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A B S T R A C T   

Porous carbons are widely used as electrode materials for supercapacitors but the further increase in the per-
formance is restricted by the challenge of tuning the porosity in the single type of carbons. The deteriorated ionic 
dynamics is a bottleneck for thick or high-mass-loading electrodes in the practical applications, requiring a 
rational design of electrodes. Herein, we demonstrate that, by simply stacking films made of carbons with dif-
ferential pore features, the specific capacitance and ionic transport can be optimized based on the stacking order 
in the electrodes. Specifically, we find out that reduced graphene oxide (rGO) with large mesopores can effi-
ciently improve the ionic transport when being placed in the middle, which is further supported by the finite 
element and molecular dynamics simulations. When an activated carbon YP50F, rGO and activated microwave 
exfoliated graphite oxide (aMEGO) are sequentially stacked with aMEGO nearby the separator, a high loading 
(~210 μm, ~10 mg, ~12.7 mg cm–2) of active materials in the electrode delivers the higher capacitances (171.4 
F g–1, 102.8 F cm–3, 2.2 F cm–2) compared to other stacking orders or single types of electrodes, in an electrolyte 
of ionic liquid in acetonitrile at a voltage of 2.7 V.   

1. Introduction 

Owing to high power density, long life-span and fast charge/ 
discharge rate, supercapacitors such as electric double layer capacitors 
(EDLCs) have drawn much attention [1–3]. Nowadays, most of the 
commercial EDLCs are assembled based on carbon electrodes operated 
in organic electrolytes [4]. With decades of research, one has realized 
that the small pores in the EDLC electrode with size close to the ion size 
contribute to the capacitance mainly via adsorption/desorption, while 
the large pores act as an ion buffer for ion transport [5, 6]. To improve 
the specific capacitance, numerous research work has been directed to 
increase the pore volume and/or specific surface area (SSA), e.g., 
through various activation strategies [7–9]. However, high SSA and 
well-developed pores may lower the mass density of the electrode, and 
thus deteriorate the volumetric and areal capacitance, leading to prac-
tically less useful device merits [10,11]. To meet the requirement in 
practical applications, several pore engineering strategies have been 
carried out to successfully enhance the capacitance of high-mass-loading 
electrodes [12, 13]. For instance, Li et al. prepared graphene-based 
monoliths showing a SSA of 891 m2 g–1 and a density of 0.87 g cm–3 

using ZnCl2 activation and capillary drying [14], which were used to 

fabricate a 400 μm-thick electrode with a volumetric capacitance of 150 
F cm–3. Kim et al. developed a spray-drying method for the preparation 
of graphene powder with a density of 1.4 g cm–3 and a SSA of 182 m2 g–1, 
displaying a volumetric capacitance of 259 F cm–3 [15]. Li et al. reported 
freestanding graphene films by precisely adjusting the interlayer 
spacing, which exhibited SSAs from 35 to 612 m2 g–1 and densities from 
1.51 to 0.70 g cm–3; the as-fabricated EDLCs made of such films show an 
impressive volumetric capacitance up to 203 F cm− 3 [16]. 

In thick or high-mass-loading electrodes, charge/discharge is heavily 
restricted by ionic dynamics during adsorption/desorption of ions [17]. 
In an experiment using carbide-derived carbon (CDC) as the electrode, 
the capacitance decreased when the pore size was reduced till a critical 
value of ~1 nm, and then sharply increased, which was presumably 
attributed to the partial removal of solvation shell of ions in the pores 
with size close to the ion size [18–20]. In another study, Gao et al. 
developed a heterogeneous membrane consisting of negatively charged 
mesoporous carbon and positively charged macroporous alumina [21], 
from which a suppression of ion concentration polarization at low 
concentrations was observed, consequently promoting the overall power 
performance. The more efficient ionic transport was attributed to the 
asymmetry of structure, chemical composition and surface charge 
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polarity, which was further verified by an experiment designed using 
three-layer stacking graphene membranes with different pore sizes 
along the thickness direction [22]. It was found that the inner layers in 
the gradient structure stored more charges than the uniform structure 
and ions could diffuse more easily into the thickness direction in the 
gradient electrode. 

Clearly, the heterogeneous structure in electrodes could provide 
more opportunities to regulate the ionic behaviors in the structure, 
which deserves more research attention. In observation of the compli-
cations for creating gradient structure in single type of carbons [23], 
assembling carbons with differential pore features in a stacking would 
be a straightforward way to obtain such heterogeneous electrodes, 
which also allows one to understand the ionic behavior through the 
interfaces in the stacking. Among a large variety of electrode materials, 
three widely used carbons while with clearly different pore features 
have drawn our attention. Activated carbon such as YP50F is a com-
mercial active material in EDLCs because of relatively low costs, high 
SSA (> 2000 m2 g − 1) and good conductivity [4, 24]. Graphene-derived 
carbons, such as reduced graphene oxide (rGO) own superior electrical 
conductivity due to the two-dimensional feature of the structural unit 
while with a relatively low SSA (< 1000 m2 g − 1) [25, 26]. On the other 
hand, activated microwave exfoliated graphene oxide (aMEGO) has a 
reported SSA of > 3000 m2 g − 1 made by restructuring of graphene 
platelets with KOH activation [27, 28]. We expect that the combination 
of these three carbons would give us a hint on the rational design of 
heterogeneous stacking electrodes, providing opportunities to achieve 
the higher performance of high-mass-loading electrodes. 

Herein, YP50F, rGO and aMEGO have been selected as the model 
materials for the design of heterogeneous electrodes. When electrode 
films made of these carbons are stacked to form thicker electrodes, we 
find the charge storage performance is sensitive to the stacking order of 
these films along the thickness direction. Specifically, we identify the 
role of rGO and aMEGO in the stacking as an ion transport channel and 
an ion storage medium, respectively. Based on such understanding, the 
three-layer stacking electrode of YP50F, rGO and aMEGO with aMEGO 
nearby the separator demonstrates the optimized capacitance of ~210 
μm thick electrode with a density of ~0.61 g cm–3 in an ionic liquid 
electrolyte in acetonitrile. 

2. Experimental 

2.1. Characterizations of materials 

rGO and aMEGO were obtained from Sixth Element (Changzhou) 
Material Technology, Inc., and YP50F from Kuraray Inc. (Japan). These 
carbon materials were characterized with Fourier transform infrared 
spectroscopy (FTIR, attenuated total reflection mode, Thermo Nicolet 
nexus-470, US), X-ray diffraction (XRD) with Cu Kα radiation 
(λ=1.5406 Å, tube voltage 40 kV, tube current 30 mA, Rigaku SmartLab, 
Japan), Raman microscopy (LabRAM, RM3000, Renishaw, UK) with 
532 nm laser and X-ray photoelectron spectroscopy (XPS, Thermo 
ESCALAB 250, US) with Al Kα radiation (hν = 1486.6 eV). Argon 
adsorption isotherms were carried out with Quantachrome Nova 2000 
(Quantachrome, USA) at 87.3 K. The films made of these carbons were 
characterized with field-emission scanning electron microscopy 
(FESEM, FEI, Apreo, US). The contact angle of electrolytes on carbon 
films (1 cmⅹ1 cm) was measured by an OCA 20 contact angle mea-
surement system (Dataphysics, Germany). Electrical conductivity of the 
electrode films was measured using a 4-point probe method (Keithley, 
4200-SCS, US). 

2.2. Preparation of electrodes 

To prepare electrodes of aMEGO or YP50F, 95 wt.% active material 
and 5 wt.% polytetrafluoroethylene (PTFE, 5 wt.% water solution) was 
mixed into a paste using a mortar and pestle, rolled into membranes 

with uniform thickness. The rGO membranes were prepared by rolling 
the paste mixture of 80 wt.% rGO, 10 wt.% conductive acetylene black 
and 10 wt.% PTFE. All the membranes were punched into circular 
electrodes with a diameter of 1 cm after drying overnight at 100 ◦C 
under vacuum. The typical weight/volume density/areal density of a 30 
μm thick electrode is about 2 mg/0.85 g cm–3/2.6 mg cm–2, 2 mg/0.85 g 
cm–3/2.6 mg cm–2 or 1 mg/0.42 g cm–3/1.3 mg cm–2, for aMEGO, YP50F 
or rGO, respectively. As a control, YP50F, aMEGO and rGO powers were 
also thoroughly mixed with a mass ratio of 2:2:1 and rolled into films 
following the preparation method of aMEGO or YP50F electrodes, 
denoted as H3. H3 electrode and three-layer stacking electrodes of 
YP50F, aMEGO and rGO have a similar thickness of 90 μm, mass of 5 mg, 
density values of 0.71 g cm–3 and 6.4 mg cm–2. As shown in Figure S1, 
the stacking electrodes are named following the layer sequence of near 
the current collector, in the middle and exposed to the separator. For 
example, a three-layer stacking film with YP50F, rGO and aMEGO 
sequentially arranged from current collector to separator is denoted as 
YRA. Two-layer stacking samples are named in the same way. 

All testing electrodes were prepared into CR2032 cells in a glovebox 
with O2 < 0.1 ppm and H2O < 0.1 ppm with a symmetric two-electrode 
setup. Polypropylene diaphragm (PP) membrane (25 μm) was used as 
the separator and carbon coated aluminum foils (20 μm) used as current 
collectors. A stainless-steel spring was used to maintain the good electric 
contact between electrode with current collector. 1 M 
tetraethylammonium-tetrafluoroborate in acetonitrile (TEABF4/AN), 1 
M TEABF4 in propylene carbonate (TEABF4/PC) or 1 M ethyl- 
methylimmidazolium-tetrafluoroborate in acetonitrile (EMIMBF4/AN) 
was used as electrolyte separately. Cyclic voltammetry (CV), galvano-
static charge and discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) tests were conducted on a PARSTAT MC electro-
chemical workstation (Princeton Company, USA). EIS was carried out in 
a frequency range of 100 to 10 mHz with an alternating current 
perturbation of 10 mV. 

2.3. Electrochemical data analysis 

The specific capacitance was calculated from the discharge curves 
according to the following equations: 

Cg = 4
I Δ t
m ΔV  

Cv = Cgρv  

and Cs = Cgρs ,

where Cg is the specific gravimetric capacitance of the single electrode (F 
g–1), I is the constant charge/discharge current (A), Δt is the discharge 
time (s), m is the mass for two carbon electrodes (g) in a cell and ΔV is the 
voltage difference (V) in discharge. Cv, Cs, ρv and ρs are the specific 
volumetric capacitance (F cm–3), the specific areal capacitance (F cm–2), 
the volumetric density (g cm–3) and the areal density (g cm–2), 
respectively. 

The specific energy density (E, Wh) and specific power density (P, W) 
were calculated using the following equations: 

E =
1
2

CV2,

and P =
E
t
,

where V (V) is the cell voltage and t (h) is the discharge time. 
The Warburg coefficient (σ) was calculated according to the 

following equations: 

Z = |Z ′

| + |Z′′| ,
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ωπ = 2f ,

and Z′′ = R + σω− 1/2 ,

where Z′ and Z′′ are the real and imaginary parts of the impedance, 
respectively; f is frequency in Hz and ω the radial frequency (2πf). 

The complex form of capacitance C (ω) depends on the real part C′

(ω) and the imaginary part C′′ (ω), the latter of which is related to the loss 
of energy dissipation and frequency according to 

C =
− 1

2πfZ′′
and |C| = |C′

| + |C′′| .

3. Results and discussion 

The structural and chemical characterizations of three carbons are 
shown in Figure S2. The XRD patterns show that YP50F and aMEGO 
have a typical porous structure, indicated by the high scattering in-
tensity in the small angles, while rGO shows a layered structure with a 
graphitic peak at ~26◦. The high ID/IG intensity ratio in Raman spectra 
show they are full of disorders and defects. The FTIR and XPS spectra 
indicate that the samples have certain oxygen groups with several per-
centages of oxygen in number of atoms. 

The pore structures of aMEGO, YP50F and rGO analyzed by argon 
adsorption/desorption isotherms performed at 87.3 K are shown in 
Fig. 1a. From the isotherms of aMEGO and YP50F, we can see an obvious 
steep uptake at P/P0 < 0.01 and a H3 hysteresis loop (defined by IUPAC) 
at high pressure region (P/P0 > 0.4), indicating that aMEGO and YP50F 
have a microporous structure with mesopores. In contrast, rGO exhibits 
a mixture of Type-I and Type-IV isotherms with a H3 hysteresis loop, 
showing the co-existence of mesopores and macropores. Calculated with 

the density functional theory (DFT) method, the SSA is 2836.5, 1773.8 
or 467.6 m2 g − 1 for aMEGO, YP50F or rGO, respectively. Pore size 
analysis has been carried out with a hybrid nonlocal DFT kernel, leading 
to distribution curves shown in Fig. 1b. Different from the continuous 
yet broad peaks of rGO in the width range of interest, YP50F or aMEGO 
has distinct characteristic peaks mainly corresponding to pores smaller 
than 3 nm or 9 nm, respectively. The cumulative pore volume (Fig. 1c) 
further shows that the pore volume of YP50F and aMEGO drastically 
increases at pore width of 3 nm or 9 nm, respectively, while the pore 
volume of rGO accumulates continuously. Detailed pore features are 
listed in Table S1. Based on the pore features, the fraction of pores with 
size smaller than 2 nm, 2–10 nm and 10–45 nm is respectively sum-
marized in Fig. 1d. Clearly, aMEGO has a dominant pore size distribu-
tion at 2–10 nm, which accounts for 72.1% of the total pore volume. 
YP50F is composed of 65.7% pores in the width range of 0.5–2 nm and 
25.2% pores in the width range of 2–10 nm. rGO exhibits a broad pore 
size distribution in 10–45 nm, which occupies 80.2% of the total pore 
volume. From the analysis, we can define the dominant pores in YP50F, 
aMGEO or rGO are micropores, small mesopores or large mesopores, 
respectively. 

To investigate the effects of heterogeneous structure on the ionic 
behavior, EIS has been firstly performed on two-layer stacking elec-
trodes made of two of aMEGO, rGO or YP50F membranes with a 
thickness of 50 μm for each. From the Nyquist plots shown in Fig. 2, we 
can get the series resistance (Rs), which is related to the internal 
wettability of electrolyte on the electrode, the conductivity of electrode 
material and the assembly of device [29]. The transfer resistance (Rt) 
corresponding to the semicircle, may come from the sum of the inter-
facial resistance between electrode and electrolyte and the contact 
resistance between electrode and current collector [30]. The 45◦ region 
has been considered as a consequence of equivalent distributed 

Fig. 1. Pore feature characterizations of three carbons. (a) Ar adsorption/desorption isotherms; (b) Pore size distributions with inset showing the enlarged data 
below 10 nm; (c) Cumulative pore volume and (d) fraction of pores in different ranges of widths. 
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resistance (EDR) in a porous electrode, which is associated with the ionic 
diffusion in pores [31]. In the heterogenous stacking films, the ionic 
diffusion is largely influenced by the ionic path especially the interface 
between carbons with different pore features. From the impedance 
spectra, we can see that all the Nyquist plots display a characteristic 
semicircle at high-frequency range related to Rs and Rt, a nearly ideal 
45◦ line at intermediate frequencies and an inclined line closed to 90◦ in 
the low-frequency region. 

Among six sequences for two-layer stackings, stackings of RA and RY 
with rGO nearby the current collector shows the best ionic dynamics 
with similar Rs, Rt and EDR values, as shown in Fig. 2a. From the 
equivalent circuit simulation, we can determine a single ionic interface 
in the stacking. In contrast, when rGO layer is placed nearby the sepa-
rator, e.g., in AR or YR stacking, Rs and Rt increase and the plot at 45◦ is 
significantly elongated, as shown in Fig. 2b. The increased EDR suggests 
that the ionic transport path is hampered. Two resistances (R2 and R3) 
have to be used to fit the semicircle loop and the distorted 45◦ line in AR 
or YR. The comparison between Figures 2a and 2b indicates that, rGO 

with large mesopores benefits the ionic transport under the electrode 
polarization when being buried inside the electrode. In contrast, when 
rGO is exposed to the separator, as in AR or YR, the ionic transport is 
probably hampered by the ‘blocking’ of ions across the aMEGO/YP50F 
and rGO interface. In Fig. 2b, AR shows the better ionic dynamics 
compared to YR, which may be explained by the larger SSA and pore size 
of aMEGO. In addition, when aMEGO and YP50F are stacked (Fig. 2c), 
the ionic dynamics of the heterogenous electrode is similar for YA or AY 
with comparable Rt and EDR; Rs of YA is slightly smaller than that of AY, 
possibly due to the higher electric conductivity of YP50F (Figure S3). 

Based on the EIS results, molecular dynamics (MD) simulations were 
performed by comparing different two-layer stackings to understand the 
ionic transport across the heterogeneous layers (Figure S4a). Figure S4b- 
d clearly indicate the higher ionic transport efficiency when the larger 
pores are buried inside the electrode (Model 2), in contrast to the 
accumulation of abundant ions at the interface when the smaller pores 
are inside (Model 1) [32, 33]. Finite element simulations were also 
carried out to simulate the ionic diffusion for three-layer stackings, as 

Fig. 2. Nyquist plots of symmetrical cells based on (a) RA and RY; (b) AR and YR; (c) YA and AY in EMIBF4/AN (Inset images: schematic structures and equiva-
lent circuits). 

Fig. 3. (a) Simulated concentration distribution of ions for YRA or ARY configuration after charging for 0.5 s; (b) Concentration evolution along the thickness 
direction for YRA or ARY with charging time; Schematic of ions distribution in (c) YRA or (d) YAR. 
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shown in Figure S5. In the modeling, the diffusion rate of three carbons 
was assumed as in an order of rGO > aMEGO = YP50F to highlight the 
effect of position of rGO in the stackings. As shown in Figures 3a and 3b, 
when rGO is placed in the middle, e.g., in YRA or ARY, the simulated ion 
distribution shows no ion accumulation at the interfaces, and the ion 
concentration reaches a reasonably high value after charging for 1 s. In 
contrast, an ion blocking is observed inside the electrode for the other 
two situations, leading to the relatively low ion concentrations 
(Figure S6). The simulations indicate the efficient ionic transport of rGO 
when being placed in the middle, especially when the layer nearby 
electrolyte can adsorb enough ions for the following diffusion, as sche-
matically shown in Fig. 3c [34–36]. In contrast, an ion aggregation 
between rGO and aMEGO/YP50F layers is formed when rGO is directly 
exposed to the electrolyte, leading to a sluggish ionic transport (Fig. 3d). 

Based on the results above, a proper design of stacking orders should 
be able to improve the performance of stacking electrodes of three 
layers. The SEM images in Figure S7 clearly show the interface in the 
stacking, as three carbons have different density, morphology and pore 
features. In the following three groups of samples with a similar thick-
ness of 90 μm are compared, i.e., Group I: membranes made of single 
carbons (YP50F, aMEGO, rGO) or their uniform mixture (H3), Group II: 
six stacking electrodes of three different layers (YRA, ARY, RYA, AYR, 
YAR, RAY), and Group III: three-layer stackings with rGO in the middle 
while another carbon on both sides (ARA, YRY). The CV curves 
measured at 200 mV s–1 in Figures S8a-S8c demonstrate quasi-rectangle 
shapes and the GCD measurements carried out at 1 A g–1 in Figures S8d- 
S8f show triangle charge/discharge curves for all 12 samples in 1 M 
EMIMBF4/AN electrolyte till a voltage of 2.7 V, indicating the nearly 
ideal capacitive behavior of all the electrodes. Specific capacitance 
values have been calculated from a systematic GCD testing performed at 
currents till 20 Ag–1 (Figure S9), summarized in Fig. 4a. From the data of 
gravimetric capacitances, we can see the following trends: 1) Group I 
samples, except for H3, generally have the lower specific capacitances 
for the electrode thickness of 90 μm. Electrodes made of rGO only give a 
capacitance value of 71 F g–1 at 1 A g–1; 2) Group II samples spread in a 

wide range, but two samples with rGO in the middle (YRA, ARY) 
demonstrate the best capacitances among all the six stackings of three 
different carbon layers. At 1 A g–1, YRA and ARY show similar specific 
capacitance values above 200 F g–1, higher than H3 (190.7 F g − 1); 3) 
With rGO in the middle, replacing YP50F with aMEGO (leading to ARA) 
or replacing aMEGO with YP50F (leading to YRY) based on YRA or ARY 
has resulted in the deteriorated performance, but ARA shows much 
higher values than YRY. 

The comparison has demonstrated the advantage of heterogeneous 
electrode design, especially when rGO is buried inside the electrode. It 
worth noting that, although ARY and YRA have similar capacitances at 1 
A g–1, ARY shows more significant degradation at high currents than 
YRA, highlighting the importance of aMEGO when being placed nearby 
the separator. On the other hand, the lower capacitance of ARA 
compared to YRA indicates the necessity for the existence of YP50F, 
especially when being placed nearby the current collector. This could be 
explained by the higher electric conductivity of YP50F, consistent to the 
EIS measurement of two-layer stackings. Interestingly, H3 electrode 
made by uniformly mixing the three carbons in the slurry shows the 
better performance than the electrodes made of single type of carbons, 
verifying the effect of heterogeneous structure even on the micrometer 
scale, which has led to the relatively smaller Rs, Rt and EDR values 
compared to the single types of carbons, as shown in EIS results in 
Fig. 4b and the fittings in Figure S10a. H3 also shows the highest elec-
trical conductivity among all the electrodes (Figure S3). From Fig. 4b, 
we again see the role of rGO in the middle, leading to generally the 
lowest ionic resistance among all the samples. Specifically, when rGO is 
placed in the middle layer, a single interface is formed, as can be seen 
from the curves and fittings for YRA/ARY and ARA/YRY, in 
Figures S10b and S10c. In contrast, two semicircles have been identified 
from AYR/RYA and YAR/RAY stacking electrodes (Figure S10d). 

The Bode plots are shown in Figures 4c and 4d, in which shift to the 
higher frequency of C′ or the shorter dielectric relaxation time (1/f, τ0) 
in C′ ′ suggests the quick response of ions under polarization [37, 38]. 
From the plots we can see that, YRA or ARY shows the faster polarization 

Fig. 4. Electrochemical characterizations of 12 different three-layer stacking electrodes in EMIBF4/AN: (a) Specific gravimetric capacitances at different current 
densities; (b) Nyquist plots with inset showing the enlarged view in the range of high frequencies; (c) Real capacitance and (d) imaginary capacitance plots. 
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at highest frequencies and the smallest τ0 among all the electrodes. The 
polarization equilibration of ARA is obviously faster than YRY. The 
faster equilibration of the polarization for H3 electrode again shows the 
promising design of microscopic heterogeneous structure, which de-
serves further investigations in the future. 

The EDLC performances of 90 μm thick electrodes made of three- 
layer stackings have also been measured in 1 M TEABF4/AN or 
TEABF4/PC electrolyte, with the electrodes made of single types of 
carbons or H3 as contrast. From the CV and GCD data shown in 
Figures S11 and S12, we can identify the similar trends as obtained in 1 
M EMIBF4/AN, with the best performances from YRA stacking. 
Figures S13 shows the faster ionic dynamics of YRA and of H3 compared 
to the stacking electrodes and the single type of carbons. The gravimetric 
capacitance of 90 μm thick YRA electrodes measured as 1 A g–1 is 176.7 
or 200.6 F g–1 in TEABF4/AN or TEABF4/PC, respectively. The different 
performances of these electrodes in different electrolytes could be 
related to their different wetting situations, as exampled in the contact 
angle measurement in Figure S14a. From the statistics of contact angles 
in Figure S14b, we can see that TEABF4/PC shows the best wetting 
among three electrolytes studied. Very interestingly, when rGO is buried 
in the middle, the contact angle of YRA or ARY are smaller than aMEGO 
or YP50F, respectively. 

The heterogeneous stacking design may provide us a good oppor-
tunity to further optimize the performance towards even thicker elec-
trodes or higher mass loading, as it is considered a challenge to realize 
both high volumetric and areal capacitances [39]. Films made of 
aMEGO, rGO or YP50F with 70 μm for each have been stacked in YRA 
configuration and tested in 1 M EMIMBF4/AN. The thickness, mass and 
density per electrodes is ~210 μm, ~10 mg, and ~0.61 g cm–3/~12.7 
mg cm–2. Figures 5a and 5b show that the thick electrode maintains the 
double-layer capacitance behavior, indicated by the quasi-square CV 
curves and quasi-triangle charge/discharge curves. The gravimetric, 
volumetric and areal capacitance of YRA at 1 A g–1 is 171.4 F g–1, 102.8 F 
cm–3 and 2.2 F cm–2, which remains 118.8 F g–1,102.8 F cm–3 and 1.5 F 

cm–2 at 20 A g–1, respectively. The electrode possesses a retention of 
90.21% and nearly 100% columbic efficiency after 20,000 cycles tested 
at a current density of 10 A g − 1, implying good cycling stability 
(Fig. 5d). As shown in Fig. 5c, we can see volumetric and areal capaci-
tance of YRA are much higher than the single types of carbon H3 
(Figure S15) and many other carbon-based electrodes with the similar 
thicknesses tested under comparable conditions (listed in Table S2). As 
the thickness (210 μm) and density (0.61 g cm–3) of YRA electrode is 
close to the electrode parameters in practical applications, the energy 
density of 43.4 W h Kg− 1 (at 1 A g–1) could lead to a practically useful 
device energy of above 13 W h Kg− 1 if we presume the active material 
occupy 30 wt.% it the device [11,40]. 

4 Conclusion 

In this work, we have designed a series of heterogeneous electrodes 
by stacking different carbon films which own different pore size distri-
butions. A comprehensive comparison has led to our cognition regarding 
the efficient ionic transport of rGO inside the stacking. Combining the 
sufficient supply from aMGEO due to the high SSA, the electrochemical 
performance of the stacking films has been optimized. The three-layer 
stacking electrodes with a thickness of 210 μm, following the stacking 
sequence of YP50F, rGO and aMEGO, have shown a gravimetric 
capacitance of 171.4 F g–1, volumetric capacitance of 102.8 F cm–3 and 
areal capacitance of 2.2 F cm–2 in 1 M EMIBF4/AN electrolyte at a 
voltage of 2.7 V. Such a strategy may open more opportunities for 
improving the supercapacitance of thicker or high mass loading 
electrodes. 
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