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Abstract

The important role of mesopores has been investigated in electric double-layer capacitors (EDLCs) operating from 24 °C
down to —40 °C by using two in-house synthesized carbons with hierarchical porosity. These carbons were prepared from
colloidal nanoparticles of SiO, as the template and p-glucose as the carbon source. A decrease in the average diameter of
the nanoparticles from 12 to 8 nm results in increased surface area and offers a perfect match between ions of binary mixture
of imidazolium-based fluorinated ionic liquids and the pores of carbon. Short-range graphene layers produced with 8-nm
silica nanoparticles lead to the creation of transport channels which better accommodate ions. We explain these findings per
coulombic interactions among the ions and between the pore wall and the ionic species under confinement and electrochemi-
cal polarization conditions. Further, it is shown that a microporous carbon (another in-house produced rice-husk carbon
Sger= 1800 m?sg~!) performs better than hierarchical carbons at room temperature; however, thanks to the large fraction
of mesopores, the latter exhibit far higher capacitance down to —40 °C. While the ordering of ions in confinement is more
critical at room temperature and dictated by the micropores, low temperature performance of supercapacitors is determined
by the mesopores that provide channels for facile ion movement and keep the bulk ionic liquid—like properties.

Keywords Electric double-layer capacitor - SiO,-templated carbon - Ionic liquid - Coulombic ordering - Mesopore - Low
temperature

Introduction

Application of ionic liquids (ILs) in electrochemical capaci-

tors is very promising due to the possibility of a significant
increase in stability window and consequently improved

(?am;szas@tugraz.at energy density [1, 2]. In addition, by using ionic liquids,
= AN one would get rid of the problem of toxic and flammable
.Ng

solvents, e.g., acetonitrile. Despite their several advantages,
ionic liquids possess a high viscosity which hinders their low
temperature applications [3, 4]. The issue of ionic liquids
freezing at relatively higher temperatures has been solved
by using their eutectic mixtures [3, 5] which do not undergo
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crystallization and only display glass transition down to low
temperatures ca. —40 °C [6]. In such IL mixtures, decreased
crystal lattice energy as well as the melting point is due to
the inefficient ion packing caused by the bulky cation with
low degree of symmetry [6, 7]. Another factor that influ-
ences electric double-layer capacitor (EDLC) performance
is the ion sieving effect imposed by the large fraction of
ultramicropores (d < 0.7 nm) in majority of nanoporous car-
bons, which are smaller than the dimensions of IL cations
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(e.g., EMIM ~ 1.0 nm) [8, 9]. From this point of view, an
abundance of mesopores seems to be advantageous for IL-
based charge storage applications. Nevertheless, increase in
the pore diameter usually results in low density materials
and thereby low volumetric capacitance.

Given a wide range of carbon mesopores (from 2 to
50 nm according to the IUPAC), their presence favors high
amount of charge storage in electrolytes such as ILs where
relatively large size of ionic species is adapted for big pores.
It has been shown by using TiC-CDCs with average pore
size of 0.7 nm and 1.0 nm in ILs that even a slight volu-
metric difference can strongly influence the inter-ion and
pore wall-ion interactions [10]. Difference in the pore size
can affect the capacitance performance as well as the rate
capability of the carbon-based energy storage devices [11].
While the neat ILs form long-range layered structures along
the pore wall under the charge overscreening, the ionic order
in these ILs can be disturbed either with a solvent [12] or by
using IL binary mixtures taking benefit from the absence of
crystallization due to the difference in ion size; e.g., the cati-
ons do not fit into the anionic lattice and/or the anions do not
completely participate in the crystal structure [7]. Overall,
the factors such as presence of small ordered pores facilitate
in creating a so-called superionic state (where image charge
drives easier packing of ions with the same sign) [13, 14].
Also, the absence of overscreening leads to a strong ion-pore
wall interaction under confinement [15], or the breakdown
of electroneutrality in nanopores [16]. The second factor that
may break ionic organization is mixing of ILs to disturb the
alternative arrangement of ions [17, 18] which may be even
more pronounced for the electrified nanopores with confined
ionic species.

Suspensions of silica nanoparticles have been used as
hard template with various organic precursors to prepare
carbons with hierarchical porosity. In general, the first step
of preliminary carbonization (silica template and organic
precursor mixture) at~500 °C in inert atmosphere is followed
by a typical leaching of formed inorganic templates by diluted
acids (e.g., HCI, H,SO,). An EDLC using SiO,-templated
carbon having a surface area (Sgy) of only 1065 m”eg™"! and IL
mixture as electrolyte demonstrated a gravimetric capacitance
of 144 Feg™! at room temperature [19]. By contrast, other
works have demonstrated relatively lower capacitance of
120 Feg~! (~30 Feg~! per total mass of electrodes) has
been achieved with EDLCs using IL and activated carbons
of Sppp=2000 m?g~! [20-22]. In the context of pore size
and surface area of carbons versus the capacitance, these
performance differences may arise due to the confinement
effect in nanopores which is more influenced by the pore
structure and electrochemical polarization conditions [23].

Here, SiO,-based porous carbons obtained via an opti-
mized template synthesis have been investigated in sym-
metric supercapacitors with the mixture of ILs ([EMIm]
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[FSI]y s [BF4]y5) as an electrolyte. The performance of
supercapacitors is evaluated at room temperature and down
to—40 °C. This works takes the benefit from lower melting
temperature of binary ionic liquid in ionic liquid mixtures
due to the difference in alkyl chain structures [24, 25]. These
findings validate the influence of carbon nanoporous struc-
tures on the ordering of ions which is disturbed due to the
different confinement effects on layered ionic arrangement
along the pore walls. Further, in carbons where mesopores
are adapted for ionic movement and electrolyte maintains
bulk-like properties, EDLCs display excellent capacitance
retention down to — 40 °C. This work presents a realistic set
of performance data for hierarchical carbons and ionic liq-
uid-based EDLCs and compare with an in-house produced
microporous carbon.

Experimental
Preparation of porous carbon materials

The two types of porous carbons labelled as “SGT,,,,”
and “SGTy,,” were produced using 40 wt.% suspension of
12 nm colloidal silica (Ludox HS-40 supplied from Sigma-
Aldrich) and 30 wt.% suspension of 8 nm colloidal silica
(Ludox SM-30 supplied from Sigma-Aldrich) respectively in
water as hard templates. b-Glucose (reagent grade, supplied
from Laborpharma LTD) was used as the carbon source in
both cases. It was mixed in a jar with the colloidal suspen-
sion of silica at a mass ratio of 1:1. Herein, 9 g of p-glucose
was mixed either with 22.5 g of 40 wt.% suspension of
12 nm colloidal silica, or with 30 g of 30 wt.% suspension
of 8 nm colloidal silica. After mixing, the samples were
dried at 160 °C for 8 h to prevent caramelization. The dried
mixtures of colloidal silica with glucose were pyrolyzed up
to 800 °C at a rate of 10 °Cemin~! for a dwell time of 2 h
in a muffle furnace (VBF-1200X-H8) under 100 cm’smin~"
nitrogen (N,, 99.99 wt.%) flow. The carbonized mixtures
were cool down until reaching the room temperature before
further treatment. The resulting carbon—silica composites
were stirred in 100-mL solution of NaOH (reagent grade,
supplied from Laborpharma LTD) with a concentration of
3 moleL~! under reflux at 100 °C for 24 h. The obtained
carbon material was then filtered from alkaline solution
and washed few times with hot distilled water (conductiv-
ity =0.5 pS/cm) until the pH became neutral. This procedure
of leaching and washing was repeated two times to ensure
complete separation of carbon materials from the silica tem-
plates. The samples were finally dried at 120 °C for 24 h
under reduced pressure.

The microporous carbon samples labelled as RHC were
produced by carbonization and subsequent chemical activa-
tion of rice-husk (RH, purchased from Kyzylorda Region,
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Kazakhstan). Typically, RH was subjected for cleaning using
the tap water and drying at 90 °C for 48 h to a constant mass
before its preliminary carbonization at 500 °C + 10 °C under
nitrogen atmosphere for 40 min. The chemical activation
was performed by mixing of the carbonized materials with
dry KOH (reagent grade, supplied from Laborpharma LTD)
in a weight proportion of the alkali to corbonisate equal to
2:1, followed by the pyrolysis of resulting mixture in a stain-
less-steel crucible at 800 °C £ 10 °C with a dwell time of 1 h
under nitrogen flow (100 cm’emin~!). The obtained mixture
after activation and cooling was then subjected to decanta-
tion by using cold tap water with subsequent washing using
hot deionized water in order to reach a neutral pH. The final
obtained carbons were then dried under reduced pressure at
110 °C for 24 h.

Physicochemical characterization

Before the nitrogen gas adsorption analysis, each carbon
sample (ca. 80 mg) was degassed under vacuum at 350 °C
for 12 h. The adsorption/desorption isotherms were obtained
by Autosorb-1 (Quantachrome Instruments, UK) in a range
of relative pressures from 0.005 to 0.991 at— 196 °C. The
surface area was calculated from the range of relative pres-
sure values below 0.1 by using the Brunauer—Emmett—Teller
(BET) method, cumulative DFT method, as well as BJH
method.

The images of transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) were obtained
by using a FEI Tecnai F20 microscope, operating at a volt-
age of 200 kV. The TEM is equipped with a high-resolution
Gatan imaging filter including a 2048 pixels x 2048 pixels
UltraScan CCD camera for capturing the micrographs. Zero-
loss filtering with a slit-width of 15 eV was applied during
image and SAED acquisition to enhance contrast and image
quality. The TEM samples were prepared by dispersing car-
bon materials in ethanol (ethyl alcohol >99.9 wt.%, supplied
from Laborpharma LTD) followed by a 1-min ultrasonica-
tion step. One droplet of the dispersion was cast on Quan-
tifoil R3/3 copper TEM grids and subsequently dried on
a hotplate at 100 °C. Raman spectra were measured on a
Horiba Jobin Yvon LabRam 800 HR spectrometer equipped
with a 1024 X256 CCD (Peltier-cooled) and an Olympus
BX41 microscope. A laser wavelength of 633 nm was used
for all measurements.

EDLC construction and electrochemical testing

The electrodes in the form of pellets with an average mass
of 12 mg were prepared from a mixture of 85 wt.% car-
bon, 10 wt.% polytetrafluoroethylene (60 wt.% suspension
in water, supplied from Sigma-Aldrich), and 5 wt.% con-
ductivity enhancer (C-65 supplied from TIMCAL). The

mixture was placed in a beaker where a small amount of
isopropanol (99.5 wt.% supplied from Laborpharma LTD)
was added under stirring until the most part of isopropanol is
evaporated. Hereinafter, the resulting homogenized mixture
was rolled into sheets with ca. 200-um thickness on a glass
plate. Then, these electrodes were vacuum dried overnight
at 120 °C and placed in a glovebox (MBRAUN, H,O and
0, <1 ppm). All the carbons were tested in EDLCs with
symmetric configuration. Supercapacitor cells were fabri-
cated in two-electrode coin cell (cell type CR2032), with
Whatman ® glass microfiber filter (grade GF/A supplied
from Sigma-Aldrich) used as a separator. The electrolyte
EMIm [BF,], 5 [FSI], 5 was prepared by mixing 1:1 molar
ratio of ILs (1-ethyl-3-methylimidazolium tetrafluoroborate,
[EMIm][BF,] (99.0%, H,O <20 ppm, from Sigma-Aldrich)
and 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide
((EMIm][FSI] (99.9% purity, H,O <20 ppm, from Solvi-
onic). The electrochemical measurements were carried out
with a multichannel potentiostat/galvanostat VMP-3 from
Biologic Science Instruments. The gravimetric capacitance
was calculated from the discharge curve of the EDLCs
by using the formula: C=(2)I/[(dU/dt)m,,], where I is
the current (A), dU/dt is the discharge curve slop (Ves™),
and m,, is the mass of active carbon in one electrode (in
gram). The electrochemical tests at selected temperatures
of —40 °C,—-20 °C, 0 °C, and 24 °C were carried out in
a benchtop temperature humidity test chamber (XiAn LIB
Environmental Simulation Industry). During constant
power tests, the supercapacitor cells were discharged at a
selected power in the voltage range from 3.0 to 1.5 V (see
Figure S2b). The specific power and energy values are pre-
sented in Ragone plot.

Results and discussion

Herein, physicochemical and electrochemical investigations
have been performed on three carbon materials, namely
SGT,, and SGTy,,,, and RHC. Adsorption/desorption iso-
therms indicating the nitrogen uptake by pristine carbons
at— 196 °C are shown in Fig. l1a. The isotherm of RHC can
be referred to type I indicating a precipitous rise of nitrogen
adsorption in the range of low relative pressure which is
a typical characteristic of microporous materials, but with
relatively broad pore size distributions including wider
micropores and possibly narrow mesopores [26, 27]. Nev-
ertheless, an existence of slightly expressed hysteresis loop
suggests that this isotherm can be also attributed to type IV
as it shows an increase in the volume of nitrogen adsorbed
at higher relative pressure.

In contrast, the isotherms of SGT,,,,, and SGTy,,
exhibit a combination of types I and IV, while the latter
indicates an increase in the volume of nitrogen adsorbed at
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Fig. 1 a N, adsorption/des-
orption isotherms measured
at—196 °C. b QLDFT pore
sizes of the carbon materials
SGT > SGTgpm and RHC.
¢ The microporous region (up
to 2.0 nm) enlarged from “b”.
d The magnified mesoporous
region from 6 to 15 nm from
“y
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higher relative pressure. According to the IUPAC classifi-
cation, desorption branches of the isotherms correspond-
ing to SGT,,,, and SGTy,,, can be attributed to the H2(b)
and H1 hysteresis loops, respectively, which correspond
to the multilayer nitrogen adsorption in the mesopores. In
turn, type H1 represents porous materials with a narrow
distribution of regular, well-defined cylindrical-like pores
[26], while the H2(b) can be attributed to the pore block-
ing effect which can arise due to the “ink-bottle” shape
of pores, although their size is relatively wide. Table 1
shows the surface and porous characteristic of SGT,,,
and SGTg,,, carbons which exhibit high values of total
pore volume of 2.85 cmsg™! and 3.5 cm®g~!, respec-
tively, with a prevailing part belonging to mesopores (up
to 85%). The average pore width is centered at 8.4 nm
for SGT,,,, and at 7.2 nm for SGTg,,, respectively. It is
noteworthy that both templated carbon materials possess a
well-defined width of mesopores arising due to relatively
uniform sizes of the silica nanoparticles used as hard tem-
plates. Consequently, these carbon materials exhibit the
highest volumes of mesopores and limited volumes of
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micropores, allowing to distinguish their positive impact
on the performance of EDLCs at low temperatures.

SGTg,, displays higher surface area compared to
SGT,,,, Which is related with the smaller size of silica nan-
oparticles used during the synthesis step. By contrast, the
microporous RHC carbon has a high BET and cumulative
surface area (Sgpr= 1801 m%eg™! and Sppp=1670 m?eg~!
respectively), with a total pore volume of 1.04 cm’sg™!. The
pore size distribution of RHC (Fig. 1b, ¢) shows a high frac-
tion of micropores with a diameter between 0.7 and 1.5 nm.
The pore structure of RHC consists mainly of narrow pores
connected to bigger micropores just below 2.0 nm. Overall,
the micropore volume of RHC consists of around 67% of the
total porosity and the remaining fraction is dominated by the
big micropores and to some extent the mesopores which can
act as transport channels for ionic species.

In contrast to RHC, and as described earlier, SGTg,,
and SGT,,,, possess large fraction of mesopores. How-
ever, Fig. 1c and d show the presence of micropores in
SGTyg,,, which are connected to a relatively large fraction
of mesopores via intermediate size pores forming channels.

Table 1 Porosity data of the

bi hical carb ol Sample  Spgp (m%eg™!)  Sppp (m%eg™!) Sy (mPeg™!)  Micropore vol-  Total pore vol- Fraction of
ierarchical carbon materials ume (cm®g™") ume (cm®g™!) mesopores
SGT 2pm» SGTg,m. and activated (%)
carbon originating from rice
husk (RHC) SGTp,m 1069 1123 1086 0.42 2.85 85.3
SGTg,,, 1319 1339 1319 0.52 3.50 85.2
RHC 1801 1670 1790 0.72 1.04 3238
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On the other hand, slight differences in pore size distribution
between SGTjg,,, and SGT,,,, exist with latter showing two
peaks in the microporous region that could mean develop-
ment of different types of transport channels. In the case of
SGT 5, the porosity is dominated by considerable amount
of ultramicropores (below 0.7 nm) while some fraction of
pores exist around 1.0 nm. While SGTg,,,, possesses rela-
tively high fraction of pores between 0.7 and 2.0 nm (also
indicated by its high surface area, Sgpr=1319 m%eg™"),
SGT,,,m shows small fraction of micropores ~ 1.0 nm and
a lower surface area (Sgpp= 1069 m?eg™1).

Figure 2 shows TEM results where both templated sam-
ples can be identified as possessing layers of graphene from
the TEM bright-field micrographs. However, slight qualita-
tive differences between SGT,,,, and SGTjg,,, can be dis-
cerned regarding the size of these layers, which is consistent
with the gas adsorption data. From the intensity profiles,
obtained via the regions highlighted in the corresponding
TEM images, the typical interlayer distance value for graph-
ite (as given in the intensity profile graphs) is measured.
Morphology of the resulting carbons is represented by the
graphene-like layers that are locally arranged in parallel,
forming a typical pattern of activated and porous carbons.
In turn, the areas allocated in the space between the lay-
ers can be attributed to the intraparticle mesopores resulted
from the leaching of silica nanoparticles and leaving behind
carbon shells. The short-range graphene layers of SGTg,,,
favor the formation of smaller pores and transport channels

Fig.2 TEM bright-field image
of “graphitic carbon agglom-
erates” for (a) SGT),,,, and

(b) SGTg,,,,; green and blue
rectangle highlights the region
from which intensity profiles
were extracted to measure the
interlayer distance of graphene
indicated. Inset of (a) illustrates
a selected area electron diffrac-
tion (SAED) where graphene
layers display a similar pattern
which is typical for nanocrys-
talline graphite. A rotational
averaged intensity graph is
superimposed in red showing
the features as peaks

as well as the enhanced surface area as discussed in the “gas
adsorption” section. In case of SGT,,.., relatively large gra-
phene layers are developed that are oriented to form bigger
pores or mesopores while only small fraction contributes to
the micropores. Hence, big spaces lead to larger pores and
consequently low surface area for SGT,,, as indicated in
gas adsorption data. Note that the small pores in SGTg,,
are appearing throughout the structure, however, in case
of SGT,,» the small pores are only formed via random
arrangement of graphene layers. Overall, TEM data quali-
tatively supports the previously discussed isotherms and the
pore size distribution data of hierarchical carbons.

A slight deviation of the measured value (0.35 nm) to
values reported in literature for nanocrystalline graph-
ite (0.34 nm) is within the margin of error, considering a
pixel size of the images of approximately 0.02 nm [28]. The
inset shows selected area electron diffraction (SAED) data
obtained from a larger agglomeration of the graphene layers
and exhibit their typical ring features. The blurry appear-
ance can be explained with the small size of the contribut-
ing, randomly oriented layers. Overall, the surfaces of both
the carbons are uneven and strongly developed, where the
mesopores are clearly visible.

Raman spectra in Figure S4 and derived structural
parameters of three carbons in Table 2 show a clear differ-
ence between the RHC and hierarchical carbons. While the
RHC possesses distinct D- and G-band typical for activated
carbons and positioned at 1600 cm~! and 1348 cm™!, the
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Table2 D- and G-band parameters of three carbon materials; wG,
G-band position; wD, D-band position; I';, G-band width; I,
D-band width, and I/I;, D-/G-band intensity ratio

oG oD I'g Iy I/l
SGT 5, 1605 1340 33 70 0.97
SGTg,, 1604 1339 32 72 0.95
RHC 1600 1348 44 67 0.97

positions and the band width are shifted in SGT,,,,, and
SGTg,,- A comparatively high G-band position indicates
change in the E,, vibration mode of graphitic layers in hier-
archical carbons and a more graphene-like structure [29-32].
The narrow G-band in these carbons indicates improved in-
plane coherence associated with ordered structure. This is
further confirmed by the shoulder peaks at~ 1653 cm™! for
SGT,nm and SGTy,,, characteristic of layered graphene
framework. On the other hand, G-band width and D-band
position shifted to higher wavenumber for RHC indicate the
presence of defects in graphitic structure [33], which can be
related with randomly packed carbon sub-units and disor-
dered porous network.

The EDLCs constructed with the SGT),,,,, SGTg,,, and
RHC carbons in the binary mixture of ionic liquids [EMIm]
[FSI], 5 [BF,], 5 electrolyte have been tested up to a voltage
of 3.0 V and temperatures between 24 and — 40 °C (see also
Figure S1 and S2 in supporting information). Galvanostatic
charge/discharge curves at 100 mAsg~! (per active carbon

Fig.3 Galvanostatic charge/ (a)
discharge curves (specific cur- 3.5
rent=100 mA«g™!, per active 3.0

carbon in one electrode) of
three EDLCs at different tem-
peratures: (a) 24 °C; (b) 0 °C;
(€)—20 °C; (d)—40 °C
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in one electrode) are compared in Fig. 3 at various tempera-
tures. The symmetric shape curves for all three cells show
an essentially EDL charging behavior at room temperature.
The RHC carbon-based cell owing to its high surface area
displays longer charge/discharge time compared to cells with
SGT,,, and SGTy,,, carbons.

Considering the pore size range of RHC evaluated from
the gas adsorption data in Fig. 1, a large fraction of micropo-
res and small amount of mesopores constitute its surface
area that serve as channels connecting the micropores for
easy ionic transport. Therefore, the broad pore size distri-
bution of RHC favors an efficient formation and charging
of double-layer at room temperature. Certainly, the bigger
pores facilitate the ion movement and these ions are stored at
the EDL in the narrow spaces of carbon porosity, where the
confinement effects are more pronounced. Thanks to these
surface and porous characteristics, a high RHC capacitance
of 110 Feg~! is achieved at room temperature. In contrast,
the pore structure of SGT),,,, and SGTy,, , is different, where
micropores are distributed in the range from 0.7 to 1.5 nm. In
case of SGTy,,, carbon, relatively big fraction of micropores
is well-connected with bigger channels as evident from the
gas adsorption data. On the other hand, SGT,,,, possesses
ultramicropores that are less accessible via channels and
appears to be ink-bottle type pores, while a small fraction
of micropores are in the range of 1.0 nm. Overall, the acces-
sible micropores in SGT,,,, are mainly of 1.0-nm range
while for the SGT,,,,, the micropores are present from 0.7
to 1.5 nm. The ultramicropores where the EDL is formed

25 (b)
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are connected with big micropores for an ideal ion transport.
This difference in microporous structure leads to slightly
higher capacitance of 96 Feg~! for SGTy,,, compared to
92 Feg~! for SGT,,,,, at room temperature (Fig. 4a, values
extracted from charge/discharge curves in Fig. 3).

Clearly, the porosity data in the mesoporous region is
comparable for two hierarchical carbons with main frac-
tion of up to 85% constituting the mesopores which favors
the ions transport towards small pores. However, the dif-
ference in the microporous region leads to different con-
finement effects and the better screening of charges in case
of SGTg,.. The capacitance difference between these two
hierarchical carbons originates due to the factor related with
better charge accommodation and accumulation of co-ions
in the pores. Under the absence of electrochemical polariza-
tion, the coulombic disorder leading to the so-called supe-
rionic state is more favored in SGTy,,, due to the presence
of pores in the range of 0.7 nm which are easily accessible
via big micropores. This effect is less pronounced in case of
SGT),,, Where pores around 0.7 nm are not easily accessi-
ble for the large EMIm™ cations and FSI~ and BF,~ anions.
These ions are then accumulated at relatively larger pores
around 1.0 nm where the confinement effects are probably
absent (the breaking of ionic arrangement is less favored)
and consequently co-ions are pushed out of the pores, thus
hindering the co-ion pair formation. In the context of ionic
ordering, (i) firstly, the arrangement of ions is broken due
to the use of mixture of ILs where different anions drive
the interaction of ions and pore wall in a completely dif-
ferent manner than in neat ILs. Secondly, the confinement

of binary mixture in the nanopores leads to even enhanced
disorder, favorable for the formation of co-ion pair. Further-
more, under the electrochemical polarization, two different
types of anions (FSI™ and BF,”) are desorbing/adsorbing
which play an important role in the EDL structure and deter-
mine the performance of a supercapacitor [34].

When decreasing temperature, the performance of
RHC-based cell deteriorates faster than the EDLCs with
SGTs,,, and SGT,,,,. The former displays only 41 Feg™!
down to—40 °C and we correlate this capacitance decay
of RHC with the presence of majority of pores in the range
of 0.7-2.0 nm where the diffusion of IL-based electrolyte
is strongly affected at low temperatures. In contrast, for
SGTg,,, and SGT,,.,, the presence of wide transport chan-
nels at around 6—8 nm maintains bulk electrolyte-like prop-
erties, favors the ionic penetration, and reduces the impact
of diffusion limitations at low temperature. Consequently,
higher capacitance values are achieved for EDLCs with
SGTg,,, and SGT,,,, carbons compared to the one with
RHC. Nevertheless, it can be seen that EDLC with SGTyg,
electrodes exhibits a higher capacitance output (73 Feg™!)
than SGT,,, (66 Feg™") down to —40 °C which is related
with a relatively large mesopore volume and better hierarchi-
cal porous structure in the former.

Despite an increase of electrolyte viscosity which is evi-
dent from the ohmic loss seen from the charge/discharge
curves for all the cells operating down to low temperatures,
this effect is more pronounced in case of SGT,,, than in
SGTg,,. Note that the difference of capacitance between the
EDLCs containing two hierarchical carbons increases with

Fig.4 a Specific capacitance 120 (a) 100 (b)
(expressed per active carbon in —_
one electrode) versus tem- _, oo g 289¢
o5 £
perature. b—d Ragone plots T g0 s 10
extracted from constant power ° =
tests (up to 2 kWekg™!) at 24 °C g 60 2
and —40 °C for three EDLCs up % S
to a voltage of 3.0 V g 4o SGT, £ 1 SGTgm
('] nm -
© 20 SGTlan § ~
RHC & -40°C
0 0
-40 -20 0 20 0.1 1
Temperature [°C] Specific power [kW/kg]
100
= () = (d)
o5 o5
3 ==
S 858 = E——E—E—E\Q\E\E 1
E-> 10 2 10 24°C
& &
s 2
w
g 1 e 1
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2 8
v -40°C w
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a decrease of temperature. Here, the main factor influencing
the performance of EDLCs at low temperature is the diffu-
sion limitations of ionic species through the narrow spaces.
This is evident from a large capacitance decay of 60% in
case of RHC going from 0 to —40 °C and the main reason
being the absence of big mesopores. As a result, the electro-
lyte does not maintain a bulk-like state at low temperatures
in the pores of RHC. This finding is further supported by
relatively small capacitance decay of 19% and 23% (going
from 0 to—40 °C) for ELDCs with SGTg,,,,, and SGT ;...
respectively. The presence of large volume of mesopores
in both hierarchical carbons from 6 to 13 nm provides big
channels for the IL-based mixture to keep bulk electrolyte-
like properties which is only slightly influenced by the dif-
fusion limitations. Clearly, the large mesopores in SGTg,,,
and SGT,,, are the reason of efficient EDL formation and
excellent electrochemical performance down to —40 °C.

Figure 4b—d show a comparison of specific energy versus
specific power values for each EDLC at 24 °C and — 40 °C.
Thanks to the high surface area and developed pore struc-
ture of SGTy,,, a high specific energy of 18 Whekg™' was
received at 2 kWekg™! (at 24 °C) which is slightly higher
than the values for EDLC with SGT,,,. However, a sig-
nificant difference is noted in energy values at—40 °C,
where EDLC with SGTy,,,, showed 3.5 Whekg™' compared
to 2.3 Whekg™! for SGT,,,,, at 1.5 kWekg™". The cell with
RHC, on the other hand, with highest energy value of 24.5
Whekg™! at 24 °C and 0.1 kWekg™! did not display any
energy value beyond 0.6 kWekg™! at —40 °C due to the rea-
son discussed in previous sections. From the foregoing, it is
clear that apart of keeping high mobility of charge carriers
in the bulk electrolyte, an appropriate optimization of porous
structure towards effective dimensions of guest molecules
and ions is also critical for advanced performance of EDLCs
operating at low temperatures. For this reason, it is impor-
tant to design new porous carbon materials with appropri-
ate ratio of meso- and micropores to suppress the diffusion
limitations and improve the performance.

Conclusion

The pore structure of carbons plays a key role in determin-
ing their electrochemical performance. This work shows
that at room temperature, the coulombic ordering in the
narrow spaces of micropores (below 1.0 nm) determines
the capacitance of EDLC using IL-based electrolyte. Thus,
even small changes in microporosity of hierarchical car-
bons can bring significant difference in their capacitance.
Whereas, mesopores in the range of 6-13 nm are crucial
for the enhanced performance of EDLCs using ionic lig-
uid—based electrolytes at low temperatures. A high fraction
of mesopores facilitates the ionic movement and reduces

@ Springer

the diffusion limitations as well as allows the IL mixture to
keep bulk-like properties. Nevertheless, pore wall interac-
tion with large ions might lead to partial IL freezing which
is more evident in strongly microporous carbons that lack
large channels for efficient ionic transport.

SiO, template is a viable method to design relatively high
surface area carbons with hierarchical pores. The surface
properties of the carbons can be tuned by changing the tem-
plate nanoparticle size. Hierarchical porosity and balanced
ratio of micro- and mesopores can be achieved by explor-
ing new template materials. This is essentially related with
controlling the size of graphene sub-units produced from
the leaching of uniform silica nanoparticles. Thus, in order
to design high-energy EDLCs adapted for operating at low
temperatures, it is recommended to optimize the architec-
ture of carbon porosity along with electrolyte composition
towards matching the pore geometries with the effective
dimensions of the ions comprising the ionic liquids for facile
EDL formation at ambient temperature and efficient trans-
port at low temperatures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11581-021-04354-w.
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