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ABSTRACT: Next-generation supercapacitors, lithium-ion capacitors (LICs), are
generally limited by the much lower specific capacity of capacitive cathodes than that
of the Li-insertion type anode due to the low capacitance contribution of solvated ions
stored in large pores and the sluggish transfer of desolvated ions stored in small pores.
Hence, a model system of porous carbons with a willfully tailored pore structure for the
systematic study of capacitive cathodes is the key to further developing LICs. Herein, a
series of porous carbons with tailored pore size distributions in 0.5−4 nm are
synthesized through the dynamic template effect and molten salt etching of CuCl using
L-glutamic acid as the carbon precursor. The electrochemical tests indicate the
accessibility of desolvated ions (Li+ and PF6

−) in 0.56 nm sized ultramicropores to
contribute a high surface-area-normalized capacitance. Furthermore, the transfer
kinetics of desolvated ions can be effectively accelerated by combining the utilization
of 1−1.5 nm micropores without filling massive electrolytes in the pores. Finally, after
matching the porous carbon cathodes with a hard carbon anode, the optimization of pore size distribution is proved to significantly
boost the energy density of the device.
KEYWORDS: Li-ion capacitor, porous carbon, ion desolvation, pore size distribution, three-electrode test

1. INTRODUCTION
As the next generation of supercapacitors, lithium-ion
capacitors (LICs) have been developed rapidly due to their
advantages of instant energy storage, long cycle life, and wide
operation temperature, which have surpassed conventional
electrical double-layer capacitors (EDLCs) with the limited
energy density. Generally, LICs with a hybrid configuration of
batteries and capacitors are constituted with an EDLC-type
cathode of capacitive carbon, a battery-type anode with low Li-
insertion potential, and a carbonate-based Li-ion electrolyte
with a high voltage window up to 4.5 V.1,2 However, based on
the bucket effect of a full capacitor, the specific capacity of an
adsorption-type cathode much lower than that of an insertion-
type anode is the main bottleneck for the further improvement
of energy density.1,3−6

Generally, deeply chemical activations using KOH, K2CO3,
etc. as activators1,7 for carbon precursors can gain a high
surface area and is a straightforward solution for enhancing
specific capacitance. However, the capacitance of porous
carbon does not simply increase with the surface area in
linear.8,9 Moreover, even after rolling for the cathode, high
pore volume would decrease the electronic conductivity and
result in massive electrolytes filling in pores, leading to a
significant decrease in energy density.10

From the calculation of capacitance in eq 1, except for a high
surface area (S), a small distance (d) between carbon walls and
charged ions is a key parameter to increase the capacitance. In

2006, Gogotsi et al.11−13 found that if the pore size was close
to the sizes of exposed ions (1 M TBABF4 dissolved in PC),
the ion desolvation will lead to an anomalous increase of
capacitances. Unfortunately, the transfer kinetics of desolvated
ions is decelerated by the narrow pores under 1 nm as well as a
sluggish desolvation process.14

C S kd/4= (1)

The electrolytes of LICs usually consist of mixed linear/cyclic
carbonates as the solvents, and Li+ and PF6

− act as the cation
and anion, respectively. From the theoretical calculations,15,16

PF6
− can be easily desolvated due to its large size of 0.46 nm

and low binding energy of −70 kJ/mol. In contrast, Li+ is
difficult to be completely desolvated by electrostatic adsorption
due to its binding energy up to −400 kJ/mol.15,16 Meanwhile,
the solvated Li+ in a tetrahedral structure with a large size of
∼1.8 nm makes it very difficult to enter the subnanopores (<1
nm), much different than the diluting ionic liquids with organic
solvents reported before (such as EMIMBF4 in AN).17 It is
speculated that the partial desolvation process can transform
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solvated Li+ into a planar structure with a minimum size of
0.56 nm,15 but this speculation has not been confirmed by
experimental characterization yet.

From the sizes of Li+ and PF6
−, the micropores less than 0.6

nm are predicted to match with their desolvated ions. Such
small micropores with a high specific surface area and low pore
volume would enhance the capacitance of the cathode and
meanwhile being filled with a few electrolytes. However,
remedying the sluggish transfer kinetics of desolvated ions in
narrow pores becomes a critical issue.

To investigate the relationship between pore size distribu-
tion (PSD) and ion desolvation, it is necessary to control PSD
as a single variable of porous carbon cathode. However, the
precise regulation of PSD by conventional activation methods
is very hard in the range of micropores (0−2 nm). Moreover,
other variables like the pseudocapacitance from heteroatoms
(N and O)18−20 influenced by different carbon sources and
activators will also disturb the electrochemical investigation.21

Therefore, it is urgent to establish a method for the synthesis
of porous carbons with tailorable PSDs, especially in the range
of micropores. These porous carbons would be used as a
model system for the fundamental understanding and the
prerequisite of boosting capacitance by ion desolvation.

Mesopores (2−50 nm) and macropores (>50 nm) can be
easily regulated by the soft/hard templating agents (such as
F127 block polymer,22 monodisperse SiO2 spheres,23 molec-
ular sieves,24 etc.). On this basis, we have studied the transfer
kinetics of electrolyte ions in the mesopores of various sizes.25

When the template agent is matched with the size of
micropores, one would expect to construct a model system
for the fundamental investigation of ion desolvation by
accurately controlling the size distribution of micropores.

In this study, we have taken L-glutamic acid as the carbon
precursor, in situ generated CuCl as the dynamic template
followed by molten salt etching to prepare porous carbons with
tailored PSDs, which are subsequently used as the model for
the investigation of capacitive behavior during ion desolvation.
The 0.56 nm ultramicropores can store the desolvated ions to
achieve a high surface-area-normalized capacitance, while their
sluggish kinetics of transfer can be effectively accelerated by
the pores in the sizes of 1−4 nm. Considering the negative
effect of electrolytes filled in pores on the energy density, the
porous carbon cathode with the dominated 0.56 nm
ultramicropores and an appropriate amount of 1−1.5 nm
micropores can show a high specific capacitance of 130.3 F/g
as well as superior capacitance retention of 78% at 10 A/g.

2. EXPERIMENTAL SECTION
2.1. Chemicals. L-Glutamic acid (99%), copper(II) chloride

dihydrate (AR), and hydrochloric acid (37 wt %) were all purchased
from Aladdin Chemical Reagent Co., Ltd. (China) and used without
further purification.

2.2. Synthesis of Porous Carbons with Tailored Pore Size
Distributions. The synthesis procedure of porous carbons (PCs)
with tailored pore size distributions was based on our previous work
with some modifications,26 i.e., adjusting the amount of CuCl2
addition and the velocity of Ar gas during pyrolysis. First, 2.016 g
of L-glutamic acid was dissolved in 60 mL of deionized (DI) water at
60 °C. Afterward, a certain amount of CuCl2·2H2O was dissolved in
10 mL of DI water and mixed with the above solution under vigorous
stirring. Subsequently, the solution was rotary evaporated, followed by
drying at 90 °C overnight to form a brown coordination compound,
denoted as Glu-Cu(II). Under a certain velocity of Ar gas, the
precursor was heated to 150 °C (3 °C/min) for 1 h and then heated

to 900 °C (5 °C/min) for 2 h. After natural cooling, the product was
treated with 37 wt % HCl to remove the residual Cu species and
washed with DI water to be neutral. When fixing the velocity of Ar gas
as 80 mL/min, the molar ratios of Glu and Cu2+ were set as 1:2, 1:4,
and 1:6 to obtain the samples of PC-1, PC-2, and PC-3, respectively.
When fixing the molar ratio of Glu/Cu2+ as 1:6, the velocity of Ar gas
was set as 40 and 180 mL/min to obtain the samples of PC-3-40 and
PC-3-180, respectively.

2.3. Material Characterizations. N2 sorption isotherms were
measured at 77.4 K by an ASAP 2020 device (Micromeritics
Instruments), and the PSDs were calculated from the adsorption
branches based on nonlocal density functional theory (NLDFT). CO2
sorption isotherms were measured at 273.1 K by an Autosorb-iQ
device (Quantachrome Instruments), and the corresponding PSDs
were also calculated from the adsorption branches based on NLDFT.
The porous carbons before absorption measurements were all
degassed under 0.05 mTorr at 200 °C for 12 h. Powder X-ray
diffraction (XRD) measurements were taken on a PANalytical
X’Pert3 powder diffractometer with Cu Kα radiation (λ = 1.5406
Å). X-ray photoelectron spectroscopy (XPS) analysis was performed
on an ESCALAB XI+ device (Thermo Fisher Ltd.) with a
monochromatic X-ray (Mg Kα) source. Fourier transform infrared
spectroscopy (FTIR) analysis was conducted by a Nicolet 6700
device (Thermo Fisher Ltd.). Cu contents of the porous carbons were
measured by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) on an Optima2000DV (PerkinElmer Ltd.).

2.4. Electrochemical Measurements. For the electrochemical
measurements in a carbonate-based Li-ion electrolyte, the cathode
and anode were prepared by mixing 80% active material, 10%
conductive carbon black (super P, TIMCAL company), and 10%
binder (CMC and LA133) in deionized water. The slurries were
spread on Al and Cu foil for the cathode and anode, respectively, and
then vacuum-dried at 100 °C overnight. The diameter of electrode
disks was 12 mm, and the mass loadings were 2−4 and 1−2 mg for
the cathodes and anodes, respectively. The tests of single electrodes
were conducted in coin cells using a Li-ion electrolyte of 1 M LiPF6
dissolved in mixing ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) with a volume ratio of 3:7. Li metal was used as the
reference electrode and counter electrode. Galvanostatic charge−
discharge (GCD) tests of the PC series were conducted within the
potential range of 2−4.2 V (vs Li/Li+) from the current densities from
0.2 to 10 A/g. Cyclic voltammetry (CV) measurements were
conducted within the potential range of 2−4.2 V, and the
electrochemical impedance spectroscopy (EIS) measurements were
performed from 100 kHz to 0.01 Hz. CV and EIS measurements were
conducted on a CHI660E electrochemical workstation (CH Instru-
ments Inc.). Long cycling measurements were conducted using a
Neware CT4000 instrument in an incubator at 30 °C. Furthermore,
the electrochemical stabilities of PCs were investigated using 5 GCD
cycles at 0.2 A/g and 8 h voltage holding tests (VHTs) at the constant
potential of 4.2 V four times.

Using the same electrolyte with the single-electrode tests, full
capacitors were assembled by the selected cathodes and a prelithiated
anode (charging and discharging five cycles with a final discharging
for 100 mAh/g) in the mass ratio of 2:1. Cyclic voltammetry (CV)
and cycling stability measurements were tested in the range of 0.5−4
V. The three-electrode tests were tested using metallic Li as the
reference electrode.

For the electrochemical measurements in an aqueous Li-ion
electrolyte (1 M LiOH dissolving in water), the working electrodes
were prepared by mixing 80% carbon sample, 10% super P, and 10%
PTFE binder (Dakin Ltd., 60 wt % dispersing in water) in ethyl
alcohol. The mixture was rolled into a film and punched for an
electrode disk with a diameter of 12 mm and mass loading of 2−3 mg.
After drying at 100 °C under vacuum overnight, the electrode disks
were pressed over a nickel foam collector as working electrodes and
performed within 0.05 to −0.95 V using the reference electrode of
Hg/HgO (0.098 V vs SHE) and the counter electrode of Pt plate.
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3. RESULTS AND DISCUSSION
3.1. Material Characterizations. The schematic illus-

tration of dual pore-creating mechanisms of CuCl is shown in
Figure 1, where the functional groups of −NH2 and −COOH
in L-glutamic acid (denoted as Glu) were evenly coordinated
with the transition metal of Cu2+ in the precursor. In Figure 2a,
the FTIR spectrum of Glu can be classified for ν(C�O) and δ
(−NH2) at 1682 and 1580 cm−1, respectively, and both appear
a blue shift in the coordination compound, denoted as Glu-
Cu(II). The heteroatoms of N and O can provide lone pair
electrons to Cu2+, thus reducing the electron concentration of
the adjacent C atom and strengthening the bonding of C�O
and N−H.

During the initial thermal treatment (<426 °C), the
reduction atmosphere produced by the decomposition of
Glu can transform CuCl2 into a covalent compound of CuCl to
create the micropores in the precursor by the volatilization of
CuCl. According to the ion radius of Cu+ (0.077 nm) and Cl−
(0.181 nm), CuCl with the molecular structure of Cu2Cl2 in a
configuration of a tetragonal plane is estimated to the size of
0.52 nm. Owing to the empty d orbital, Cu2+ can form dsp2

hybridization with Glu in the molar ratio of 1:1.26 Hence, the

molar ratios of 2:1, 4:1, and 6:1 herein are all higher than the
theoretical molar ratio. Until the temperature increases to the
melting point of CuCl (432 °C), it can be converted into
molten salt to etch the carbon matrix and create the pores.

Before HCl washing (Figures 2b and S1a,b), the surface of
sample PC-3 shows intensive small particles,27 confirming that
the uniform volatilization of CuCl makes copper species
agglomerate and form small particles during thermal annealing.
Meanwhile, the EDS images (Figure S1c−g) reveal the
distributions of Cu, O, and Cl on the surface of the particles.28

After HCl washing (Figure S2), the SEM image of PC-3 shows
a smooth surface without any copper species, and the EDS
characterization can only detect the distributions of C, O, and
N. Moreover, the Cu content in the bulk phase is measured for
only 0.04 wt % from the characterization of ICP-AES,
confirming no residual Cu species after HCl washing. As
seen in Figure S3a, PC-3 shows the morphology of a bulk
particle with some small particles. TEM images (Figure S3b,c)
show that the carbon matrix is highly amorphous and no
mesopore can be seen in PC-3.

As confirmed by XRD, the velocity of Ar gas can significantly
influence the residual Cu species after the heat treatment. In

Figure 1. Schematic illustration of dual pore-creating mechanisms of the dynamic template effect and molten salt etching by evenly distributed
CuCl.

Figure 2. (a) FTIR spectra of Glu and the coordination compound of Glu-Cu(II) at a molar ratio of 6:1; (b) SEM image of PC-3 before HCl
washing; (c) XRD patterns of PC-3 before HCl washing; and (d) XRD patterns of PCs after HCl washing.
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Figure 2c, the characteristic peaks of CuCl get weakened with
the increase of gas velocity from PC-3-40 to PC-3-180,
possibly owing to the fast Ar flow taking away the gaseous
CuCl above Glu-Cu(II). The rapid volatilization of CuCl at
high temperatures can reduce the etching effect of molten salt,
and the rapid vanishment of reduction atmosphere makes the
characteristic peaks of Cu2O significantly shown in PC-3 and
PC-3-180 (O atoms may come from the carboxyl functional
group coordinated with Cu2+). In addition, the metallic Cu
coming from Cu species is reduced by the carbon matrix and
reducing atmosphere. The proportions of Cu species in
pyrolysis products (including Cu, CuCl, and Cu2O) from the
gas velocity of 40, 80, and 180 mL/min were 84.9, 73.0, and
66.5% (Table S1), respectively, revealing that the residual Cu
species decreased with the velocity of Ar gas. Moreover, the
lower carbon yield of PC-3-40 than PC-3 (11.4 vs 17.8%) is
due to a dramatic etching effect. In Figure 2d, all XRD patterns
of PCs after HCl washing correspond to the characteristic
peaks of amorphous carbon, and the crystallinities of Lc and La
listed in Table 1 are calculated by the Scherrer formula.
Because of the catalytic effect of Cu2+ for graphitization,26 PC-
1 added with a low content of Cu2+ shows a lower crystallinity
than PC-2 and PC-3. In addition, the lower crystallinity of PC-
3-40 than those of PC-3-180 and PC-3 is due to a dramatic
etching effect.

The PSDs of PCs are measured by N2 sorption in Figure 3a,
where the significant hysteresis loop in the isotherm of PC-3-
40 represents abundant mesopores, but type I isotherm of the
other PCs is the feature of a microporous structure. Owing to

the enhancement of the etching effect, the specific surface area
and pore volume of the micropores above 1 nm gradually
increase from PC-1 to PC-3 in Figure 3b,c. Among them, the
surface area and pore volume of sample PC-1 are mostly from
the 0.56 nm ultramicropores, and the maximum pore sizes of
PC-2 and PC-3 are 1.18 and 1.44 nm, respectively. Moreover,
the pores of PC-3-40 mostly located at 1−4 nm result its Vtotal
up to 1.72 cm3/g (Table 1), much higher than those of PC-3
(1.02 cm3/g). The sluggish volatilization of CuCl by the low
velocity of Ar gas during thermal annealing can enhance the
etching effect of molten salt to incorporate many ultra-
micropores and make the pores of PC-3-40 mostly located at
1−4 nm. Although the SBET of PC-3-40 is as high as 2467 m2/
g, its accumulated SBET at the pore sizes below 1 nm is lower
than those of PC-3 and PC-3-180 (Figure 3b), owing to the
etching effect incorporating many small micropores of PC-3-
40. In contrast, PC-3-180 with a Vtotal of only 0.82 cm3/g
exhibits the PSD concentrated at 0.56 nm due to the etching
effect weakly (Figure 3c). Moreover, the pores less than 1 nm
are investigated more accurately by CO2 sorption tests, and the
results in Figure 3d show the pore ratios in the range of 0.5−1
nm nearly corroborating with the N2 sorption results above.

To exclude the influence of heteroatoms on the capacitance,
the surface elements of PC-1, PC-3, and PC-3-40 were
investigated by XPS measurements. As seen in Figure S4, the
samples show only a little difference in heteroatom contents
owing to their same carbon source of L-glutamic acid. The N
and O contents of PC-1 are slightly higher than those of PC-3-
40, possibly due to the heteroatoms reduced by a dramatic

Table 1. Synthesis Parameters, Pore Parameters, and Crystallinities of PC Seriese

sample Glu/Cu2+a yieldb (%) Vtotal(cm3/g) Vmicro(cm3/g) Smicro(m2/g) SBET(m2/g) La
c (nm) Lc

d (nm) Csan(mF/m2)

PC-1 1:2 18.5 0.41 0.40 959 963 1.1 1.8 22.8
PC-2 1:4 19.3 0.83 0.82 1913 1917 1.3 2.4 58.9
PC-3 1:6 17.8 1.02 0.92 2103 2149 1.3 2.2 60.6
PC-3-40 1:6 11.4 1.72 1.28 2247 2467 1.1 2.0 57.5
PC-3-180 1:6 15.0 0.82 0.73 1657 1681 1.4 2.5 79.2

aMolar ratio of L-glutamate acid to Cu2+. bMass ratio of porous carbon to the used L-glutamate acid. cThe crystal size at the (101) direction of
porous carbon. dThe crystal size at the (002) direction of porous carbon. eThe surface-area-normalized capacitance calculated from SBET and the
specific capacitance at 0.2 A/g.

Figure 3. (a) N2 sorption isotherms, (b) cumulative area vs pore sizes, (c) pore size distribution calculated from N2 sorption isotherms, and (d)
pore size distributions calculated from CO2 sorption isotherms for PC-1, PC-2, PC-3, PC-3-40, and PC-3-180.
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etching of molten salt. From the high-resolution C 1s and N 1s
spectra (Figure S5 and Table S2), PC-3-40 with a high pore
volume and surface area exhibits the lowest content of C�C,
and PC-1 with a weak etching effect can retain the highest
content of graphitized nitrogen (N-5 and N-6).

3.2. Electrochemical Tests of Single Electrodes in a
Carbonate-Based Li-Ion Electrolyte. The capacitive
behaviors of PCs can reveal the influence of ion desolvation
by pore size distribution. In a carbonate-based Li-ion
electrolyte (1 M LiPF6 in EC/EMC = 30:70 vol %), the
cyclic carbonate of EC is an essential component for the
formation of solid electrolyte interphase (SEI) of the Li-
insertion anode, and the dielectric constant of EC up to 89.8
(25 °C) is conducive to the solvation of LiPF6 but detrimental
to its desolvation.16,29,30 From the theoretical calculation,15,31

the energy of Li+ binding with carbonate can reach −400 kJ/
mol, while PF6

− with a larger size is only −70 kJ/mol, meaning
that Li+ is much more difficult to be desolvated than PF6

−.32

The GCD tests of PCs are conducted in Figure 4a−c. As
seen in Table 1, the surface-area-normalized capacitance (Csan
= C/SBET) of PC-3-180 is much higher than that of PC-3-40 at
0.2 A/g (79.2 vs 57.5 mF/m2), confirming the accessibility of
ions into 0.56 nm micropores by a complete or partial
desolvation for contributing a high capacitance. Moreover, the
surface-area-normalized capacitance of commercial carbon
(YP-80F, Kuraray company) is lower than that of PC-3
(50.1 vs 60.6 mF/m2), due to the fact that the pore size
distribution of PC-3 is more concentrated than YP-80F of less
than 1 nm (Figure S6). Compared with PC-3-40, PC-3-180
exhibits lower capacitance retention and higher IR drop at a
high current density of 10 A/g. Hence, the sluggish kinetics of

ion transfer in 0.56 nm micropores will reduce capacitance
retention and enlarge IR drop, but the pore size distribution at
1−4 nm in PC-3-40 can accelerate ion transfer. Furthermore,
the higher capacitance retention at 10 A/g (78 vs 56%) and
lower IR drop (0.73 vs 1.06 Ω) of PC-3 compared to PC-2 are
speculated due to the 1.44 nm micropores in PC-3 (Figure 3c).

In the anodic scan of the CV curve (Figure 4d), PC-2
exhibits a significant distortion at 2−2.8 V, quite different from
the regular rectangle shape of PC-3, which can be considered
as an ion polarization by the hysteresis of charge transfer in the
pores less than 1 nm.14,33 In a carbonate-based Li-ion
electrolyte, the capacitance in the range of 2−3 V (vs Li/
Li+) is mainly from the electrostatic sorption of Li+, while 3−
4.2 V is mainly from PF6

−.34,35 Therefore, this distortion at 2.8
V indicates the more sluggish transfer of Li+ than that of PF6

−

owing to strong solvation.
PC-1 only with pores less than 1 nm exhibits a surface-area-

normalized capacitance of 22.8 mF/m2, possibly limited by a
sluggish transfer of ions. Based on the CV curves at various
scan rates (Figure S7), the b values of PC-1, PC-2, PC-3, and
PC-3-180 calculated by eqs 2 and 3 are 0.58, 0.91, 1.01, and
0.90, respectively, where b = 1 indicates the behavior of
unlimited ion diffusion and b = 0.5 means a totally limited ion
diffusion.36−38

i avb= (2)

i a b vln ln ln= + (3)

From the CV curve of PC-3-180 scanning at 20 mV/s (Figure
S7d), a pair of peaks appearing at 2.5−3.3 V is due to an ion
polarization effect but not a redox reaction. This is because the

Figure 4. Comparisons of (a) specific capacitances and (b) IR drops for PCs at various current densities; (c) GCD curves of PC-3 at various
current densities; comparisons of (d) CV curves, (e) EIS result, and (f) the enlarged image of EIS (the inset is the corresponding equivalent circuit
diagram) for PCs; (g) long cycle test of PC-3 at 5 A/g.
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rectangular shape of CV curve scanning at 5 mV/s indicates
the capacity of PC-3-180 mainly from a double electrical layer
(Figure S7d). In contrast, the remarkable peaks of the CV
curve of PC-1 scanning at 5 mV/s prove a more serious
polarization effect (Figure S7a). Therefore, the low specific
capacitance of PC-1 is inferred due to the sluggish transfer of
desolvated ions in the pores less than 1 nm. PC-3 exhibits the
highest b value of 1.01 among other PCs in Figure S7, meaning
that the transfer of desolvated ions is accelerated by 1−1.5 nm
micropores in PC-3. According to the EIS results in Figure 4e,f
and Table S3, the Warburg impedance (Wo) of PC-1 is much
higher than that of PC-3 (1105.0 vs138.1 Ω), corresponding to
the results of CV and GCD. As seen in Figure 4g, PC-3
maintains 82% of its initial capacity after 8000 cycles and
shows a similar GCD curve before and after cycling. Owing to
the high reversibility of the double electrical layer, its
Columbic efficiency of each cycle is above 99%. Meanwhile,
the SEM images in Figure S8 show that there is no obvious
difference on the surface of PC-3 before and after cycling tests.
In Figure S9, the floating voltage test after 32 hours at a high
voltage of 4.2 V confirms the good electrochemical stability of
PC-3 (132.6 decreased to 131.7 F/g).

PC-3-40 owns the highest specific capacitance among all
PCs based on the mass of active materials, but the massive
electrolytes filled in the pores of 1−4 nm will significantly
reduce the energy density in a practical device. Generally, the
bulk electrolyte outside the pores can be reduced by increasing
the sphericity of material particles or employing a quasi-solid
electrolyte, but the electrolyte inside the pores is indispensable
for the double electrical layer. According to eq 4, the capacitive
behavior influenced by PSD is investigated by calculating Cfilled
(F/g) based on the total mass of the active materials and the
electrolytes filled in pores. The density (ρ) of the used
carbonate-based electrolyte is 1.31 g/mL, and the volume of
electrolytes filled in pores is the total pore volume (Vtotal)
tested from N2 sorption. At a current density of 0.2 A/g, the
Cfilled of PC-2, PC-3, PC-3-40, and PC-3-180 is calculated for

53.6, 55.8, 43.6, and 64.3 F/g, respectively. Therefore, PC-3-40
with a high pore volume exhibits the lowest Cfilled among all
PCs, and PC-3-180 with a low pore volume exhibits the
highest Cfilled, revealing the necessity of considering pore
volume for enhancing energy density.

C C V/(1 )filled total= + × (4)

3.3. Electrochemical Tests of Single Electrodes in an
Aqueous Li-ion Electrolyte. To investigate the desolvation
process influenced by solvent kinds, PC-1, PC-3, and PC-3-40
were tested in an 1 M LiOH aqueous electrolyte within 0.05 to
−0.95 V (vs Hg/HgO). In Figure 5a, the specific capacitance
of PC-1 is much higher than that tested in the carbonate-based
electrolyte (179.1 vs 23.1 F/g), possibly owing to the smaller
size of hydrated Li+ than carbonate-solvated Li+, which can
facilitate the ion transfer into 0.56 nm ultramicropores.39 The
normal size of hydrated Li+ is 0.76 nm,40 but its minimum size
after a partial desolvation in micropores has never been well
studied. The normal size of carbonate-solvated Li+ is larger
than hydrated Li+ (1.8 vs 0.76 nm), possibly by the larger
molecule size of carbonate than H2O. Therefore, it can be
inferred that the minimum size of hydrated Li+ after a partial
desolvation should be smaller than that of carbonate-solvated
Li+ (0.56 nm).

At a high current density of 50 A/g in Figure 5a−c, PC-1
exhibits lower capacitance retention (65.0 vs 90.7%) and a
higher IR drop (0.411 vs 0.204 Ω) than PC-3. Moreover, the
specific capacitance of PC-3-40 is slightly lower than those of
PC-3 and PC-3-180. This phenomenon may be due to ion
desolvation of the aqueous electrolyte in micropores being a
lower degree than the carbonate-based electrolyte. The smaller
size of desolvated ions in the aqueous electrolyte is hard to
meet the pore size distribution of PC-3-40 with too many 1−4
nm pores.39 In Figure 5d and Table S4, the Warburg
impedance of PC-1 higher than that of PC-3 (8.16 vs 1.07
Ω) is owing to the sluggish transfer of ions in 0.56 nm

Figure 5. Comparisons of (a) specific capacitances at various current densities, (b) IR drops at various current densities, (c) capacitance retentions
at various current densities and (d) EIS profiles for PC-1, PC-3, and PC-3-40 tested in an 1 M LiOH aqueous electrolyte.
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ultramicropores, but this value is still much lower than PC-1
tested in the carbonate-based electrolyte (8.16 vs 1105.0 Ω).
The Warburg impedance of each porous carbon in the aqueous
electrolyte is much lower than that in the carbonate electrolyte,
indicating the fast diffusion of hydrated Li+ than carbonate-
solvated Li+, which is also proof for the conjecture that
hydrated Li+ is smaller than carbonate-solvated Li+. Hence, the
kind of solvent can significantly affect the transfer kinetics of
ions in ultramicropores possibly by the different structures of
solvation.

3.4. Electrochemical Performance of Full Capacitors.
The electrochemical performances of devices influenced by the
pore size distributions of the cathodes are investigated by
matching PC-3, PC-3-40, and PC-3-180 with a hard carbon
(HC) anode, showing a good rate performance in the mass
ratio of 2:1, to be labeled as PC-3//HC, PC-3-40//HC, and
PC-3-180//HC, respectively. As shown in Figure 6a, the
power performances and cycling stabilities of LICs were tested
in the range of 0.5−4 V. Benefitted from a high specific
capacitance of PC-3-40 cathode, PC-3-40//HC can deliver a
higher specific capacity of 66.7 mAh/g at 450 W/kg than PC-
3//HC (58.9 mAh/g) and PC-3-180//HC (59.7 mAh/g).
Moreover, the massive pores of 1−4 nm in PC-3-40 are
conducive to the capacity retention (76%) of the device at
22,500 W/kg, much higher than those of PC-3//HC (56.2%)
and PC-3-180//HC (35.2%). In addition, the capacity decays
less than 10% for the three devices after 3000 cycles, indicating
excellent cycling stability. As shown in the Ragone plots
(Figure 6b), the energy densities at 450 and 22,500 W/kg are
130.1 and 30.3 Wh/kg for PC-3-180//HC and 144.4 and
101.1 Wh/kg for PC-3-40, respectively. Therefore, the
dominated 0.56 nm ultramicropores in PC-3-180 lead to a
severe reduction of energy density during fast charging, while
the abundant pores of 1−4 nm in PC-3-40 are beneficial to the
power density.

The GCD curves of the potentials of the cathode and anode
and the voltage of the full capacitor are characterized by a

three-electrode test using metallic Li as the reference electrode.
The IR drops, specific capacitances, capacitance retentions, and
potential ranges during discharging of three cathodes are listed
in Table S5. As shown in Figures 6c and S10 (the solid line
tested at the power density of 450 W/kg and the dashed line
tested at 22,500 W/kg), the energy density of PC-3-180//HC
sharply declines at a high power delivery of 22,500 W/kg
compared with that at 450 W/kg. According to the calculation
formula of capacity contribution (Q = CU), we believe that this
is due to the lower capacitance retention of PC-3-180 (68.0%)
than those of PC-3-40 (84.3%) and PC-3 (79.7%) and the
large IR drop of 1.56 V, severely compressing the working
potential window.1

The influence of the electrolytes filled in pores for the
devices is investigated by calculating the energy density of Efilled
and the power density of Pfilled according to eqs S1 and S2.
From the dotted line of Figure 6b, during a low power density
delivery, the Efilled of PC-3-40//HC (55.5 Wh/kg) is lower
than those of PC-3-180//HC (71.2 Wh/kg) and PC-3//HC
(64.6 Wh/kg) due to the massive electrolytes filled in pores.
During high power delivery, the Efilled of PC-3-40//HC is
slightly higher than that of PC-3//HC (38.8 vs 30.4 Wh/kg),
but the high porosity of PC-3-40 is detrimental to the mass
loading of electrodes in practical application.41 Hence, for the
balance of power and energy performances in a full capacitor,
an elaborately optimized pore size distribution of the PC-3
cathode is established with the dominated 0.56 nm ultra-
micropores and an appropriate amount of 1−1.5 nm
micropores, exhibiting a low pore volume and a superior
electrochemical performance.

4. CONCLUSIONS
In summary, to enhance the utilization of the pore volume and
surface area of porous carbons as cathodes for Li-ion
capacitors, a series of porous carbons with tailored pore size
distribution at 0.5−4 nm were prepared by the elaborate
regulation of pore-creating mechanisms of CuCl with the

Figure 6. (a) Rate performances and cycling stabilities of the full capacitors of PC-3//HC, PC-3-40//HC, and PC-3-180//HC. (b) Ragone plots
of PC-3//HC, PC-3-40//HC, and PC-3-180//HC. (c) Three-electrode test for PC-3//HC.
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dynamic template effect and molten salt etching. Explored by
this model system, the capacitive behaviors influenced by the
pore size distribution were investigated. In this work, Li+ and
PF6

− were found can be desolvated and enter into 0.56 nm
ultramicropores to exhibit a high surface-area-normalized
capacitance, but the sluggish transfer of desolvated ions results
in a severe polarization effect. For this issue, combining 1−4
nm pores with 0.56 nm ultramicropores can effectively
accelerate the ion transfer, but the massive electrolytes filled
in pores cause desolvation difficulty and lower the surface-area-
normalized capacitance. After calculating the energy density
influenced by the mass of electrolytes filled in pores, the pore
size distribution of porous carbon cathode is optimized to be
dominated by 0.56 nm ultramicropores and combined with an
appropriate amount of 1−1.5 nm micropores. More
importantly, the investigation of ion desolvation via a model
system can provide a new approach for optimizing the pore
size distribution of the porous carbon cathode used in a metal-
ion electrolyte, which can be further extended to other low-
cost hybrid capacitors using metal cations, namely, the sodium-
ion and zinc-ion capacitors.
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