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Abstract
Scalable 18650 aqueous-based supercapacitors are ideal as future energy storage technology due to
their great safety, low cost, and environmental friendliness as well as high power density. Until now, there
are no commercial aqueous-based supercapacitors due to the corrosion of metal current collectors. In
this work, we have introduced a new concept using hydrophobicity of anti-corrosion graphite passivation
layer coated on Al foil with high surface roughness leading to the lotus effect.

Main Text
The aqueous-based electrolytes for energy storage devices have been attractive due to their non-
�ammability along with non-toxicity.1 Additionally, they provide higher power density (>10 kW kg-1) than
those using organic electrolytes,2  ionic liquids,3 and water-in-salt electrolytes due to the high ionic
conductivity of aqueous solutions.4,5 However, one of the key challenges limiting practical and
commercial aqueous-based supercapacitors is a corrosion issue of metal current collectors in  aqueous-
based electrolytes. Recently, the surface modi�cation of metals with carbon materials (i.e., graphite,6,7

graphene,8,9 and carbon nanotubes10) has attracted great attention for many other applications. Such
reports highlighted remark improvements of the modi�ed electrodes including the suppression of
corrosion,8 the improvement of interfacial contact,9 and the reduction of internal resistance.11 A graphite-
coated aluminium current collector may be an ideal candidate to be coated on metal current collectors for
the aqueous-based energy storage devices since the graphite is abundant providing great chemical
stability and high electrical conductivity.12 In addition, the fundamental investigation of graphite
passivation layer on the current collector to the performance of energy storages is needed.

In this work, we have introduced an industrial roll-to-roll coating method of graphite with a �nely tuned
thickness of 25 μm on thin Al current collector with high surface roughness. It provides hydrophobicity,
which is found in this work that it is a reason enhancing the anti-corrosion of the modi�ed current
collector. Interrestingly, we applied this concept to the �rst prototype of 18650-type cylindrical aqueous
supercapacitors, which is the same size and shape as the commercial need.

Brie�y, graphite slurry was coated �rstly on the top and bottom layers of Al foil using a roll-to-roll coating
process (see ESI†). The activated carbon, which is an active material of supercapacitors, was
subsequently coated on the top layer of the �rst coated graphite layer. The speci�c surface area of
activated carbon is  ~2,158.85 m² g-1 (see Fig. S4a and Table S1 in ESI†), which is the same quality as
the one used in the  commercial supercapacitors with organic electrolytes.13 The activated carbon was
coated on the graphite coated Al foil (so-called “AC-GP”) and on the Al foil without graphite layer (so-
called “AC-Al”) (see Fig. 1). Note, full experimental details can be found in ESI†. In Fig. 1a, the cross-
sectional SEM image shows that the graphite was successfully coated on the Al surface with a thickness
of ca. 25 µm �nely tuned. The AC-GP shows strong interfacial contact between the active material layer
and the modi�ed current collector without air void (see Fig. 1b), while the AC-Al exhibits void spaces
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between the material layer and the current collector (see Fig. 1c). This is a nature of materials for which a
strong interfacial contact between carbon materials (graphite and activated carbon) can be observed. In
addition, this suggests that the graphite protective layer can not only improve the interfacial contact but
also enhance the charge transfer or reduce the internal resistance.14 Apart from the morphologies, the
time-dependence wettability of the modi�ed substrate was also analysed using the Ossila Contact Angle
in a high humidity chamber using a �xed droplet volume of 10 μL of the electrolyte (1 M Na2SO4) as
shown in Fig. 1d. The graphite coated Al surface (AC-GP) exhibits the hydrophobic property with a
contact angle (CA) of 93o at t = 0.15  Then, it is slghtly reduced to 90o at t = 20 min. In contrast, the AC-Al
demonstrates explicitly  hydrophilic behaviour with a CA value of 80o at t = 0, and reducing to 61o at t =
20 min. This is due to the hydrophilic property of the thin �lm of native oxide (Al2O3) on the surface of Al

foil.16 It is clear that the graphite results in an increasing CA of the substrate, indicating that water is
repelled from the Al surface. To con�rm that the interfacial contact is involved in the electrochemical
performance of the as-prepared electrodes, the cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) were evelauted using 1 M Na2SO4(aq) electrolyte in a three-electrode system at a
potential range from -0.6 to 0.3 V vs. Hg/Hg2SO4. Note, details of the electrochemical cell setup and the
procedure are given in ESI†.

The comparison of the CV pro�les between the prepared electrodes with and without graphite layer at 10
mV s-1 (Fig. 1e) demonstrates that the current collector with the graphite layer shows a more rectangular
CV shape and a signi�cantly larger integrated area under the CV curve, corresponding to lower internal
resistance and higher speci�c capacitance.17 The AC-GP achieves a higher speci�c capacitance (105.3 F
g−1) than the AC-Al (42.1 F g−1) at 10 mV s-1. Moreover, the CV pro�le of AC-GP retains an almost
rectangular shape with a capacitance of 77.6 F g-1 and a retention of 74% even at an increased scan rate
of 100 mV s-1 (Fig. S5a-b, ESI†). This indicates a high level of electronic conductivity from good
interfacial contact between the electrode material and the graphite-coated current collector.18 Meanwhile,
the AC-Al shows a signi�cant distortion of the CV curves, indicating higher internal resistance.17 This is
due to the formation of more resistive oxide �lm and poor interfacial contact, leading to the low
conductivity of the electrode.17 As expected, the AC-Al shows rapid capacitance fading with much smaller
retention, maintaining 18% at 100 mV s-1 (Fig. S5c-d, ESI†) due to the reasons discussed above. The
electrochemical performance of graphite-coated Al foil was evaluated as a control, making clearer that
the capacitance contribution from the graphite layer is negligible (only 1.06 mF g-1 at  10 mV s-1) (see
inset of Fig. 1e). Note that the surface area of the graphite is 8.46 m2/g (see Fig. S4b and Table S1 in
ESI†).

Apart from the CV, the electrochemical performance was also investigated using GCD with respect to
applied current densities. Fig. 1f shows that the AC-Al exhibits the smaller speci�c capacitance when
compared with that of the AC-GP at the same current density. We can ascribe this to the formation of
oxides on the Al foil surface during cycling, leading to the reduced capacitance.14 The insets in Fig. 1f
show the GCD pro�les of AC-GP and AC-Al for which the GCD pro�les of AC-GP exhibit a more
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symmetrical triangular shape when compared with the AC-Al. This demonstrates that the coulombic
e�ciency of the AC-GP at 1 A g-1 is 84.2%, which is higher than 47.8% of the AC-Al, indicating the better
electrochemical stability or reversibility.19 In addition, the AC-GP shows a much smaller iR drop (25 mV)
when compared to the AC-Al (199 mV) at 1 A g-1

, in which the iR drop corresponds to the internal
resistance, indicating that the AC-Al has a higher resistance because of the formation of more Al2O3

resistive �lm on the Al foil surface.20 This internal resistance leads to poor rate capability as shown in
Fig. 1f, for which the AC-Al performs well only at very low current densities (from 0.5 to 3 A g-1), with a
dramatic fade in capacitance at 80% (from 29.2 to 6.8 F g-1), leading to a lower power density. Conversely,
the AC-GP shows outstanding rate capability with a slight capacitance fading – only 14% even at 20 A
g−1 (87.7 F g-1) as compared to 1 A g−1 (102.4 F g-1), showing a strong capability for high rate
charge/discharge, which represents the ideal behaviour for EDLCs.21

To further evaluate the passive oxide �lm on the Al foil, CV coupled with electrochemical impedance
spectroscopy (EIS) was carried out on two different samples with and without the graphite coated layer.
The results are shown in Fig. 2. The samples were subjected to 100 cycles at a scan rate of 100 mV s-1

and the EIS was then applied before cycling and after the 10th, 25th, 50th, 75th, and 100th cycles. The CV
pro�les of the AC-GP maintain an almost rectangular shape even after the 100th cycle (Fig. 2a), while the
AC-Al shows a higher distortion with increased CV cycles (Fig. 2b), suggesting an increase in the internal
resistance from the resistive oxide �lm grown on the Al foil during long cycling.17 This can be more
clearly observed from the Nyquist plots of the samples after cycling.

The EIS was evaluated at a voltage amplitude of 10 mV over the frequency range from 50 kHz to 0.01 Hz
at an open-circuit potential (OCP) as shown in Fig. 2c. Overall, the charge transfer resistance (RCT) is
assigned to the contact resistance at the interface between the electrode material and the current
collector, which can be evaluated from the semicircle in the Nyquist plot (inset Fig. 2c). The plot in Fig. 2c
shows that the AC-GP electrode exhibits almost the same charge transfer resistance (about 0.4 Ω) after
100 cycles, which suggests that the interfacial properties of AC-GP remain unchanged after long cycling.
In contrast, the RCT of AC-Al signi�cantly increases from 52.2 to 360.2 Ω after cycling as a result of the
formation of a resistive oxide layer (Al2O3) as well as an increase in void spaces at the interface of the

electrode after long cycling.22,23

In addition to the Nyquist plot, Bode phase diagrams were analysed (see Fig. 3a-b). It has been found that
the electrode with a phase angle close to -90o represents an ideal capacitor behaviour.24 The AC-GP
phase angles are closer to -90o (Fig. 3a) when compared to the AC-Al (Fig. 3b), signifying the improved
capacitive behaviour. Interestingly, the Bode diagrams of AC-GP and AC-Al show different pro�les. While
the AC-GP pro�les display only EDLC behaviour (Fig. 3a), the AC-Al pro�les show the characteristic peak
of pseudocapacitive behaviour (Fig. 3b) because of the formation of the passive oxide �lm on the Al foil.
More interestingly, the intensity of this peak increases after 100 cycles, indicating an increase in oxide
�lm formation during cycling. The formation of the oxide �lm leads to poor capacitive behaviour, as
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indicated by the change of phase angles of AC-Al from -68.6o to -25.9o after long cycling. The passive
oxide �lm and the void space were further investigated by the ex situ characterisations. The ex situ SEM
was carried out to con�rm the void space generated after 100 cycles, which can clearly be observed in the
cross-sectional images. The AC-GP shows an excellent level of the contact between the activated carbon
layer and the graphite-modi�ed Al foil even after 100 cycles (Fig. 3c), resulting in an excellent rate
capability and a high level of stability. In contrast, the AC-Al exhibits a more detached active material
layer from the Al surface (Fig. 3d) since the oxide �lm on the Al surface reduces the adhesion between the
AC active material and the Al current collector.25

Moreover, the generated oxide �lm on the Al surface after long cycling can be further con�rmed by the
Al2O3 thin �lm as analysed by the ex situ XRD (see Fig. 3e). The ratio between Al2O3 and Al can be

obtained from the XRD using the relative intensities of Al2O3 peak at 2θ=15.9o (Al2O3 phase)26 and Al

peak at 2θ=38.2o (111 plane).27 The AC-Al shows a higher Al2O3 content of about 14.6% as compared
with that of the AC-GP, indicating the graphite layer can reduce the Al2O3 �lm formation. Note, the Al2O3

�lm spontaneously grows on the Al foil surface at atmospereic condition having humidity. The
characteristic peak of carbon shows a typical wide-angle XRD pattern at 22o indicating the 002 plane of
carbon, which represents the carbon materials.28

To further study the capacitive properties of those two samples, a complex capacitance model was
applied according to Eqn. S3-S4 (ESI†). In Fig. S6a (ESI†), Fast polarisation occurs in the high-frequency
regions, presenting a resistor behaviour, while the capacitive behaviour is presented at lower frequencies
due to the slower polarisation, resulting in the su�cient diffusion time of electrolytic ions. The transition
region from the resistive to capacitive behaviours of the AC-GP moves to a higher frequency in
comparison to the AC-Al, indicating that the AC-GP system can react to a faster changing polarisation due
to the higher conductivity of the electrode.29 Moreover, the kinetics of the electrode can be further
described using the relaxation time constant (𝜏0) in Bode plots of imaginary capacitances, where 𝜏0

refers to the minimum time required to discharge stored energy, which can be obtained from the peak
frequency (see Fig. S6b, ESI†).30 The 𝜏0 values of AC-GP and AC-Al are 3.30 and 6.19 s, respectively,
indicating a faster charge/discharge capability for the AC-GP, which represents a higher rate of both
capability and power density.

Fascinatingly, we have successfully fabricated the �rst prototype of an 18650 cell type supercapacitor in
an aqueous electrolyte system using 1 M Na2SO4. The charge storage performance was investigated
using the GCD method from 50 mA to 1000 mA as shown in Fig. 4a and Fig. S7 (ESI†). As expected, the
AC-GP in Fig. 4a shows a higher cell capacitance (18.9 F) than the AC-Al (13.1 F at 50 mA) as well as the
AC-GP exhibits a lower iR drop (13 mV) than that of AC-Al (85.6 mV) (see inset of Fig. 4a), indicating a
better electrical conductivity in the electrode.31 Moreover, the AC-GP electrode shows an excellent
maintenance rate capability with remained at 82.4% even at 1000 mA (15.6 F). Unlike the AC-GP, the AC-Al
can perform at currents of less than 250 mA and the capacitance retention is reduced 17.2% when the
current is increased from 50 to 250 mA. Moreover, the stability of the assembled devices was further
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evaluated at 100 mA/cell. Fig. 4b shows that the AC-GP is maintained at almost 100% of capacitance
after 3,000 cycles. In contrast, the AC-Al exhibits a rapid capacitance fade, and only 19.4% of its
capacitance is maintained because of the corrosion of the Al foil (the formation of oxides) as well as an
increase in void space over long cycling. The assembled devices were further investigated in terms of
their internal resistance by following the IEC 62391-1 standard (Fig. S8, ESI†). The internal resistance was
described in terms of the equivalent series resistance (ESR), and the ESR of AC-GP shows a smaller
resistance (0.2 Ω) than the AC-Al (0.6 Ω) which leads to a higher conductivity rate in the electrode,
resulting in a higher power delivery of the device.32

This transition region is shifted to a higher frequency, if the system can react to the changing
polarization, that is, the better the ions can diffuse within the material. This transition region is shifted to
a higher frequency, if the system can react to the changing polarization, that is, the better the ions can
diffuse within the material.

In summary, a graphite coating was successfully fabricated on the Al foil addressing its corrosion issue
in aqueous-based electrolytes. The graphite layer improves the adhesion between the active material
layer and the current collector as well as helps to preserve the surface of the Al foil, preventing the
formation of a passive oxide �lm (Al2O3). It also accelerates the charge transfer and reduces the internal
resistance. The electrode with the graphite layer (AC-GP) demonstrates a higher speci�c capacitance
(105.3 F g−1) than that of AC-Al (42.1 F g−1) at 10 mV s-1 as well as higher stability. The 18650 prototype
of supercapacitors proves that the �nding of this study should lead to practical aqueous supercapacitors
with great safety and power density.
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Figure 1

SEM images of (a) graphite coated Al foil, (b) AC-GP, and (c) AC-Al; (d) CA vs. immersion time (inset: the
drops of 1 M Na2SO4 at t = 0 min); (e) CVs at 10 mV s-1 (inset: CV pro�le of a control); and (f) speci�c
capacitances as a function of current densities (inset: GCD pro�les at various current densities).
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Figure 1

SEM images of (a) graphite coated Al foil, (b) AC-GP, and (c) AC-Al; (d) CA vs. immersion time (inset: the
drops of 1 M Na2SO4 at t = 0 min); (e) CVs at 10 mV s-1 (inset: CV pro�le of a control); and (f) speci�c
capacitances as a function of current densities (inset: GCD pro�les at various current densities).
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Figure 2

2 CVs at 100 mV s-1 of (a) AC-GP and (b) AC-Al and (c) Summarised RCT values as a function of cycle
numbers (inset: Nyquist plots).
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Figure 2

2 CVs at 100 mV s-1 of (a) AC-GP and (b) AC-Al and (c) Summarised RCT values as a function of cycle
numbers (inset: Nyquist plots).
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Figure 3

Bode phase diagrams of (a) AC-GP and (b) AC-Al and ex situ cross-sectional SEM images of (c) AC-GP
and (d) AC-Al images after the 100th cycle via CV, and (e) ex situ XRD patterns of Al2O3 thin �lm
compared with Al of the as-prepared electrodes after cycling for 100 cycles.
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Bode phase diagrams of (a) AC-GP and (b) AC-Al and ex situ cross-sectional SEM images of (c) AC-GP
and (d) AC-Al images after the 100th cycle via CV, and (e) ex situ XRD patterns of Al2O3 thin �lm
compared with Al of the as-prepared electrodes after cycling for 100 cycles.
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Figure 4

(a) Rate capability of the 18650 cylindrical cells of AC-GP and AC-Al, and (b) stability at 100 mA.

Figure 4

(a) Rate capability of the 18650 cylindrical cells of AC-GP and AC-Al, and (b) stability at 100 mA.
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