF-ink/paper composites were also directly used as the electrodes and current 
collectors to assemble symmetric EDLCs. The configuration of the EDLC is schematized in 

Figure 1. Preparation process of cross-linked H2SO4-PVA gel electrolyte: (a) PVA solution cast on a petri 
dish, (b) cross-linked by glutaraldehyde, (c, d) freeze-dried, (e) soaked in H2SO4 solution and (f) 
formation of a freestanding gel after air drying.
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Figure 2. The working area (i.e. the overlapping area) of the working electrodes was 
1.0 cm2. A piece of cross-linked PVA-H2SO4 gel was used as an electrolyte and a separator. 
The EDLC was simply wrapped in scotch tape to seclude it from the air and moisture. 
Meanwhile, two pieces of copper foil were used as the external current collectors.

The electrochemical performance of the solid-state symmetric EDLCs was evaluated by 
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impe-
dance spectroscopy (EIS) on an electrochemical workstation (BioLogic, VSP potentiostat). 
The CV tests were conducted within an operating voltage window of 0 to 0.9 V at 
scanning rates of 25, 50, 100, and 200 mV s−1. The GCD was carried out in a potential 
window of 0 to 0.9 V at current densities of 0.5, 1.0, 2.5, 5.0, and 10 mA cm−2. The specific 
capacitance was calculated from GCD by the following equation: 

Cs ¼ 2I � ΔtΔV � S (1) 

where I is the applied current, Δt is the discharging time, ΔV is the operating voltage 
window excluding IR drop and S is the area of one electrode (i.e. 1.0 cm2). The EIS was 
done in an open-circuit potential over a frequency range from 100 kHz to 10 mHz, with an 
AC amplitude of 5 mV. The obtained data were fitted into equivalent circuits using the 
built-in function of the testing software. For cycling stability test, the electrode was 
charged and discharged at a current density of 5 mA cm−2 for 10,000 cycles.

Electrodeposited MnO2/VGCNF-ink/paper

The electrochemical performance of electrodeposited MnO2 on the VGCNF-ink/paper was 
evaluated in terms of CV, GCD, and EIS, with an electrochemical workstation (BioLogic, 
VSP). These tests were carried out with a three-electrode cell, which consisted of 

Figure 2. Configuration of the EDLC with VGCNF-ink/paper composite sheets as working electrodes 
and a piece of cross-linked PVA-H2SO4 gel as electrolyte and separator: (a) side view, (b) top view and 
(c) digital images of the assembled EDLC.
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a platinum counter electrode, a saturated calomel electrode (SCE) reference electrode, 
and 1.0 M Na2SO4 as the electrolyte. The CV tests were conducted within an operating 
voltage window of −0.2 to 0.9 V (vs. SCE) at varied scanning rates. The GCD was carried out 
in a potential window of −0.2 to 0.9 V (vs. SCE) at different current densities. The specific 
capacitance was calculated from GCD using the following equation: 

Cs ¼ I � ΔtΔV � S (2) 

EIS was done in an open-circuit potential over a frequency range from 100 kHz to 10 mHz, 
with an AC amplitude of 5 mV. The obtained data were fitted into equivalent circuits by 
the built-in function in the testing software. For the cycling stability test, the electrode 
was charged and discharged at a current density of 5 mA cm−2 for 2000 cycles.

Results and discussion

Characteristics of the Chinese ink

Liquid Chinese ink is an intimate mixture of carbon particles, glue, miscellaneous addi-
tives, and water. In essential, Chinese ink is a kind of colloidal suspension, composed of 
water as the continuous phase and the surface-modified carbon nanoparticles as the 
dispersed phase. The carbon used in traditional Chinese ink is either soot or lampblack, 
which are, respectively, the products of incomplete combustion of wood (especially 
pinewood) and oil lamp [21–24]. In some modern Chinese inks, soot, and lampblack are 
replaced with commercial carbon black, which is produced under well-controlled condi-
tions and thus has smaller particle sizes, a narrower size distribution, and fewer impurities 
than soot and lampblack. The glue is used as the surfactant and stabilizer for modifying 
the surface chemistry of carbon black particles and stabilizing them in the aqueous 
solution [25]. Animal glue (such as hide glue and egg white) and/or plant gum (such as 
Arabic gum and starch) are widely used in traditional Chinese ink, while the synthetic resin 
is commonly used in the modern Chinese ink as it can disperse and stabilize carbon black 
in a more efficient way. Besides glue, other additives, normally perfumes, and herb 
extracts may also be added to improve the physical properties of Chinese ink, such as 
odor, tint, and appearance.

In this work, the selected Chinese ink used commercial carbon black as the black 
pigment, which was stabilized by some synthetic resins. Figure 3 shows the microstruc-
ture of the included carbon black. Strictly speaking, the basic unit of carbon black is an 
aciniform-shaped cluster composed of several individual particles (or called primary 
particles), rather than the individual particles as seen in the SEM image [26]. The particle 
sizes of these constituent primary particles ranges from 50 to 100 nm, as estimated from 
the SEM image. From the TEM image (Figure 3b), it can be seen that the constituent 
primary particles are actually composed of numerous imperfect graphite layers oriented 
around the center. The SAED pattern reveals the amorphous character of carbon black. 
The rings numbered as 1, 2, and 3 correspond to graphitic (002), (100), and (110) planes, 
respectively [27,28]. The graphite layers endow carbon black with quasi-crystal features 
that can be detected by XRD or Raman spectroscopy [29,30]. As determined by the TGA, 
the content of water and carbon black in this Chinese was 92.3% and 5.2%, respectively, 
while the synthetic resin and miscellaneous additives only made up 2.5%.
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Morphology of the VGCNF-ink/paper composites

Figure 4a displays typical appearance of the VGCNF-ink/paper composites. The uniform 
color and flat surface indicate the uniform dispersion of VGCNF and carbon black particles, 
which were firmly bonded to the filter paper surface by the glue from Chinese ink. By 
contrast, in the sample prepared without Chinese ink (Figure 4b), the distribution of 
VGCNFs became uneven; the fibers tended to pile up around the holes in the Büchner 
funnel owing to strong suction force there. When dried, these VGCNFs would easily drop 
out from the filter paper owing to the absence of binders. It is noteworthy that carbon 
black particles could easily penetrate the filter paper. When only Chinese ink was filtered, 
the vast majority of carbon black particles would directly pass through the pores in filter 
paper (Figure S1). However, when VGCNFs were combined, they formed a mesh that 
could trap most of the carbon black particles.

The microstructures (SEM images) of the paper-based composites are demonstrated in 
Figure 4c-f. As observed in Figure 4c and 4d, the filter paper surface was blanked with 
VGCNFs and carbon black particles after filtration-deposition. The high-magnification 
images (Figure 4e-f) reveal the effective disentanglement of VGCNFs by horizontal ball 
milling with the aid of Chinese ink. Carbon black particles acted as spacers segregating 
the fibers.

The role of Chinese ink on dispersing VGCNFs can be illustrated by Figure 5. For one 
thing, as a surfactant and a stabilizer, the glue from Chinese ink could exert the same 
influence on VGCNFs as on carbon black particles. When Chinese ink was mixed with 
VGCNFs, the free glue attaches to the surface of VGCNFs, inducing electrostatic or steric 
repulsion that counterbalances the Van der Waals’s force between adjacent fibers [31,32]. 
During the milling process, the local shear force delivered by running balls could separate 
the entangled VGCNFs and more surfaces for glue adhesion, whilst carbon black particles 
filled the space among the fibers. As ball milling proceeded, the VGCNFs were gradually 
segregated from one another and dispersed in the suspension. Further, the presence of 
carbon black particles prevented the segregated VGCNFs from secondary agglomeration 

Figure 3. (a) SEM image of dried Chinese ink (carbon black) with the inset to show the schematic 
diagram of carbon black particles in the Chinese ink. (b) TEM image and SAED (the inset) of the carbon 
black in the Chinese ink.

358 W. YAN ET AL.



during filtration. Accordingly, when transferred onto filter paper via filtration, the VGCNFs 
could be well distributed.

The additional amount of Chinese ink largely affected the appearance and the struc-
tural strength of VGCNF-ink/paper composites. Photographs of the composites prepared 
with different contents of Chinese ink are shown in Figure 6a-f. A rough surface accom-
panied by severe agglomeration of fibers was observed in the composites with insuffi-
cient Chinese ink (Ink0 and Ink50). The composite surface became smoother with an 
increased amount of Chinese ink (Ink100 and Ink200). No obvious cracks were seen even 
when the composites were bent. The good flexibility should be attributed to a robust 
network in the deposition layer, which was formed by dispersed VGCNFs and bound by 
the glue from Chinese in, as seen in Figure 4e-f. The improved bond between VGCNFs and 
Chinese ink was also confirmed by the tape test. As seen in Figure 6g, the amount of 

Figure 4. Digital images of the VGCNF-ink/paper (a) and the VGCNF/paper composites (b). SEM images 
of the raw filter paper (c) and the VGCNF-ink/paper composite (d–f).

INTERNATIONAL JOURNAL OF SMART AND NANO MATERIALS 359



VGNCFs peeled off significantly decreased with increasing loading content of Chinese ink. 
However, excessive Chinese ink was counterproductive as it unfavorably thickened the 
deposition layer and caused cracks after drying (Ink400 and Ink600). This is because the 
connection between VGCNFs was cut off by undue carbon black particles (as seen in 
Figure S2). Hence, the composites made with 200 mg·cm−2 Chinese ink was selected for 
subsequent electrochemical experiments.

Electrical conductivity of the VGCNF-ink/paper composites

The electrical conductivity of the VGCNF-ink/paper composites was reflected by sheet 
resistance, which was measured by the four-point probe method. Figure 7a displays sheet 
resistances of the VGCNF-ink/paper composites with different compositions. As expected, 
the sheet resistance declined with increasing content of VGCNFs. With the same loading 
content of VGCNFs, composites with more Chinese ink showed lower sheet resistance (i.e. 
higher electrical conductivity.) The contribution of Chinese ink to the improved thermal 
conductivity can be summarized into two aspects: one is that the carbon black particles 
are filled in the gap between VGCNFs, reducing the voids in the composite; and the other 
is that the glue from Chinese ink bonds the VGCNFs and carbon black particles together, 
consolidating the conduction network. Additionally, a trend was observed in which the 
sheet resistance of composites tended to decrease with increasing ball milling time 
(Figure 7b). As ball milling was prolonged, more VGCNFs could be disentangled, which 
would eventually contribute to a more efficient conduction network. However, excessive 
ball milling is counter-productive because it will chop the fibers and the resulting short 
fiber fragments are less efficient in constructing a conduction network.

Figure 5. Schematic diagram illustrating the disentanglement process of VGCNFs (a) and the deposi-
tion of VGCNFs and carbon black particles on filter paper (b).
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Figure 6. (a–f) Appearance of the VGCNF-ink/paper composites containing 2.5 mg·cm−2 VGCNFs and 
Chinese ink with varied loading contents: (a) 0, (b) 50, (c) 100, (d) 200, (e) 400 and (f) 600 mg·cm−2. (g) 
Tape test of the VGCNF-ink/paper composites containing 2.5 mg·cm−2 of VGCNFs and Chinese ink with 
varied loading contents.

Figure 7. Sheet resistances of the VGCNF-ink/paper with (a) loading content of VGCNFs and ink and (b) 
ball milling time.
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Electrochemical performance of the VGCNF-ink/paper composites

Considering the high electrical conductivity and good flexibility of the paper-based 
composites, we applied the prepared VGCNF-ink/paper composites as electrodes to 
fabricate solid-state symmetric EDLCs. A piece of cross-linked PVA-H2SO4 gel was used 
as the electrolyte and the separator. This cross-linked PVA-H2SO4 gel was an ideal 
electrolyte for a paper-based supercapacitor because it reserved a considerable amount 
of electrolyte ions while preventing the direct contact between two electrodes [20]. The 
appearance of the fabricated EDLC is shown in Figure 2c.

The electrochemical behavior of the prepared symmetric EDLC was studied using CV 
and GCD. Figure 8a shows CV curves at a constant scanning rate of 200 mV·s−1 within 
different potential windows. When the potential window was not higher than 1.2 V, the 
CV curves showed a quasi-rectangle shape and nearly symmetric current response on the 
reverse sweep, suggesting fast capacitive response and high reversibility. However, when 
the potential window exceeded 1.2 V, the CV curve distorted at high potentials, due to the 
electrode polarization and possible irreversible reaction [33]. Similar electrochemical 
behavior could also be observed in GCD. As displayed in the inset in Figure 8b, when 
the potential window was not more than 1.2 V, both charge and discharge curves showed 
a linear profile, which indicated good capacitive characteristics [34]. However, when the 
upper potential limit exceeded 1.2 V, the charge curve distorts at high potential due to 
electrode polarization. Based on the GCD, the Coulombic efficiency was calculated by the 
following equation: 

η ¼ qdqc � 100% ¼ ΔtdΔtc � 100% (3) 

where, q is the number of involved charges during charging (or discharging), Δt is the time 
of charging (or discharging), and the subscripts ‘d’ and ‘c’ denote ‘discharge’ and ‘charge,’ 
respectively. As seen in Figure 8b, the Coulombic efficiency declined with increasing 
potential windows. An enlarged potential window is advantageous to high specific 
capacitance, but in this case, it also leads to the decay in Coulombic efficiency. Thus, 
a trade-off is needed to be made between specific capacitance and Coulombic efficiency 
by adjusting the potential windows. Here, the potential window was fixed at 0–0.9 V. In 
this potential window, the EDLC exhibited ideal capacitive performance, as evidenced by 
the quasi-rectangle profile of the CV curves at varying scanning rates as well as the linear 
and symmetric GCD curves at varying current densities (Figure 8c-d). After being charged 
and discharged at 5.0 mA cm2 for 10,000 cycles, the EDLC retained 86.4% of the initial 
capacitance and showed no substantial change in the CV curve profile, which indicated 
decent cycling stability. As a proof of concept, a power supply prototype was fabricated 
by connecting four identical EDLCs in series, which could light up a 3 V LED (Figure 8f).

A systematic study was conducted to investigate how Chinese ink affected the electro-
chemical performance of paper-based composites. Likewise, the paper-based composites 
with the loading content of Chinese ink ranging from 50 to 300 mg·cm−2 were used to 
fabricate symmetric EDLCs. Figure 9a displays the CV curves of these symmetric EDLCs at 
a scanning rate of 50 mV·s−1. All these CV curves showed a quasi-rectangle profile, 
suggesting a good capacitive performance. The enclosed area of CV curves increased 
with increasing loading density of Chinese, corresponding to improved specific capaci-
tance. It is noteworthy that the composite made with only Chinese ink showed an 
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enclosed area of almost zero. This is because, in the absence of VGCNFs, most of the 
carbon black particles would directly pass through the filter paper, while the rest 
adsorbed by the filter paper failed to form an effective conduction network that was 
required for a fast capacitive response.

Figure 9b depicts the specific capacitance and the rate capability of these EDLCs over 
different current densities. All these EDLCs showed similar rate capability, retaining about 

Figure 8. Electrochemical performance of the EDLCs with VGCNF (2.5 mg·cm−2)-ink (200 mg·cm−2)/ 
paper electrodes: (a) CV curves at 200 mV·s−1 within different potential windows, (b) Coulombic 
efficiency against different potential windows, (c) CV curves at different scanning rate within 
a potential window of 0 to 0.9 V, (d) GCD curves at different current densities within a potential 
window of 0 to 0.9 V and (e) capacitance retention rate at a current density of 5.0 mA·cm−2 for 10,000 
cycles. (f) Photograph of three EDLCs in series to light up a LED.
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72% of the specific capacitance as the current density was raised from 0.5 A·cm−2 to 10 
A·cm−2. Moreover, the specific capacitance showed an apparently positive correlation 
with the loading density of Chinese ink. The enhancement in specific capacitance by 
Chinese ink can be attributed to the improved electrical conductivity as well as the 
additional contribution to capacitance made by carbon black. First, as aforementioned, 
Chinese ink facilitated the dispersion of pristine VGCNFs and provided the necessary 
binder that ensures a robust conducting network. Thus, higher thermal conductivity (i.e. 

Figure 9. Electrochemical performances of the EDLCs with VGCNF (2.5 mg·cm−2)-ink/paper electrodes 
containing different loading densities of Chinese ink: (a) CV curves at 50 mV·s−1, (b) specific 
capacitance at different current densities, (c) equivalent series resistance, (d) Nyquist plots, (e) Bode 
plots and (f) cycling stability measured at a current density of 5.0 mA·cm−2.
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lower sheet resistance) was achieved on the sample with more Chinese ink. Evidence for 
this could also be found from the equivalent series resistance (ESR) of these EDLCs 
(Figure 9c), which was estimated from the IR drop in GCD curves. For instance, the ESR 
was reduced by nearly half when the loading content of Chinese ink was increased from 
50 mg cm−2 to 200 mg cm−2. The improved dispersion of VGCNFs may also result in more 
exposed surfaces that were accessible to electrolytes. Second, the well-dispersed VGCNFs 
interwove to form a mesh with narrow pores that could retain carbon black particles 
during filtration. The retained carbon black particles could also contribute additional 
capacitance owing to their specific surface area.

The capacitive behavior of these EDLCs was further studied by EIS. In the Nyquist plots 
(Figure 9d), less deviation from the imaginary axis observed in the sample with a large 
loading content of Chinese ink was indicative of better capacitive performance. The 
observation is in accordance with previous discussions. The Bode plots in Figure 9e 
show the evolution of the real part (C’) and imaginary part of capacitance (C”) over 
frequency, which provide insight into the rate capability of these EDLCs. The EDLC can 
be simplified as a combination of a resistor and a capacitor whose impedance is depen-
dent on the angular frequency ω. The capacitance of the EDLC can be expressed in the 
form of as complex as: 

C ωð Þ ¼ C0 ωð Þ � jC00 ωð Þ (4) 

The real part (C’) and the imaginary part (C”) of the capacitance are expressed as: 

C0 ωð Þ ¼ � Z00 ωð Þω Z ωð Þj j
2 (5) 

Mn2þ þ 2H2O! MnO2 þ 4Hþ þ 2e� (6) 

where Z’(ω) and Z”(ω) are the real part and the imaginary part of the impedance Z(ω) [35]. 
The real part of the capacitance (C’) is effective capacitance delivered by the EDLC, while 
the imaginary part of the capacitance (C”) corresponds to the energy dissipation by the IR 
drop and irreversible Faradaic reaction that can lead to a hysteresis in the electrochemical 
process [36–38]. The real part of the capacitance (C’) is highly dependent on the fre-
quency, increasing sharply as the frequency goes below 1 Hz. At a high frequency, the 
majority of electrolyte ions can only approach the surface of electrode materials, while at 
low frequencies, electrolyte ions can permeate into the deep pores in and contribute to 
a high capacitance [35].

The frequency at which the C” peaks is defined as the characteristic frequency (f0); it 
marks the point where the resistive and capacitive impedance is equal [39]. The reciprocal 
of the characteristic frequency f0 is referred as the time constant τ0 = 1/f0, representing the 
minimum time needed to discharge all the energy from the device with an efficiency of 
>50% [35]. As seen in Figure 9e, the characteristic frequency dropped from 0.66 to 0.43, 
0.29, and 0.19 Hz as the loading density of Chinese ink in the electrodes increased from 50 
to 100, 200 and 300 mg cm−2, corresponding to the increase in the time constant from 
1.51 to 2.33, 3.45, and 5.26 s, respectively. According to the Equation τ = RC, the observed 
positive correlation between the time constant and the loading density of Chinese ink in 
the electrode can be attributed to the enlarged capacitance by increasing the additional 
amount of Chinese ink.
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To evaluate the cycling stability, these devices were subjected to continuous charge- 
discharging at a constant current of 5 mA for 10,000 cycles. As revealed by Figure 9f, these 
EDCLs (especially the sample Ink300) degraded quickly in the first 1400 cycles but stabi-
lized afterward. The capacitance retention rates after 10,000 cycles for Ink50, Ink100, Ink200 

and Ink300 were 81.7%, 85.1%, 86.4%, and 74.1%, respectively. Hence, although compo-
sites made with more Chinese ink tended to have better cycling stability (i.e. Ink50 < Ink100 

< Ink200), excessive Chinese ink (Ink300) could lead to a counterproductive result. The 
reason for the worse capacitance retention rate of the sample Ink300 may lie in the 
additives used in Chinese ink, i.e. synthetic resins, which functions as surfactants/stabi-
lizers enhancing the dispersion of carbon black particles. The downside of the additives is 
that they are insulating and can erect barriers to ion diffusion. More importantly, when the 
EDLCs are subjected to current, the presence of these additives may induce some 
irreversible side reaction that accounts for the loss in capacitance. In fact, most of the 
capacitance loss occurred in the first 1000 cycles, beyond which these four EDLCs showed 
no significant difference in capacitance loss rate. More study work is needed to pinpoint 
the root cause.

In addition to the loading content of Chinese ink, the ball milling also significantly 
affected the capacitance of the prepared EDLCs. As shown in Figure 10a, the areal-specific 
capacitance of the EDLCs had a positive correlation with the ball milling time. The 
improved capacitance is attributed to the better dispersion of VGCNFs by Chinese ink 
under prolonged ball milling, which can create more accessible pores and surface for ion 
adsorption. Likewise, as revealed by the Bode phase plots (Figure 10b), as the ball milling 
time was increased from 15 min to 120 min, the characteristic frequency at the phase of 
−45° decreased from 0.58 Hz to 0.25 Hz, while the phase at low frequencies deviated more 
from of −90°‒the ideal capacitor. All these findings suggest that prolonged ball milling 
can help boost the capacitance of the paper-based composites.

VGCNF-ink/paper as a substrate for the electrodeposition of metal oxides

The high electrical conductivity and the porous structure make the VGCNF-ink/paper 
composites promising as the substrates for the electrochemical deposition (or electro-
deposition, ED) of metal oxides. Compared to nickel foam or carbon cloth, these paper- 
based substrates can offer more effective surfaces for the electrodeposition. To prove this, 
we used the composite paper made with 2.0 mg cm−2 of VGCNFs and 100 mg cm−2 of 
Chinese ink as the substrate to electrodeposit MnO2.

Commonly, the techniques used for electrodepositing MnO2 include (1) potentiostatic 
ED (PED), achieved by applying a constant voltage on the working electrode [40–42]; (2) 
galvanostatic ED (GED), achieved by applying a constant current on the working electrode 
[43]; and (3) potentiodynamic-ED (i.e. CV), achieved by applying a constant sweeping rate 
on the working electrode within a certain potential window [44–49]. These ED techniques 
can be divided into anodic electrodeposition and cathodic electrodeposition. Here, 
applied the VGCNF-ink/paper was used as the anode to electrodeposit MnO2 from 
Mn(CH3COO)2 through PED and GED, which involved the directional migration of Mn2+ 

from the electrolyte to the anode where the Mn2+ is electrochemically oxidized into MnO2 

according to the following reaction [50]: 
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Mn2þ þ 2H2O! MnO2 þ 4Hþ þ 2e� (7) 

Current and potential of the working electrode during PED and GED are depicted in 
Figure 11a, b, respectively. In the case of PED, the current of the working electrode 
declined sharply in the first 80 s and leveled off afterward. The derivative curve gave 
a better insight into the change in the current response, which became stable after 80 
s. Likewise, in the case of GED, the potential of the working electrode rose quickly in the 
first 150 s and increases steadily afterward. The high electrical conductivity of the 
substrate guaranteed efficient electron transportation. Thus, MnO2 could be rapidly 
produced and cover the substrate once current was applied. However, due to the low 
electrical conductivity, the deposited MnO2 dramatically raised the resistance of the 
working electrode, which reduced the electron transfer efficiency and slowed down the 
formation of MnO2.

XPS and XRD were applied to confirm the formation of MnO2 and to determine the 
oxidation states of manganese. The XPS characterization results shown in Figure 11(c, d) 
suggest the manganese element is presented in the chemical state of Mn4+. The peaks at 
653.8 eV and 642.1 eV in the Mn 2p spectrum are assigned to the Mn 2p3/2 and Mn 2p1/2 of 
Mn4+, respectively. The spin energy separation between these two peaks is 11.7 eV. These 
results are in accordance with the previous reports [19,49,51]. The O 1s spectrum consists 
three peaks centered at 529.5 eV, 531.1 eV and 532.0 eV, which are attributed to Mn-O-Mn, 
Mn-O-H, and H-O-H, respectively [18]. The XPS results indicate the material resulting from 
electrodeposition could be MnO2·nH2O [19]. XRD analysis further verified the formation of 
MnO2 and the results are shown in Figure 11(e, f). The electrodeposited MnO2 was indexed 
to δ-MnO2 (JCPDS No. 18–0802) with a low crystallinity [6,52–54]. Figure 12(a-d) compares 
the morphologies of the pristine substrate and the electrodeposited MnO2 formed at 
different times. As the electrodeposition proceeded, the MnO2 crystals grew and evolved 
into well-defined flower-shaped nanostructures, blanketing the substrate.

The electrochemical performance of electrodeposited-MnO2/VGCNF-ink/paper qua-
ternary composites was evaluated by CV, GCD, and EIS in a three-electrode system, and 
the quaternary composite. Taking the sample prepared by GED (5 mA_5 min) as an 
example, typical CV and GCD curves are displayed in Figure 12(a, b). The quasi- 

Figure 10. (a) Specific capacitance and (b) characteristic frequency of the EDLCs with VGCNF 
(2.5 mg·cm−2)-ink (200 mg·cm−2)/paper electrodes made with different times of ball milling.
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rectangle profile of CV curves and linear charge/discharge curves confirmed the good 
capacitive behavior [49,55]. The small IR drop suggested good electrical conductivity of 
the composite electrode, which resulted from the strong bonding between the substrate 
and electrodeposited MnO2. This sample shoved a specific capacitance of 317 mF·cm−2 at 
the current of 1 mA, about 20 times higher than 16 mF·cm−2 of the substrate. In addition, 
this sample retained 81.94% of the initial capacitance after being continuously charged 
and discharged at a current of 2 mA for 2000 cycles.

The samples prepared by GED and PED with different parameters showed similar curves 
of CV and GCD, but different calculated capacitance. The areal-specific capacitance of the 
working electrode was proportional to the amount of electrodeposited MnO2, which was 
mainly determined by the applied current (or potential) and electrodeposition time, regard-
less of whether the ED was carried out in a galvanostatic mode or in a potentiostatic mode. 
Figure 12d compares the specific capacitance of these quaternary composite electrodes, in 
which PED (1 V_2 min) < GED (5 mA_5 min) < GED (5 mA_10 min) < PED (1 V_10 min).

The EIS analysis was applied to probe into the impedance behavior of these composites. 
Basically, a Nyquist plot for a supercapacitor can be resolved into three regions. In the high- 
frequency region, the intercept of the curve with the real Z-axis represents the ESR of the 
electrode. In the high-to-medium frequency region, usually a semicircle is observed, 
associated with the charge transfer resistance. In the medium-to-low frequency region, 
a linear one with a finite slope is observed, representing the diffusion resistance of 
electrolyte ions in the pores of the electrode [46,48]. Thus, it can be inferred from the 
Nyquist plots (Figure 12e) that the electrode with a thicker electrodeposition layer showed 
larger ESR, charge transfer resistance, and diffusion resistance. Additionally, in the Bode 
plots (Figure 12f), the electrode with a thicker electrodeposition layer showed larger 
deviation from −90° at 0.01 Hz – an ideal capacitor, as well as a smaller characteristic 

Figure 11. (a) Current response during the potentiostatic electrodeposition of MnO2 at 1.0 V vs. SCE. 
(b) Potential response during the galvanostatic electrodeposition of MnO2 at 5 mA. (c, d) XRD patterns 
of the electrodeposited MnO2/VGCNF-ink/paper and pure starting materials. (e) Mn 2p and (f) O 1s XPS 
spectra of electrodeposited MnO2
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frequency at −45º, i.e. an enlarged time constant. These observations lead to the conclu-
sion that prolonged electrodeposition can contribute to higher specific capacitance, but 
meanwhile it increases the internal resistance. Also, noteworthy is that undue electrode-
position will be detrimental to the electrochemical performance of the quaternary compo-
sites [56]. This is because the electron/mass transfer in a thick layer of MnO2 is sluggish. 
Furthermore, the bond between the substrate and MnO2 fails to support excess MnO2, 
which will drop off during testing, causing remarkable degradation in the capacitance and 
cycling stability.

Conclusions

To sum up, we have demonstrated in this work that commercial Chinese ink was 
effective in dispersing pristine VGCNFs in aqueous suspension via horizontal ball milling. 
The role played by Chinese ink was twofold. Firstly, as surfactants/stabilizers, the glue 
from Chinese ink could exert the same influence on VGCNFs as on carbon black. Second, 
carbon black particles functioned as spacers, separating VGCNFs and preventing 
VGCNFs from secondary agglomeration during filtration. On this basis, the VGCNF-ink 
suspension was filter-deposited on filter paper to fabricate a flexible and conductive 
VGCNF-ink/paper composite, whose sheet resistance decreased with increasing content 
of Chinese ink. With merely 2.5 mg·cm−2 of VGCNFs, the sheet resistance could be 
reduced to 4.5 Ω·sq−1.

The strong flexibility and high electrical conductivity enabled the VGCNF-ink/paper 
ternary composites to be suitable electrode materials for supercapacitors. As a proof of 
concept, solid-state symmetric EDLCs were fabricated with the composite as electrodes 
and cross-linked H2SO4-PVA gel as an electrolyte. The specific capacitance of the EDLCs 
had a positive correlation with the content of Chinese ink. The sample fabricated with 
2.5 mg·cm−2 of VGCNFs and 200 mg cm−2 of Chinese ink showed an areal-specific 
capacitance of 224 mF·cm−2 at a current density of 1 mA·cm−2, and retained 86.4% of 
the initial capacitance after 10,000 charge-discharge cycles.

Furthermore, the good electrical conductivity and porous nature made the VGCNF-ink 
/paper ternary composites ideal substrates for the electrodeposition of transition metal 
oxides. As a proof of concept, the paper-based composite was directly used as a substrate 
to conduct the electrodeposition of MnO2. Due to the good electrical conductivity, the 
electrodeposition of MnO2 could be accomplished in several minutes. The deposited 
MnO2 dramatically boosted the specific capacitance of the working electrode. The sample 
prepared with 5-mA galvanostatic electrodeposition for 5 min showed a specific capaci-
tance of 317 mF·cm−2 at the current of 1 mA, about 20 times higher than that of the neat 
substrate.

This work has well demonstrated the merit of commercial Chinese ink as a starting 
material for scientific research and proved the feasibility of employing Chinese ink- 
involved paper-based composites as electrode materials for supercapacitors. Due to the 
lightweight and easy disposal, paper-based supercapacitors hold promise for large-scale 
application. The methods developed are facile, safe, and low-cost. Hence, they can be 
extended to process other one-dimensional materials.
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Figure 12. Electrochemical performance of the electrodeposited MnO2/VGCNF-ink/paper tested in the 
configuration a three-electrode cell: (a) CV curves at varied scanning rates, (b) GCD curves at different 
current densities, and (c) cycling stability of (5 mA_5 min)-GED MnO2/VGCNF-ink/paper. Comparison 
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