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Low-cost supercapacitor based on colloidal graphite
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Here we report the production and characterization of a low-cost supercapacitor with electrodes 
based on colloidal graphite. We characterized the as-prepared device in terms of cyclic voltammetry 
(CV), Galvanostatic charge/discharge (GCD), and impedance spectroscopy. The supercapacitor 
exhibited good electrochemical performance with a high capacitance of 22 F g-1 for a discharge current 
of 2 mA. Long-term cyclability tests show that the device can keep about 85% of its capacitance after 
500 cycles, even without encapsulation. We found power and energy densities of 110 W kg-1 and 3 
Wh kg-1, respectively. All the experimental results indicate that the colloidal graphite Aquadag® is a 
promising material for application in supercapacitors.
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1. Introduction
Energy storage devices, particularly supercapacitors, 

have attracted considerable attention in recent years because 
of the growing demand for electronic devices and gadgets1,2. 
Supercapacitors are energy storage devices that fill the gap 
between batteries and capacitors, providing high power with 
a reasonably high energy density3. They have been used in 
conjunction with batteries in electric vehicles and in hybrid 
electric vehicles to provide the necessary power during the 
car’s ignition4,5. Recently, supercapacitors are also found in 
commercially available low-power electronics, e.g., mobile, 
and wearable electronic devices1,2. In this context, the search 
for electrode materials that combine high performance, low-
cost, and large-scale production is a current research trend.

In the past years, various materials have been studied 
as supercapacitor electrodes including carbon allotropes6, 
metal oxides7, conducting polymers8, porous metal-organic 
frameworks (MOFs)9-11, transition metal hydroxides (TMHs)12, 
and their composites13-15. Particularly, carbonaceous materials 
have attracted much attention due to characteristics such as 
high specific area, high conductivity, good chemical stability, 
and relatively low-price16-18. Among the various carbon-
based materials, graphene and carbon nanotubes stand out 
as promising materials for high-performance electrodes for 
supercapacitors16,19. These nanostructured materials provide 
electrodes with high surface area, high conductivity, and 
long-term cycle stability20,21. Furthermore, they allowed the 
fabrication of flexible carbon-based supercapacitors due to 
their mechanical properties19,20. Despite the many advantages, 
the high price compared to other carbonaceous materials 
and the small-scale production limit their application in 
commercially available supercapacitors.

Graphite is a low-cost carbonaceous material generally 
applied as a lubricant. Due to its high conductivity and the low 

specific area, the application of graphite in supercapacitors 
is restricted to the current collectors22,23. A specific type 
of artificial graphite was invented by E. G. Acheson in 
1906, consisting of a colloidal dispersion. This material, 
commercially known as Aquadag®, was widely used in 
the past as a conductive coating in cathode ray tubes24. It is 
a low-cost material, when compared with other carbon-
based materials, has high conductivity, and is produced on 
a large-scale25. Recently Aquadag® was mentioned in a 
work done by Sankar et al., where it was utilized to produce 
graphene nanoplatelets to be applied in vanadium battery 
electrodes26. Another study has applied this material also in 
batteries as an anode electrode27. The use of the colloidal 
graphite Aquadag® in energy storage devices is restricted 
to batteries, and its application as supercapacitor electrodes 
has not been mentioned yet.

In this paper, we report the production of a low-cost 
supercapacitor using the commercial colloidal graphite as 
electrode material. We use a gel-like electrolyte composed 
of poly (vinyl alcohol) (PVA) and phosphoric acid (H3PO4), 
which works like an ionic conductor and dielectric separator. 
The as-constructed device presents a good electrochemical 
performance over cyclic voltammetry (CV), galvanostatic charge/
discharge, long-term cyclability, and impedance spectroscopy 
(IS) measurements. Thus, we showed that Aquadag® is a 
suitable material for application in supercapacitors, with the 
advantage of being produced on a large scale.

2. Experimental

2.1. Electrolyte preparation
We prepared the gel-like electrolyte by adding 5 ml 

of phosphoric acid (1M – Sigma-Aldrich) into 40 ml of 
ultrapure water. This solution was heated until 90ºC and 
then added to it 5 g of Poly (vinyl alcohol) (PVA – Sigma-*e-mail: maykel.klem@unesp.br
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Aldrich). The solution was stirred at 85°C until complete 
solubilization of PVA.

2.2. Supercapacitor’s assembly and 
characterizations

Two rectangular current collectors made of stainless steel 
(7,5 cm2 each) were hand-coated in one side by colloidal 
graphite Aquadag® (Henkel) and left to dry for 5 minutes in 
room conditions. Then, the gel-like electrolyte was spread 
over Aquadag® electrodes and left to dry for 10 hours. After 
drying, the electrodes were pressed face-to-face to assemble 
the supercapacitor.

The morphology of the hand-coated film of Aquadag® 
was examined via scanning electron microscopy (SEM) 
(Carl Zeiss EVO LS15) images, with a working voltage of 
30 kV. The vibrational characteristics of the material were 
analyzed using Raman Scattering Spectroscopy (Renishaw 
model in-Via) applying an excitation laser of 633 nm. 
The supercapacitor performance was studied through 
cyclic voltammetry and charge/discharge measurements, 
taken in a Keithley electrometer model 2420. Impedance 
spectroscopy was performed using an impedance analyzer 
from Solartron model 1260 with dielectric interface model 
1296. All characterizations regarding the supercapacitor 
were performed using a two-electrode set-up.

3. Results and Discussion
Figure 1 shows SEM images in different magnifications 

for the manually deposited film of Aquadag®. The film 
presented an irregular surface mainly due to the deposition 
method. These surface irregularities enhance the specific 
surface area of the electrodes, consequently contributing to 
the improvement of the capacitance produced by the final 
device. We can see in Figure 1a that the film also presented 
some cracks, which were formed during the drying process. 
Although, this kind of failure will not affect the performance 
of the supercapacitor since the gel-like electrolyte will cover 
any defect in the film. It is shown in Figure 1b that the film 
is composed of micro flakes, which are probably comprised 
of the graphite present in the colloidal dispersion. These 
micrometric sized graphite flakes can also contribute to the 
capacitance of the device by allowing a high area in contact 
with the electrolyte.

We perform Raman spectroscopy measurements on the 
colloidal graphite to verify its vibrational characteristics. 

As we can see in Figure  2, the obtained Raman spectra 
exhibit the two characteristic peaks D and G for carbonaceous 
material, located at 1319 cm-1 and 1578 cm-1, respectively28. 
The D peak is related to the defects and disorder degree of 
the material and arises from the symmetrical A1g vibrational 
mode in carbon systems with sp2 bonds. This vibrational mode 
only becomes active in the presence of disorder and does not 
appear for an ideal graphite crystal. The G peak occurs due 
to the in-plane stretching movement of carbon atoms and 
has E2g symmetry29. The intensity ratio between the G and D 
bands I(D)/I(G) provides the structural order degree of the 
material. For the colloidal graphite, the I(D)/I(G) ratio was 
1.15, a close value to those for highly disoriented materials 
as Pyrolytic carbon and glassy carbon28. In this way, the 
Raman spectroscopy shows that Aquadag® is formed mainly 
by disordered graphite. We performed a deconvolution on 
the Raman spectrum using the gaussian function due to the 
apparent presence of other peaks. As we can see in Figure 2, 
the deconvolution revealed three other peaks, I, D’ and D”. 
These peaks carry information about the ratio of sp2 and 
sp3 bonds (I), vacancy defects in the crystalline structure 
(D’), and the amount of amorphous carbon (D’’)30.

We performed impedance spectroscopy (IS) analyses 
on the supercapacitor at a frequency range of 0.01 Hz to 
30 kHz. Figure 3 shows the obtained impedance spectrum 
for the IS analyses. The profile of the spectrum consists 
of a straight line with high inclination at low frequencies, 
and a semi-circle at high frequencies, as expected for 
supercapacitors3. To provide a better understanding of the 
IS characterization, we performed a curve fitting using 
equivalent circuits. The obtained circuit is shown in the inset 
of Figure 3. The values obtained by the curve fitting provided 
a good match to the experimental data, with a chi-squared 
of 10-4 31. All circuit parameters are summarized in Table 1.

The equivalent circuit shown in Figure 3 is composed 
of series resistance (R1) and a series inductance (L1), both 
in series with two parallel branches. The equivalent series 
inductance (L1) is a parasitic effect that can be related to the 
measurement system32. The series resistance (R1) is mainly 
related to the ionic resistivity of the electrolyte33. This parameter 
can be identified as the point where the spectrum touches 
the Z’ axis in the high frequencies34. The second branch of 
the circuit is comprised of a CPE (CPE 1), in parallel with 
a resistance R2 in series with another CPE (CPE 2). This 
arrangement has the same structure as Randle’s circuit, which 
is related to the interfacial phenomena of electrochemical 

Figure 1. a), b) SEM images with different magnifications for the hand-coated film of Aquadag®.
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systems35. The parameter CPE is treated as time-constant 
distributions and may arise due to inhomogeneities on the 
film surface, differences in the film thickness, or other 
processes related to ion diffusion. The parameters CPE1 and 
CPE2 found on the equivalent circuit have been attributed 
to the non-ideal surface capacitance and the ion diffusion 
into the electrode, respectively36.

The impedance of a CPE element can be described 

by 
( )

1
( )nZ
Q jω

= . When n = 0, the CPE will behave 

like a resistance. For n=1, the CPE will be considered as a 
pure capacitance. When n=0.5, the CPE will produce the 
same impedance as a Warburg element, implying diffusion 
processes37. As seen in Table 1, the value n1=0.8, suggests 
a behavior closer to an ideal capacitance for the interfacial 
phenomena. The minor difference from the ideality (n=1) 
can be associated with the inhomogeneities of the electrodes, 
which generate a time-constant distribution. Furthermore, 
we found that n2=0.9 for the CPE2, showing that the 
kinetics of the electrode is not limited by ion diffusion. 
The R2 parameter represents the charge transfer resistance 
at the electrode/electrolyte interface38. This parameter can 
be identified in the impedance spectrum as the diameter of 

the semi-circle found in the high frequencies. The found 
value of 1.9 Ω suggests the good accessibility of charges 
to the electrodes. The parallel RC circuit represented by 
R3 and CPE3 fits the curve at the high frequencies. As can 
be seen in Table 1, n3=0.7, which suggests that the electrodes 
present mixed behavior between capacitance and diffusion 
mechanisms at low frequencies.

Figure 4a shows CV curves with scan rates varying from 
1 to 50 mV s-1. The curve profile shows a quasi-rectangular 
shape and is symmetric, indicating good capacitive behavior39. 
No redox peak was observed, as expected for carbon-based 
electrodes with electric double-layer storage mechanisms. 
The area contained by the voltammograms is proportional 
to the stored charge, and the device’s capacitance (C) can 
be calculated from CV curves using40:

( ) 
2

I V dV
C

n V
= ∫

∆
	 (1)

where n represents the scan rate, ΔV the potential window, 
and ( )I V dV∫  is the integral of one entire voltammetry 
cycle. Furthermore, in a two-electrode set-up the specific 
capacitance can be obtained as follows41:

2SP CC m= 	 (2)

where C is the capacitance calculated from the CV curves, 
and m is the mass (g) of one electrode. Figure 4b shows the 
specific capacitances obtained for different scan rates. As 
can be seen, the specific capacitances tend to decrease as 
the scan rates rise. At low scan rates, the ions have more 
time to reach the inner and outer surfaces of the electrode, 
leading to a high measured capacitance. On the contrary, 
at high scan rates, only a small number of ions can reach 
the inner surfaces, producing a low capacitance42. In this 
way, the capacitance measured at low scan rates will 
give a better insight into the total capacitance produced 
by the electrode43. As shown in Figure 4b, we obtained 
a high specific capacitance of 20.2 F g-1 for a scan rate 
of 1 mV s-1. Even for the high scan rate of 50 mV s-1, 
the specific capacitance maintains a value of 6.5 F g-1. 
In recent work, Ciszewski  et  al.reported a symmetric 

Figure 2. Raman spectra for the Aquadag® electrode. The hollow 
circles denote the experimental data; the red line is the total fit, and 
the other colored lines are the deconvoluted peak profiles.

Figure 3. Nyquist plot for impedance data (hollow squares) and 
calculated values (line) obtained from the equivalent circuit for 
the supercapacitor. The inset shows the impedance spectra at high 
frequencies and the equivalent circuit model.

Table 1. Parameter values obtained from curve fitting.

Parameter Values

L1 (10-6 H) 2.4

R1 (Ω) 1.2

Q1 (10-4 Ω-1 sn) 1.5

n1 0.8

R2 (Ω) 1.9

Q2 (Ω
-1 sn) 5.0

n2 0.9

R3 (Ω) 11.9

Q3 (Ω
-1 sn) 0.3

n3 0.7
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supercapacitor with graphite-based electrodes with a low 
specific capacitance of 1.2 F g-144. In this same work, it is 
possible to see that our supercapacitor based on Aquadag® 
performed comparatively better than other carbon-based 
electrodes like multiwalled carbon nanotubes, carbon 
aerogels, and fullerene.

We performed long-term cycle stability tests along 
500 CV cycle measurements using a scan rate of 20 mV s-1, 
and the capacitance retention (%) vs. the number of cycles 
is depicted in Figure 5. We obtained that the capacitance is 
retained 85% of its initial value after 500 CV cycles. The inset 
of Figure 5 shows the CV curves for the 1st and 500th cycle. 
It is possible to notice that the shape of the 500th cycle curve 
is almost the same as the 1st cycle, presenting only a small 
reduction in the total area of the curve. The major decrease 
in capacitance retention is probably related to the drying 
of the electrolyte because the device was not encapsulated. 
Our device presented better cycle stability than other graphite-
based supercapacitors found in the literature44. Usually, 
carbon-based supercapacitors have great cycle stability 
when compared to those based on electroactive materials45.

We performed galvanostatic charge/discharge (GCD) 
analyzes applying current ranging from 2 to 10 mA, as can be 
seen in Figure 6a. The obtained curves showed a symmetrical 
triangular profile, demonstrating the good electrochemical 

capacitive behavior of the device. The capacitance was 
extracted from the discharge curves using41:

IC V
t

=
∆

∆
	 (3)

where ΔV is the potential variation at discharge and Δt the 
discharge time. Figure 6b shows the specific capacitance 
at different charge/charge currents obtained the specific 
capacitances by using Equation 2. We obtained a maximum 
specific capacitance of 22 F g-1 using a current of 2 mA as 
can be seen in Figure 6b. This value is higher than for a 
reported supercapacitor with reduced graphite electrodes46. 
Goucmuchi et al. reported a supercapacitor with nano-structural 
graphite electrodes with a specific capacitance of 12 F g-147. 
As seen in Figure 6b, the maximum specific capacitance 
drops by half when a charge/discharge current of 10 mA is 
used. Although, the device still can retain a great capacitance 
for a high current. The capacitance drop may be related to 
the charge/discharge kinetics. If the measurement is too 
fast, only a small number of charges will participate in the 
charge/discharge process, as seen for high scan rates in the 
CV analysis.

The energy (E) and power (P) densities are important 
parameters to evaluate the performance of a supercapacitor. 
E and P can be obtained from the specific GCD curves as 
follows47:

2
SP

VE xC
7.2

= 	 (4)

EP 3600x
t

= 	 (5)

were V being the charge voltage, Csp is the specific capacitance 
and t is the discharge time. Equations 4 and 5 allow to 
calculate the energy and power densities in Wh kg-1 and 
W kg-1, respectively. Figure 7 presents the Ragone plot for 
the supercapacitor with electrodes based on Aquadag®. 
The maximum power and energy densities obtained were 
110 W kg-1 and 3 Wh kg-1, respectively. These values 
are comparable to other studies reporting carbon-based 

Figure 4. a) CV curves for supercapacitors with colloidal graphite-based electrodes at scan rates ranging from 1 to 50 mV s-1. b) Specific 
capacitances calculated for various scan rates. The measurements were taken in a two-electrode set-up.

Figure 5. Capacitance retention vs. cycle number obtained from 
CV curves using a scan rate of 20 mV s-1. The inset shows the CV 
curves for the 1st and 500th cycle.
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supercapacitors48. Table 2 shows a comparison between 
our Aquadag®-based supercapacitor and other reported 
supercapacitors based on similar carbonaceous materials. 
Finally, the performance of the device demonstrated here 
makes Aquadag® a promising material for applications as 
supercapacitor electrodes.

4. Conclusions
In conclusion, we have successfully demonstrated for the 

first time the use of colloidal graphite Aquadag® as a low-cost 
supercapacitor electrode. The Raman spectroscopy characterization 
revealed that Aquadag® is composed of disordered graphite. 
The supercapacitor exhibited good electrochemical behavior 
in CV measurements, even at a high scan rate of 50 mV s-1. 
We found a specific capacitance of 20.2 F g-1 for a scan rate of 
1 mV s-1. CDG curves also exhibited the good electrochemical 
behavior of the device, with a high specific capacitance of 
22 F g-1 for a discharge current of 2 mA. We found power and 
energy densities of 110 W kg-1 and 3 Wh kg-1, respectively. 
The device’s capacitance is retained about 85% after 500 CV 
cycles, even without encapsulation. Finally, the performance 
obtained here makes Aquadag® a promising material for 
applications in low-cost supercapacitors.
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Figure 6. a) Charge/discharge curves with applied constant currents ranging from 1 to 10 mA for the supercapacitor using a two electrode 
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Table 2. Comparison between Aquadag® and other carbon-based supercapacitors.

Electrode Electrolyte Specific 
capacitance (F g-1)

Energy density 
(Wh kg-1)

Power density 
(kW kg-1)

Capacitance 
retention (%) Ref.

Graphite 6 M KOH 1.2 - - 66.7% after 1000 
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44
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oxide BMIMBF4 6 at 1 A g-1 - - - 46
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activated carbon PVA/H3PO4 20.8 at 5 A g-1 2.9 0.05 - 49

Nano-structured 
Graphite

1 M Et4NBF4 
+ PC 12 at 1 mA - - - 50

MWCNT sheet 1.96 M 
TEMABF4 + PC 15 2.2 125 - 51

MWCNT/ 
PEDOT:PSS PVA/H3PO4 20.3 at 1 mA 3.1 0.42 72% after 1000 

cycles
52

Aquadag® PVA/H3PO4 22 at 2 mA 3 0.11 85% after 500 
cycles This work

Figure 7. Ragone plots for the graphite-based supercapacitor with Power 
and energy densities calculated from the galvanostatic discharge curves.
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