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Abstract: Graphene has a high specific surface area and high electrical conductivity, and its addition to
activated carbon electrodes should theoretically significantly improve the energy storage performance
of supercapacitors. Unfortunately, such an ideal outcome is seldom verified in practical commercial
supercapacitor design and production. In this paper, the oxygen-containing functional groups in
graphene/activated carbon hybrids, which are prone to induce side reactions, are removed in the
material synthesis stage by a special process design, and electrodes with high densities and low
internal resistances are prepared by a dry process. On this basis, a carbon-coated aluminum foil
collector with a full tab structure is designed and assembled with graphene/activated carbon hybrid
electrodes to form a commercial supercapacitor in cylindrical configuration. The experimental tests
confirmed that such supercapacitors have high capacity density, power density, low internal resistance
(about 0.06 mΩ), good high-current charging/discharging characteristics, and a long lifetime, with
more than 80% capacity retention after 10 W cycles.

Keywords: graphene/activated carbon hybrid electrode; dry processing; full tab structure;
supercapacitors

1. Introduction

A supercapacitor fills the gap between batteries and traditional capacitors with its
simultaneously superior power density and energy density, and it has a wide range of
commercial applications in microgrids [1], electrical equipment, consumer electronics [2],
and many other fields. For commercial supercapacitors, the most used electrode material is
activated carbon because of its large specific surface area and low cost [3,4]. For academic
research, graphene has attracted extensive attention in the field of supercapacitors due to
its special two-dimensional material properties [5–10]. As an electrode material, graphene
has multiple contributions to the energy storage of supercapacitors: firstly, it has a higher
specific surface area than traditional activated carbon, providing a richer microscopic in-
terface for energy storage [11]; secondly, it has a good electrochemical activity [12], which
can realize a greater energy storage density through the pseudocapacitive effect and other
electrochemical reactions [13–17]; and thirdly, it has a good electrical conductivity [18],
which reduces the energy loss of the supercapacitor itself. As a result, many researchers
have focused on next-generation supercapacitors based on graphene electrodes and suc-
cessfully fabricated many device prototypes with great performance in the laboratory
environment [19–22].

However, until now, supercapacitors based on graphene electrodes did not make
ideal progress in the industry and failed to capture a significant market share [23,24]. This
is mainly since some active oxygen-containing functional groups of graphene electrode
materials constantly have side reactions which produce gases, resulting in an increasing
internal resistance and capacity degradation of supercapacitors on longer time scales [25,26].
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Although there has been some research devoted to the removal of these potentially un-
favorable oxygen-containing functional groups, successful large-scale applications in the
industry have not been realized yet.

To solve the above problems, this paper proposes an easy-to-implement manufacturing
method for high-performance graphene/activated carbon hybrid electrodes. High-density
hybrid electrodes with good mechanical properties are realized by removing oxygen-
containing functional groups and humidity in the electrodes via high-temperature treatment
and a dry-film-forming process. Based on this hybrid electrode, improvements have been
made in both the surface interface design and full tab [27] design of the collector, realizing a
commercial-grade, high-performance supercapacitor that can be mass produced. Detailed
charge–discharge cycling test data demonstrate the long-term stability of the performance
gain of the proposed hybrid electrode supercapacitor.

2. Materials and Methods

To eliminate the oxygen-containing functional groups on the surface of the porous
graphene/activated carbon hybrid material, the hybrid was subjected to high-temperature
heat treatment at 850 ◦C for 2 h in a H2/argon mixed atmosphere (H2 volume ratio of
10%) within a tube furnace. This treatment effectively removed the oxygen-containing
functional groups on the surface of the hybrid material. The surface functional group
content of porous graphene/activated carbon hybrid materials is typically characterized
using the alkaline Boehm titration method. The surface contains less than 0.1 meq/g
of oxygen-containing functional groups, significantly below industry standards. This is
expected to enhance the pressure resistance, lifespan, and safety of electrode materials.

Through the above dry method electrode manufacturing technique, we can prepare
electrode sheets with a thickness of 140–150 µM. Using a laser slitting machine to cut the
electrode plates, the electrode plate size is 75 × 37 mm, and the battery cells are stacked using
opposite side electrode tabs. The preparation environment is controlled to a humidity of
dew point temperature of −45 ◦C and baking conditions of 120 ◦C for 12 h under a vacuum
degree of ≤−90 Kpa with nitrogen replenishment. The moisture content in the final electrode
is maintained below 200 ppm. The battery cells are stacked in pairs, with an electrolyte
injection ratio of 1:1 (electrolyte/cell mass). Meanwhile, the electrolyte used is 1 mol/L
tetrafluoroborate spirocyclic quaternary ammonium salt (SBP-BF4)/acetonitrile (AN).

3. Results
3.1. Preparation of Graphene/Activated Carbon Hybrid Electrode

Typically, graphene oxide has a high content of oxygen functional groups on the
surface (5–10%), which is prone to both blocking the abundant pores of the activated
carbon and inducing gas-producing side reactions at high potentials. Therefore, if graphene
oxide and activated carbon hybrids are directly used to prepare electrodes, this will cause
problems such as increased internal resistance and the decreased capacity of capacitors.

To fully harness the electrochemical energy storage advantages of graphene ma-
terials while mitigating the negative impacts of oxygen-containing functional groups,
we have proposed a one-step carbonization activation method for synthesizing porous
graphene/activated carbon hybrids, as illustrated in the process flow diagram depicted in
Figure 1. The TEM image reveals that the activated products exhibit a wrinkled nanosheet
structure with layered porosity, as highlighted by the red circle in Figure 1c. This obser-
vation indicates that KOH activation effectively etches and creates pores. The abundant
voids formed during the activation process further enhance the specific surface area of the
hybrid material, enabling greater energy storage capacity. Leveraging the porous graphene
material with a specific surface area exceeding 2000 m2/g (as a comparison, the results in
the literature [28] are only 1861 m2/g), pore size distribution ranging from 2 to 5 nm, and
pore volume of 2.4 mL/g, we homogeneously mixed it with petroleum coke and potassium
hydroxide using ultra-high-speed centrifugal dispersion technology. Subsequently, the
carbonization and activation of petroleum coke, as well as the activation and reduction
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of graphene, were accomplished at high temperatures, resulting in the formation of high-
specific-surface-area porous activated carbon with a three-dimensional conductive network
structure, integrated with activated graphene hybrids.
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Figure 1. (a) Schematic diagram of one-step carbonization activation method for preparing porous
graphene/activated carbon hybrid materials; (b) SEM image of porous graphene/activated carbon
hybrid material; (c) TEM image of porous graphene/activated carbon hybrid material.

The morphology of the porous graphene/activated carbon hybrid material is depicted
in Figure 1b. As evident from the figure, the product post-one-step carbonization acti-
vation retains a wrinkled sheet-like structure akin to the original graphene, featuring a
certain degree of agglomeration. The surface is enveloped in an amorphous carbon layer,
exhibiting rough and wrinkled features. This graphene/activated carbon hybrid material
is theoretically superior in electrochemical energy storage characteristics, yet it proves
challenging to produce electrode films using traditional wet processes. This is because ca-
pacitors are highly sensitive to moisture during the preparation process. Yet, the traditional
wet electrode preparation process necessitates the use of solvents like deionized water to
regulate the slurry’s viscosity. Even high-temperature and high-vacuum drying processes
struggle to eliminate the moisture introduced by the wet electrode. This moisture not only
makes the electrode prone to delamination but also leads to increased leakage currents in
capacitors, compromising the long-term stability of the product. Additionally, while tradi-
tional wet electrode preparation processes boast strong continuous production capabilities
and relatively low engineering application difficulties, they result in low electrode densities
(usually less than 0.6 g/cm3), which in turn limit the capacity and voltage endurance of
the individual cells (to less than 2.7 V) [29]. Hence, traditional wet processes fail to pro-
duce electrode films of graphene/activated carbon hybrids with superior electrochemical
performance.

To enhance the voltage resistance and electrode density, this study independently
developed a dry preparation technique, as illustrated in Figure 2a.
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Figure 2. Preparation process and properties of the hybrid electrode film. (a) Dry preparation process;
(b) electron microscope photographs; (c) mechanical properties; (d) specific capacity.

Initially, we developed ultra-high-speed shear dispersion technology. This process
breaks down the agglomeration of micrometer-sized carbon materials, achieving uni-
form solid-phase mixing. Additionally, ultra-high-speed intense shearing transforms the
chain-like polymer structure of the dry powder adhesive polytetrafluoroethylene (PTFE),
transforming it from a cluster to a network configuration, evenly distributing it across the
surface of the carbon-based hybrid material. This ensures that the electrode does not lose
powder, fall off, or rebound during subsequent production steps, thereby enhancing the
supercapacitor’s long service life. Research on carbon film formation technology utilizes
low-temperature vertical rolling to synergistically produce high-density carbon films with
electrode hybrids and PTFE. Research on heat-curing rolling technology integrates elec-
trode materials with current collectors by hot-rolling hybrid carbon films and graphene
conductive adhesive-coated aluminum foils. Leveraging this dry preparation technique,
the electrode density can be increased to 0.65–0.7 g/cm3 (as a comparison, the results in the
literature [30] are only 0.59 g/cm3), significantly improving the mass of active material per
unit volume and significantly enhancing both the overall capacity and specific energy of
the monomers.

Furthermore, this process eliminates the liquid-phase steps entirely, avoiding the
introduction of moisture that significantly impacts the voltage window, thereby facilitating
an increase in the monomer’s window voltage.

The microstructure of the hybrid dry electrode sheet is shown in Figure 2b. From the
figure, it can be seen that the carbon particles in the electrode sheet are tightly stacked,
indicating that the density of the electrode sheet can be increased by the above process,
thus increasing the content of active material in the monolithic capacitor. Meanwhile, the
size of active graphene is close to the size of active carbon particles, which proves that
the above ultra-high-speed shear dispersion technique makes the active graphene well
dispersed in the hybrid electrode sheet. Additionally, Figure 2b reveals sheet-like porous
graphene (as indicated by the arrow, with a smoother surface) and activated carbon (as
indicated by the arrow, in a blocky particle structure), both of which are well dispersed.
The high magnification scanning electron microscope (Figure 3b) photo further confirms
that the flake active graphene is well dispersed and connected to the active carbon particles,
and it also acts as a conductive bridging agent.
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Figure 3. Carbon-coated aluminum foil collector. (a) Three-layer structure; (b) mechanisms of the
conventional conductivity of the interfacial contact; (c) enhanced mechanism of interfacial contact
conductivity.

The key technology in the dry electrode manufacturing process is the fibrilization of
the binder. This is mainly achieved by pulverizing the spherical PTFE binder fibers with a
high-pressure air stream. The degree of fibrillation is mainly influenced by factors such
as feed rate and comminution pressure. Samples with a length of 9 cm and a width of
1 cm were used for testing. It was experimentally verified that the slower the feed rate and
the higher the grinding pressure, the higher the degree of binder fibrillation, the higher
the dry electrode film strength, and the better the electrode sheet quality. Figure 2c shows
the experimental data for the feed rate, comminution pressure, and tensile strength of the
sample with a length of 9 cm and a width of 1 cm. At a feed rate of 1 kg/h and a squeezing
pressure of 0.9 MPa, corresponding to the top left point on the data graph, the carbon film
has the highest tensile strength along its length.

Dry electrode rolling is the key process from powder to dry electrode sheet. The rolling
pressure and temperature directly affect the electrode density and ultimately determine
the specific capacitance of the capacitor monolith. It is experimentally verified (the process
parameters are shown in Figure 2d) that the higher the rolling pressure and the higher the
rolling temperature, the higher the electrode density and the higher the specific capacitance
of the monomer.

3.2. Fabrication of Collector-Optimized Supercapacitor

The current collector, which is the carrier material for the electrode material in the
composition of capacitors, serves the function of current collection and support. It should
possess the attributes of conductivity, corrosion resistance, and overload resistance. Com-
monly utilized current collectors include stable metal foils or meshes such as Al, Cu, Ni,
or Ti, which are known to exhibit high conductivity [31–36]. In specific contexts, rare or
precious metals may be employed as current collector materials. In power double-layer
capacitors, aluminum foil is typically employed as a current collector due to its advanta-
geous qualities, including high electrical conductivity, low cost, and corrosion resistance.
However, due to its high reactivity, the surface of aluminum current collectors tends to
form a poorly conductive aluminum oxide film, which increases the resistance between the
current collector and the active material and reduces adhesion between them. Therefore,
appropriate treatments of aluminum current collectors are necessary.

In the context of industrial applications, the surface treatment of aluminum foil for
supercapacitors primarily involves etching. The resulting material, designated “corroded
foil”, exhibits superior adhesion to electrode materials compared to unetched aluminum foil,
yet it exhibits reduced conductivity and mechanical strength and is associated with a higher
production cost, largely driven by the reliance on imports of the required raw materials.

The coating of carbon on aluminum foil involves the application of a layer of carbon
film (with a thickness of less than 5 micrometers) to the surface of the foil, with the addition
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of conductive agents such as conductive graphite, carbon black, carbon nanotubes, and
graphene. This coating has the effect of significantly reducing the interface resistance
between the electrode sheet and the aluminum foil, while also enhancing the adhesion
between the active material and the current collector. Furthermore, the coating can also
serve to partially suppress the corrosion of the current collector. Consequently, the utiliza-
tion of this novel type of current collector can facilitate the enhancement of the high-rate
charge–discharge capability and cycle life of batteries. The schematic diagram of the struc-
ture is depicted in Figure 3a. In the absence of a coating, the contact between interfaces is
insufficient, resulting in a reduction in the number of current pathways and a restriction
of the flow of the current. The coating facilitates improved contact between the particles,
thereby enhancing the current and performance, as illustrated in Figure 3b,c.

Figure 4 presents a comparative analysis of the adhesion properties of various collector
electrode coatings. The procedure for testing adhesion can be described as follows: the
electrode is placed onto a flat plate of sufficient hardness, the handle of the baguette cutter is
held so that the multi-flute cutter is perpendicular to the plane of the test piece, and the cut
is made with uniform pressure and at a cutting speed of 20–50 mm/s. The polarizer is then
rotated through 90 degrees, the aforementioned operation is repeated at the cutting place
to form a grid pattern, and the electrode piece is gently brushed with a soft brush along
the two diagonals of the grid pattern, backwards and forwards five times each. Finally, the
electrode piece is tested. Upon observation, it was noted that there were small pieces of
flaking at the intersection of the cuts. Additionally, the actual damage in the grid area was
found to be less severe. The adhesion of the two types of poles, carbon and aluminum foil
coated and corroded aluminum foil, is essentially comparable. It has been demonstrated
that the carbon aluminum foil coating can enhance the adhesion between the porous carbon
material and the collector.
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Figure 5 illustrates the alterations in the internal resistance and capacity of 100F
capacitors assembled with distinct current collector electrodes during high-temperature
ageing. From the graph, it can be observed that, during the 500 h high-temperature ageing
process, the rate of the increase in the internal resistance of carbon-coated aluminum foil
current collector capacitors is relatively gentle, while the rate of capacity retention is higher
than that of corroded foil current collector capacitors. This suggests that coated aluminum
foil can markedly reduce the interface resistance between the electrode and aluminum foil,
thereby enhancing the stability of the electrode.
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In the development of cylindrical devices, the manner in which the tabs are connected
and lead out can serve to reduce the internal resistance of the device and increase the
power density. In this paper, we have employed a full tab structure in the design of the
electrode tab structure with the objective of enhancing the current-carrying capability. The
full electrode tab structure is depicted in Figure 6. Initially, the activated carbon was coated
on an aluminum foil, with the diaphragm placed between two layers of activated carbon.
Thereafter, the activated carbon, aluminum foil, and diaphragm were wound into a compact
structure. Following winding, the area of the aluminum foil is marginally larger than that
of the toner, with both toner ends encompassing a portion of aluminum foil. The aluminum
foil serves as electrode tabs, with the upper end connected to the negative collector as
a whole and the lower end connected to the positive collector in the same manner. The
negative collector is connected to the top cover, while the positive collector is connected
to the bottom case. In this configuration, the cover and the case act as the two ends of
the capacitor, with the capacitors able to output voltage to the outside and be insulated
from each other. Furthermore, the lead-in terminals employ the direct lead-in method in
lieu of the conventional indirect lead-in method. The structure is illustrated in Figure 6,
which entails soldering the lead foil directly to the lead-out terminals. The protrusions of
the lead-in terminals pass directly through the through-holes of the housing and extend
outwardly from the housing. The direct lead-in structure design significantly reduces the
internal resistance and enhances the power performance of the supercapacitor.
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A trial production of capacitors based on the aforementioned materials and structures
was conducted. In order to verify the withstand voltage characteristics of the capacitor, a
cyclic voltammetry (CV) test was first conducted on the capacitor, with a voltage range of
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0–3 V and a scanning speed of 5 mV/s. The cyclic voltammetry (CV) curve is presented
in Figure 7a. The CV curve approximates a rectangular structure, reflecting favorable
capacitance characteristics, particularly at a high voltage (3V). The absence of an evident
oxidation curve in the CV indicates that, under high voltage, the electrode is relatively
stable and no significant side reactions occur. This indicates that the capacitor has a stable
structure at 3V. It should be noted that the current used in the test was I40 = 5 A, I10 = 1.25 A,
and I5 = 0.625 A.
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The capacitor’s charging and discharging test range is illustrated in Figure 7b, span-
ning a voltage range of 0–3 V. This range exhibits a regular triangular sawtooth shape
and clear capacitance behavior. To ascertain the capacitor’s operational lifetime, we con-
ducted cyclic tests, and the results are presented in Figure 7c. Following the completion of
the cycling tests, the observed capacity decay was found to be relatively minor, thereby
indicating that the capacitor in question has a longer lifespan. In order to ascertain the
rate performance of the capacitor, charge–discharge tests were conducted on individual
capacitors at different rates. The voltage range was 0–3 V, and the charge–discharge current
was 5–50 I. Each rate of current was subjected to five cycles of charge–discharge. The test
results are presented in Figure 7d. The initial capacity is 165 F (under 5 I testing conditions),
and as the testing current increases (5 I to 30 I), the capacity does not decay significantly,
demonstrating good rate performance. Upon increasing the charging and discharging
current to 40 I, a slight decrease in capacity was observed. At a test current of 50 I, the
capacity is approximately 125 F, with a capacity retention rate of 75.8%. Furthermore,
following repeated cycles of charge and discharge testing under different magnification
currents, the capacitor did not demonstrate any notable gas swelling, suggesting that it has
excellent voltage resistance. Furthermore, electrochemical impedance spectroscopy (EIS)
testing was conducted on supercapacitors, with the results presented in the Supplementary
Materials. It should be noted that the internal resistance of the capacitor prepared in this
work is about 0.06 mΩ (as a comparison, the results in the literature [28] are only 0.5 Ω).
Table 1 shows some specific test data for capacitors, such as weight, internal resistance,
power density and energy density.
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Table 1. Test data of cylindrical capacitors.

Number Weight (g) Capacity
(F)

Specific
Energy

(Wh/Kg)

Internal
Resistance

(mΩ)

Power
Density
(kW/kg)

Capacitance
Retention

(%)

1# 543.5 2960 6.81 0.066 62.72 81.5%
2# 534.5 2902 6.79 0.057 73.85 80.3%

4. Discussion

In this paper, porous graphene/activated carbon hybrids were prepared by a one-step
carbonization activation process on the basis of porous graphene materials with a specific
surface area of more than 2000 m2/g, a pore size distribution of 2–5 nm, and a void volume
of 2.4 mL/g. An ultra-high-speed centrifugal dispersion technique was employed to achieve
a homogeneous slurry comprising graphene oxide, petroleum coke, and potassium hydrox-
ide. At elevated temperatures, petroleum coke undergoes carbonization and activation,
while graphene undergoes activation and reduction to form a three-dimensional conduc-
tive network structure of high-specific-surface-area porous activated carbon/activated
graphene hybrids. The product that resulted from the one-step carbonization and activa-
tion process exhibited a folded sheet structure that was similar to that of pristine graphene.
However, it also contained some agglomerates and was coated with an amorphous carbon
layer that exhibited a rough and folded surface. The development of ultra-high-speed shear
dispersion technology was employed to ensure the long-term service life of the supercapaci-
tors. The hybrid electrodes prepared using dry technology exhibited a notable enhancement
in total capacitance and specific energy relative to the monomer. The development of an
all-pole tab high-power soft-packed capacitor with good voltage resistance, large monomer
power density, and excellent electrochemical performance was achieved through the dry
preparation of electrode sheets as electrodes. The capacitor’s performance was evaluated
through cyclic voltammetry, which demonstrated that the electrode exhibited stability at
high voltages without significant side reactions. The results of the cyclic testing of the
capacitors demonstrated a relatively small reduction in capacitance, indicating that they
have a relatively long life. Conversely, the capacitor did not exhibit any discernible gas
expansion following multiple charge/discharge tests with varying amplification currents,
thereby indicating that the capacitor exhibits robust voltage resistance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10060195/s1, Table S1. Test data of electrodes prepared by
two methods, Table S2. Electrical conductivity of several metals, Figure S1: AC Impedance Spectrum
of Supercapacitors.
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