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Abstract: Ionic liquid (IL) electrolyte-based supercapacitors (SCs) have advantages of high operating voltage window, high en-
ergy density and nonflammability, as compared to conventional acetonitrile-based organic electrolyte SCs, and are typically suitable
for the large-scale energy storage in the era of carbon neutrality full of renewable, but unstable electricity. However, current efforts
were concentrated on the study with coin-cell type of IL-SCs, and less has been reported on the pouch type of IL-SCs for a long cy-
cling time yet. To fabricate a reliable SC for the life time test or for the accelerated aging test under high temperature, one should
concern the excellent contact in the current collector/electrode interface to minimize the charge transfer resistance. In the present
work, the carbon-Al interfacial effect was studied in the new SC system with Al foam as a current collector coated or painted by dif-
ferent carbon layers. Uniform amorphous carbon layer on Al foam was obtained from carbonization of epoxy resin film, giving a
strong interaction of Al and carbon phase, as compared to that of the Al foam adhered with graphene by PVDF. In addition, to fully
explore the potential of ILs electrolyte with large ion size, mesoporous carbon electrode was adopted here for a rapid ion diffusion
across mesopores. Thus, the new structure SCs pouch consisting of mesoporous carbon electrode, ILs electrolyte and carbon coat-
ed-3D Al foam current collector was for the first time fabricated in the present work. Based on the as-made different pouches with
capacity of 37 F, their time dependent electrochemical properties, including cyclic voltammetric (CV) response, galvanostatic charge
and discharge behaviors, capacitance, contact resistance, and electrochemical impedance spectroscopic (EIS) characteristics were
studied by accelerating aging test at 65 °C for 500 h at 3 V. The former pouch of Al foam coated with amorphous carbon layer ex-
hibited far higher capacitance retention as compared to the pouch of Al foam adhered with graphene layer. Detailed fitting of ESR
was made, and the contact resistance, charge transfer resistance, and Warburg resistance were analyzed thoroughly, providing deep
insight into the strong C-Al interface effect on the high and stable performance of SCs with high energy density. Characterization of
electrode sheet before and after 500 h aging test confirmed the above results. The high temperature and high voltage condition made
the graphene-pasted Al foam unreliable. But the in situ coated carbon layer on Al foam exhibited relatively strong interaction and a
reliable structure for the stable operation of the SCs pouch during the aging test. These solid data provide sufficient information for

the further optimization of the high voltage SCs toward high energy density, high power density and long cycling time.
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1 Introduction

Electrical double layer capacitors (EDLCs), also
named supercapacitors (SCs), are one kind of the very
important electrochemical energy storage devices
with high power density and ultralong cycling life,
which are widely applied for power reserve and energy
storage!"™. Based on electrostatic interaction, EDLCs
work by adsorption-desorption of electrolyte ions on
the electrode surface. Electron transfer plays a key role,
calling for a well interaction between the electrode
material and the current collector (such as Al foil)®7.
For instance, the coating of carbon layer on Al foam
in advance would exhibit better contact effect, thus
showing much excellent electron transfer and en-
abling a high-rate of charge and discharge™. Howev-
er, the typical carbon layer was always made of small
particles assisted by adhesivel, which would increase
the contact resistance and introduce impurities. Re-
cently, plasma enhanced technology allowed the di-
rect growth of few-layer graphene on Al foil™.

Commercial SCs always apply Al foil as the cur-
rent collector, microporous activated carbon (AC) as
the electrode material, and acetonitrile (ACN)-based
organic liquids working at 2.7 V as the electrolyte!",
With the development of SC systems, there appeared
mesoporous carbon (MC) electrode material, ionic
liquid (IL)-based electrolyte working at 3 ~4 V and
three- dimension (3D) Al foam current collector™ '],
These functional materials would promote the SC
performance in some aspects. For instance, 3D Al
foam provided efficient electron transfer and heat
transfer network, which avoided the overheat effect
inside the electrode and alleviated the electron over-
potential effect. The 3D structure also assisted in
compressing the lightweight materials (such as gra-
phene, carbon nanotubes or carbon aerogel) tightly
for better performance. Moreover, the coupling of
MC with ILs held a promise of high energy density
SCsl' 17,

Notably, cycling life, a key parameter of SCs, was
related to the operating temperature and voltage si-
multaneously. Non-lineal responses of cycling life

(shortened) to the coupling of temperature and volt-

age were observed during the accelerated aging test
by using 2.7 V SCs with ACN-assisted organic elec-
trolyte!™® ). Logically, long stable working time will
become much serious for SCs at elevated voltage,
which requires instant ion diffusion and electron
transfer. To this date, rare is known for the carbon-Al
foam contact effect on the performance of SCs with
MC as the electrode material and IL as the elec-
trolyte.

In this work, the comparative study on carbon-Al
foam interface for the performance of SCs was re-
ported for the first time. In detail, we created two
new structures. One was to get epoxy resin on the
surface of Al foam followed by high temperature
(640 °C) carbonization (denoted as Al foam@C). The
other was to adhere mono-dispersed graphene on the
surface of Al foam by polyvinylidene difluoride
(PVDF) followed by the 110 °C solidification (denot-
ed as Al foam@G). As MC was filled into the pores
of 3D Al foam coated with carbon or graphene to
form the electrode, the pouch-type SCs were finally
made by filling IL electrolyte. Accelerated aging test
results showed that the SC with Al foam@G had a
worse capacitance retention after 500-hour aging. De-
tailed structure investigation suggested that the for-
mation of Al-C phase in atomic scale in the sample
of the Al foam@C exhibited a very stable interface
under the long-time high-temperature test. These re-
sults provide insights into the interface design toward
high and stable performance of SCs in the future.

2 Experimental
2.1 Preparations of Carbon-Coated Al Fo-
ams

Firstly, an epoxy resin adhesive (A component and
B component, Beijng Slont Company) was dispersed
with a ratio of 2:1 in alcohol and treated supersoni-
cally for 1 h. Then the Al foam was dipped into the
alcohol solution for 10 s. The sample was dried at 70
°C for 4 h and then calcinated at 640 °C in Ar for 6 h.
Finally, the sample of Al foam@C was obtained.

For the graphene coated Al foam, graphene prepared
elsewhere® was ground to 2 ~ 3 wm, then dispersed
in NMP solution with PVDF (PVDF:NMP = 500 mg:
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10mL) for 3 h. The Al foam was dipped into the
graphene solution for 10 s and pulled out. The sam-
ple was dried at 70 °C for 4 h and then solidified at
110 °C in air for 6 h. Finally, the sample of Al
foam@G was obtained.

2.2 Fabrications of Electrode based on MC

and Carbon-Coated Al Foam

Main electrode material was MC prepared by the
activation of commercial microporous AC with CO,
at 950 °C for 3 ~ 4 h, as reported elsewhere!"”, and the
pore size distribution and Ar or N, adsorption-des-
orption curves (BET)of MC are shown in Figure S1,
which was characterized by physical adsorption ana-
lyzer (Canta Instruments, QUADRASORB SI)

To make electrode, MC and super-P were dried at
250 °C under vacuum for 4 h to remove water, then
cooled to ambient in Ar. Slurry was made by adding
MC, super-P and PVDF with the weight ratio of 85:
7.5: 7.5 into NMP, and mechanically stirred for 4 h.
The slurry had a solid concentration of 14wt.%. To
obtain the electrode, the slurry was uniformly filled
in the pores of the Al foam@C (or Al foam@G). Elec-
trodes were dried at 80 °C for 12 h and then roll-pressed
to be sheets of 300 ~ 400 wm. The electrode sheets
were further dried at 130 °C under vacuum for 4 h.
2.3 Fabrication of SC Pouches

Electrode sheets were separated with membrane
(cellulose, TF4035) and packed in the Al shell, and

filled the EMIBF, electrolyte with a ratio of elec-
trode/electrolyte of 1:5. Then the pouch was further
degassed by vacuum for 24 h, and the sealed pouch
remained static at 40 °C for 2 h. The capacity of the
pouch was about 37 F. Here, the number of electrode
sheets in each pouch was 8, while the size was 3.1
cm X 5.5 cm. Importantly, the thicknesses of the Al
foam@C and Al foam@G electrode sheets were 330
pm and 400 pwm, respectively. Meanwhile, the mass-
es of loaded active material in the Al foam@C and
Al foam@G electrode sheets were 1.2 g and 1.4 g, re-
spectively.
2.4 Electrochemical Test

EIS data and CV curves at the scanning rate of 20
mV -s™ were obtained from electrochemical worksta-
tion (EC-Lab, 25 °C, Biologic, VMP-300). Galvanos-
tatic charge and discharge curves were obtained at
the current density of 1 A -g™". In addition, constant
voltage charging was made for 30 min after the con-
stant current charging, and then discharging at the
constant current™. To evaluate the C-Al interface ef-
fect, long time cycling performance was tested at 65
°C, 3 V for 500 h. The above measured electrochemi-
cal performance data are compared and analyzed

thoroughly.
3 Results

As shown in Figure la-b, the as-produced carbon

layer carbonized in situ by epoxy resin on the surface

Figure 1 (a-b): SEM images of Al foam@C; (c-d): SEM images of Al foam@G; (e-f): SEM images of Al foam@C filled with MC;
Cross-section SEM images of Al foam@C filled with MC (g) and Al foam@G filled with MC (h). (color on line)
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of Al foam was uniform with nearly no pores ob-
served. Besides, the carbon layer thickness could be
controlled by finely modulating the amount of epoxy
resin. Moreover, there was still large void to host MC
particles in large amount for Al foam@C, as dis-
cussed below. For the Al foam@G, graphene in small
amount was adhered onto the surface of Al foam. The
interface structure of graphene and Al foam was sim-
ilar to that of a graphene-Al foam sheet¥. External
surface of Al wires were entirely covered with small
graphene sheet. Only when the cross-section of Al
wires was cut, Al signal in dominant amount was de-
tectable with EDS. Compared with the graphene
coating layer of Al foam@G (Figure 1c-d), the carbon
coating layer of Al foam@C was obviously thinner,
more uniform, and much closer to the current collec-
tor. And the cross-section SEM images of Al
foam@C filled with MC and Al foam@G filled with
MC are exhibited in Figure le-g. Apparently, the
filled MC slurry was more fully combined with Al
foam@C, which was believed to provide excellent
channels for charge transfer.

The BET specific surface area of MC used was de-
termined to be 2745 m?-g™'. The pores were mainly
concentrated in the range of 1 ~ 3 nm, very suitable
for the diffusion of ions of EMIBF, electrolyte. In ad-
dition, its pore peak was smaller than that (4 ~ 5 nm)

of a graphene nanofiber'l. Apparently, MC in the

present work gave sufficient mesopores in a small
range, favorable to meet the requirements of both ion
diffusion and packing density as fabricating electrode
sheet. In detail, particle size of MC was in the range
of 5 ~ 6 pm (Figure S2), which could be filled very
tightly and uniformly inside the Al foam network
(Figure 1e-f). Detailed characterization of MC around
a single Al wire confirmed the densely packed struc-
ture of MC particles (Figure S2). The as-prepared
electrode sheet was totally black with a surface con-
ductance of 32000 S -cm !, which was four orders
that of MC itself. It suggested that Al wires contribut-
ed to the conductance during the test. Apparently, Al
wires were not deeply embedded with MC particles,
favorable to the instant electron transfer in the entire
electrode area. Since the carbon layer was thin on the
surface of Al foam, the electrode sheets with very
close thickness and very close packing density were
easily achieved. And the same weight ratio of elec-
trolyte to electrode material was adopted, to ensure
the present comparison study mainly focusing on the
carbon-Al foam interface effect.

According to focused ion beam (FIB) and spherical-
aberration corrected transmission electron micro-
scope (ACTEM), the cross-section of Al-C interface
of Al foam@C was also characterized successfully.
Clearly, the carbon layer of Al foam@C was about
0.3 pm thick (Figure 2a). In Figure 2b, the high angle

Figure 2 (a): ACTEM image of the interface of Al foam@C; (b): HAADF-ACTEM image of Al/C interface of Al foam@C. (color

on line)
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annular dark field (HAADF) image suggested that the
strong interaction of Al-C since the Al atoms and C
atoms were mixed in the interface, which was consis-
tent with energy dispersive spectrometer (EDS) map-
ping image with signal interpenetration between Al
element and C element (Figure S3). Apparently, the
carbonization under high temperature generated the
interaction, favorable to the performance of SCs as
discussed later.

We compared the CV curves of different pouches
to understand the electrochemical performance. The
pouches were firstly treated for 2000 cycles at 25 °C
to remove water or other impurities, and it was re-
garded as initial state. According to Figure 3a, CV
curves showed very prefect rectangle at 20 mV +s™ for
pouch with Al foam@G, while the signal of pseu-
do-capacitance at 3 V was insignificant. After 250-
hour running at 65 °C, the pseudo-capacitance signal
at 3 V became significant. The curves had a tail at 3
V and the area enclosed at 0 ~ 1 V became smaller.
But the total area enclosed at 0 ~ 3 V decreased not

so large. However, upon further running to 500 h, the

total area enclosed at 0 ~ 3 V became much smaller,
indicating the unavoidable loss of capacitance after
long time cycle. Meanwhile, it was observed that the
drop of voltage in the discharge curves of galvanos-
tatic charge/discharge (GCD) became larger from <0.2
V to > 0.5 V with the increase of aging time at 65 °C
(Figure 3c¢). The associated discharge time was short-
ened from 80 s to less than 50 s.

In comparison, for the pouch with Al foam@C, the
shape of CV curves changed insignificant after 500 h,
while similar trends were observed on the GCD
curves (Figure 3b and 3d). Shorter charge time was
also observed with Al foam@C-based pouch, but the
change was also insignificant, compared to the pouch
with Al foam@G. Quantitatively, as shown in Figure
3e, the capacitance values of two pouches were 37 F
and 35.8 F in the initial charge stage, respectively,
which were about 1.42 times and 1.25 times that of
the 2.7 V-EMIBF4 based pouch!. Apparently, in-
creasing the working voltage favored the migration of
ions of ILs into much relatively smaller pores of MC,

enhancing the adsorption of ions of ILs on the surface
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Figure 3 CV curves at 1 A g-1of Al foam@G (a) and Al foam@C (b) at initial state (25 °C) , 250-hour cycling at 65 °C, and
500-hour cycling at 65 °C; GCD curves at 20 mV -s™ of Al foam@G (c) and Al foam@C (d) at initial state (25 °C) , 250-hour cy-
cling at 65 °C, and 500-hour cycling at 65 °C; (e) Capacitance plots of the pouches based on Al foam@G and Al foam@G at dif-

ferent cycling time; (f) Capacitance change rate at different cycling time. (color on line)
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of electrode and exhibiting higher capacitance re-
sponse. Similar capacitance increase result was report-
ed as elevating the cell voltage on the single walled
carbon nanotube electrode™. It decreased slightly at
250-hour test for both, but decreased drastically at
500 h to 27 F for the pouch with Al foam@G. Capac-
itance retention of the pouch with Al foam@G was
only 72%, much lower than that (90%) of pouch with
Al foam@C (Figure 3f). Obviously, the pouch with
Al foam@C exhibited much higher cycling stability
at 65 °C.

As follows, we compared the EIS results of differ-
ent pouches in Figure 4. The Nyquist plots at low fre-
quency for two pouches at initial state were much
close to vertical, associated to the ideal EDLC. Per-
formance decay, including the increases of contact
resistance and the curves at low frequency, which
were gradually deviated from the vertical shape oc-
curred as increasing the cycling time. Moreover, it
was obvious that the equivalent series resistance
(ESR) increased with accelerated aging time at high
temperature of 65 °C. These implied the increasing
serious redox reaction inside™*, the decompositions
of electrolyte and PVDF™® *1 and the production of
gas, which all could result in the slower ions diffu-
sion from electrolyte to electrode™. In comparison,
the serious deviation of pouch with Al foam@G was
observed, in agreement with the resistance change
from GCD tests above (Figure 3c).

To further understand the decay mechanism, Ran-

dles equivalent circuit™>

was used for the line-fitting
of EIS curves (Figure 4d-f). In general, before the
high temperature accelerated aging test, for both two
pouches, ESR and charge transfer resistance (R.)
were very low and close of 0.02 Q and 0.003 (), re-

[31-33

spectively® ., It was higher than ACN-based organic
electrolyte!™ owing to the intrinsic chemistry nature
of ionic liquid of EMIBF,. But the ESR of the pouch
at 3V was only 0.02 () at initial state, far smaller than
that (0.03 ) of the pouch based on 2.7 V-EMIBF,!".
It validated the superior interface effect of Al foam
with carbon layer and the enhanced adsorption effect

of ions on the electrode surface as discussed above.

In addition, advantage of high stability of the
pouch with Al foam@C became remarkable with the
increase of cycling time. As shown in Figure 4g, its
ESR was only 0.05 ) at 500 h, much lower than that
(0.09 Q) of the pouch with Al foam@G. Similar
change trend was observed for R,. There was an ex-
cellent R, of only 0.009 ) at 500-hour cycling, much
smaller than that (0.02 (1) of Al foam@G-based pouch.
Evidently, the strong interaction of carbon layer with
Al in the interface shown in Figure2 was much favor-
able for the charge transfer. In addition, such a struc-
ture seemed to remain stable during the long-time cy-
cling test at 65 °C.

Perverse results were that the fitted value of Z,
(Warburg resistance) became much smaller for the
pouch with Al foam@G (Figure 4h). The fitting results
agreed with the rapid and short charge time as re-
vealed in Figure 3. Z, represents the diffusion proper-
ty of ions from bulk phase to the electrode interface.
Since the electrolytes in two pouches were both in
the same condition of 65 °C, their viscosities re-
mained nearly the same and lower than those at 25 °C.
Thus, the decrease of Z, occurred as increasing the
temperature. But it was unable to explain the differ-
ence in Z, reduction at the same operating tempera-
ture. Here, we attributed to the production of gas that
was larger in the pouch with Al foam@G (Figure
S4), owing to the increased contact resistance and the
increased charge transfer resistance. The presence of
bubbles would exhibit a stirring effect to enhance the
ion movement of ILs to some degree, associated to a
worsen, increased contact resistance but a lowered
Warburg resistance. Gas was produced with the de-
composition of electrolyte during accelerated aging
test with high temperature and high voltage™ *?. Pre-
vious work reported that a gas as bubbles produced in
the interface of current collector always resulted in
the detachment of electrode layer from current col-
lector™ *), Here, the morphologies of both electrodes
before and after aging were characterized. As shown
in Figure SS5a, a comparison of the optical pho-
tographs showed that the macroscopic morphology of

the electrode with Al foam@C remained unchanged
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after 500-hour aging. For the electrode with Al
foam@G, the electrode material fell off more after
500-hour aging, as shown in Figure S5b. Moreover,
the cross-section SEM images are shown in Figure 5.
For the Al foam@C electrode, MC remained tightly
attached to the Al foam skeleton after the aging test
(Figure 5c-d). On the contrast, partial MC detached
causing the Al skeleton to be exposed (Figure 5g-h),
while the electrode material was tightly adhered on
the Al foam initially (Figure Se-f), which was the di-
rect evidence for the failure of interface structure af-
ter aging test.

From the comprehensive analysis, bubbles exhibit-
ed a much serious negative effect, compared to their
positive effect. Considering that the MC electrode

and IL electrolyte were all the same, such difference
was mainly owing to the difference in carbon-Al in-
terface of the current collector. Such comparison re-
vealed that the strong interaction of carbon-Al inter-
face would be crucial to the aging perfor mance of
SCs at high temperature. Here, it was also unable to
exclude the possibility of decomposition of PVDF
adhesive at 65 °C and 3 V for long time, considering
frequent charge and discharge at current density of 1
A-g,

To this date, most of commercial organic elec-
trolyte based SCs are unable to work at 3 V and 65 °C
for long time, ignoring their low contact resistance.
Our results suggested that the system made of MC,

IL, and 3D Al foam current collector with reasonable
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Figure 5 Comparison in SEM images of electrodes before and after aging test. (a-b): the electrode with Al foam@C before aging
test; (c-d) the electrode with Al foam@C after aging test; (e-f) the electrode with Al foam@G before aging test; (g-h) the electrode

with Al foam@G after aging test. (color on line)

designed structure was promising to overcome the
disadvantage, which was mainly attributed to the
higher chemical stability of ILs, and instant electron
and heat transfer via the Al foam. Since the high volt-
age gave much higher energy density, our SC system
deserved further study to meet more requirements in

application.

4 Conclusions

The Al foam was in situ coated with carbon layer
by the carbonization of epoxy resin adhesive or paint-
ed with graphene layer by PVDF adhesive. Then they
were used to fill AC to fabricate the electrode sheets
of a 37 F pouch with IL as the electrolyte. Aging test
at 3 V and 65 °C was conducted and the electrochem-
ical performances including CP, CV and EIS are
compared in detail. The strong interaction of car-
bon-Al interface allowed the pouch exhibiting very
high stability in aging test for 500 h with very small
performance fluctuation. The weak interaction of
graphene with Al foam by PVDF was not so strong
and the PVDF tended to be decomposed in high
temperature aging test. The results suggested that the
carbon-Al interface structure is very crucial to the
long-time cycling stability of SCs. Our SC system
fabricated with MC as the electrode, ILs as the elec-
trolyte and Al foam@C as the current collector was

very promising for the high voltage application with

high energy density.
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