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Mesoporous carbon monoliths (MCM) were prepared by using soluble salt as templates. During the synthesis, a
freeze-drying process enables a surface coating of self-assembled Na,SiOs salt particles with sucrose, which is
further transformed into carbon by heat treatment. After removal of the salt templates by washing, MCM were
obtained. MCM samples exhibit high specific surface area together with high mesoporous volume, whose pore
sizes can be tuned from 10 to 30 nm by adjusting the ratio between salt and carbon sources. MCM materials were
further used as electrodes in combination with ionogel electrolyte to assemble a solid-state supercapacitor. In

this configuration, MCM electrodes show capacitance as high as 75F g~ ! and good rate performance thanks to
the carbon monolith pore size selected.

1. Introduction

Supercapacitors are electrochemical energy storage devices suited
for high power delivery and energy harvesting applications [1]. Ac-
cording to Eq. (1),

2
E= Ccv

) (€3]
The energy density E (Wh/kg) is proportional to the specific capaci-
tance C (F g'l) and the square of voltage window V (V). Careful se-
lection of electrolytes with large voltage window is then an efficient
way to achieve high energy density [2]. Currently, aqueous electrolytes
such as KOH or H,SO, are limited by narrow potential window (< 2V),
because of water decomposition. Therefore, nonaqueous electrolytes
including organic electrolytes and ionic liquids have attracted great
attention [3-5]. Conventional acetonitrile- or propylene-based organic
electrolytes used in commercial cells can achieve voltage windows up
to 2.85V [6]; however, they are usually flammable and toxic, which
makes electrolyte leaks and packaging key issues to solve. Flammability
issue can be in part addressed using solvent-free ionic liquids electro-
lyte, which can achieve voltage window as high as 3.5V thanks to their
low vapor pressure and thermal stability [3-6]. However, the low ionic
conductivity limits their use as electrolytes in conventional super-
capacitor cells. Electrolyte leak is not only a serious issue for
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supercapacitor but also for micro-supercapacitors; this explains why a
lot of solid-state like electrolytes have been recently developed, to be
used in combination with porous carbon electrodes [7]. Most of these
solid-state like electrolytes are based on gels or polymers swelled with
aqueous-based or water-containing electrolytes, leading to voltage
window below 2 V.

Ionogels, which are ionic liquids entrapped into a SiO, matrix, have
been recently proposed as solid-state electrolyte for supercapacitors
[5]. Due to the solid-state features, ionogel not only makes high oper-
ating voltage possible, but also solved the abovementioned problems of
liquid-type electrolyte [3-5]. Maboudian et al. used ionogel in a micro-
supercapacitor device and achieved the energy density of 3mWh cm™3
[7]. Our group assembled a solid-state supercapacitor using ionogel
electrolyte, which can be operated in a large temperature range and led
to the capacitance of 150 mF cm? [4,5]. However, all of the reported
ionogel electrolyte-based devices used microporous carbon (e.g. acti-
vated carbon) as electrodes due to their high specific surface area (SSA).
The effects of pore size distribution have not yet been specifically stu-
died. Also, all studies dedicated to ionogel as supercapacitor electro-
lytes used porous carbon powders coated onto supporting current col-
lectors, which makes the assembly of solid-state like full cells
complicated.

Carbon monoliths are a kind of self-supported three-dimensional
carbon structure. They combine advantages of high electrical
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Fig. 1. (a) Illustration of MCM preparation process. (b) Picture and (c,d) TEM images of MCM20. (e) Nitrogen isothermal adsorption/desorption curves (quantity of
N, gas adsorbed is the equivalent volume recalculated in STP) and (f) pore size distribution (Y-axis is the porous volume) of MCM samples. (g) The relation of salt/

sucrose ratio and the pores volumes.

conductivity (10°-10°Scm™1) [8,9], easy shaping ability and me-
chanical stability [10]. Compared with porous carbon powder, self-
supported carbon monoliths can be directly used as electrode without
adding electrochemically inactive binders or conducting additives.
Also, 3D monolith carbon structures with interconnected pores enhance
mass-transfer kinetics. Finally, carbon monoliths must achieve high SSA
for increasing charge storage, and abundant pore interconnections for
enhancing electrolyte accessibility [8-10], which is even more im-
portant for ionogel.

In this paper, we report a facile and scalable approach to synthesize
mesoporous carbon monolith (MCM) by using soluble salt template
methods, for a final use as supercapacitor electrode in combination with
solid-state like ionogel electrolyte. The synthesis method allows tuning
of the carbon monolith pore size distribution while maintaining SSA as
high as possible (> 600 m? g~ "), by adjusting the ratio of carbon source
and salt. As-prepared MCM were selected to operate in ionogel elec-
trolyte for a high performance solid-state supercapacitor.

2. Experimental
2.1. Synthesis of MCM

1.0 g carbon precursor (sucrose) and 0.5-2.0 g salt template (sodium
metasilicate nonahydrate, Na,SiO39H,0) were dissolved in 20mL
deionized water. The solution was frozen in nitrogen liquid and moved
to a lyophilizer (Alpha 1-4 LDplus, CHRIST). After for 3 days freeze-
drying process at —80°C in vacuum, a mixture of salt and sucrose
monolith was obtained. The monolith was further heated to 650 °C for
2 h with the heating rate of 5 °C/min under 1:1 Ar/H, atmosphere. The

salt template was washed out using water, and a second freeze-drying
process was achieved to remove the residual water before the final
MCM were obtained. The obtained samples were named as MCMO05,
MCM10 and MCM20 according to the initial salt content (0.5, 1.0 and
2.0g).

2.2. Synthesis of ionogel

The ionogel was prepared by a sol-gel process [4,5]: 0.35mL tet-
ramethyl orthosilicate, 0.25mL tetraethyl orthosilicate, and 1.0 mL
ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide [EMITFSI] were mixed together to obtain a transparent solution.
Then, 0.5 mL isopropanol, 0.2 mL deionized water and 0.1 mL hydro-
chloric acid (37%) were added into the mixture solution. The obtained
mixture was kept at 60 °C for 10 min under stirring (300 rpm). After
that, the resulting solution was casted in sealed cylindrical containers
and kept for 24h at room temperature for gelation and then dried at
80°C for one week. At the end, a self-standing ionogel without any
liquid leakage was obtained.

2.3. Characterization and electrochemical tests

Transmission electron microscopy (TEM) images were obtained on a
FEI Tecnai G2 F20 TEM (Japan). Nitrogen sorption isotherm was car-
ried out on ASAP 2020 Plus Physisorption (USA). MCM were cut into
target shapes and were used as electrodes directly without any binders.
2- and 3-electrode Swagelok cells were used to run electrochemical
characterizations. 3-electrode tests were carried out using one piece of
MCM film (5.0mgcm™2) as working electrode, a YP50 (Kuraray
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Fig. 2. Electrochemical characterizations of MCM in EMITFSI electrolyte: CV curves at (a) 10mV s~" and (b) 100mV s~*. (¢) Nyquist plots of MCM20 and MCM10.

(d) Imaginary capacitance (C”) v.s. real impedance (Z') plot of MCM.

company) porous carbon film as counter electrode (> 50 mg cm~2) and
an Ag rod as reference electrode. Platinum discs were used as current
collectors. In 2-electrode set-up, two pieces of MCM film with the same
weight were used as electrodes. Electrochemical impedance spectro-
scopy (EIS) measurements were carried out at open circuit voltage
(OCP) with an amplitude of +/— 10 mV within a frequency range from
200kHz to 0.01 Hz. Capacitance was calculated from cyclic voltam-
mogram (CV) by measuring the slope of the charge calculated during
cathodic sweep plotted versus cell voltage. Capacitance of MCM sam-
ples in solid-state supercapacitor devices were obtained by dividing
twice the cell capacitance by the MCM weight per electrode. All
Swagelok cells were tested at room temperature by using a VMP3 po-
tentiostat (Biologic, France).

3. Results and discussion

Fig. 1a shows a sketch of the salt-template synthesis method. A
solution of carbon precursor (sucrose) and soluble salt (Na;SiO3) was
freeze-dried, to promote the self-assembly of crystallized salt coated
with sucrose to form the templates [11]. Sucrose was then carbonized
into carbon by heat treatment under inert atmosphere. After further
washing of the carbon/salt monolith with deionized water to remove
salt, MCM were obtained (Fig. 1a). As shown in the Fig. 1b, self-sup-
ported bulk carbon was obtained, suggesting high mechanical stability.
TEM observations of MCM20 revealed its 3D interconnected meso-
porous network, with pore sizes around 20 nm (Fig. 1c,d).

N, gas sorption measurements were conducted to further study the
microstructures of MCM (Fig. 1e). SSAs of samples were found to in-
crease with increasing content of salt, from 400 m?g~! of MCMO5 to
770m? g~ of MCM20. Also, both of MCM20 and MCM10 show a type
IV isotherm with hysteresis loops at a relative pressure in the range of

0.60-0.97, indicating the existence of mesopores [12]. As shown in the
pore size distribution (Fig. 1f), porous structure of MCM contains me-
sopores and micropores. According to previous reports, micropores
stem from the carbonization of sucrose while mesopores are derived
from the salt template [11]. Moreover, increasing the amount of
Na,SiOj results in the change of the mesopore size distribution: from no
obvious mesopores (MCMO5), to 5-12nm pores with an average me-
soporous pore size of 7 nm (MCM10) and finally to 15-30 nm with an
average pore size of 18 nm (MCM20). MCM20 exhibits the highest
porous volume (2.0 cm® g 1), and 88% of which comes from mesopores
(Fig. 1g). By comparison, mesoporous volume of MCM10 accounts for
80% of the total pore volume (0.86 cm®g~'). Thus, increasing the salt
over carbon source ratio enables the control of the mesoporous struc-
ture of MCM, giving opportunity to provide electrolyte reservoir [12]. If
the weight ratio of salt/sucrose is larger than 2, no self-standing
monolith is achievable.

The capacitive properties of MCM were investigated in 3-electrode
set-up configuration. In neat EMITFSI electrolyte, CV curves of MCM20
and MCM10 recorded at 10mVs~' show a capacitive behavior with
rectangular-like shape; capacitance of respectively 65 and 70Fg~!
could be achieved, respectively for MCM20 and MCM10 (Fig. 2a)
within 3V voltage window [13]. Up to 100 mV s~!, MCM20 and
MCM10 still keep their double-layer charge storage features (Fig. 2b).
In contrast, the MCMO5 sample showed poor electrochemical behavior
at both 10 and 100 mV s~ 2, as it was expected from low specific surface
area and low mean pore size (< 0.6 nm) [14,15].

Fig. 2c shows the Nyquist plots of the two samples recorded at OCP.
Both samples exhibit similar high frequency resistance (< 2Q cm?),
since these resistances are constituted of the ionic resistance of the
electrolyte and the intrinsic resistance of the electrode [16]. In the
middle frequency range, the low-frequency capacitive behavior of
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Fig. 3. (a) Sketch and image of a MCM-ionogel-MCM solid-state supercapacitor. Performance of ionogel-based supercapacitors: (b) CV curves at 20mV s~ ! and (c)
specific capacitances per electrode at various scan rates of MCM and PICACTIF carbon (reproduced from Ref. [5]). (d) Nyquist plots for MCM20, MCM10 and (e)
MCMO5 electrode. (f) Imaginary capacitance (C”) v.s. real impedance (Z’) plot of MCM samples.

MCM10 is shifted along the real axis toward more resistive values. Also,
MCM20 exhibits a faster capacitive signature as can be seen from the
sharp increase of the imaginary part of the capacitance [17], asso-
ciating with the presence of larger mesopores in MCM20. In Fig. 2d, the
in-pore ionic resistances were calculated to be 4, 14 and 12Q cm? for
MCM20, MCM10, and MCMOS5 respectively. These values suggest that
ions transfer more efficiently in the pore channels of MCM20.

As illustrated in Fig. 3a, a solid-state like supercapacitor was as-
sembled by combining MCM together with ionogel. Fig. 3b shows the
CV curves between 0V and 2.5V of MCM-ionogel supercapacitor at
20mVs~!. The rectangular-shape of CVs confirmed the capacitive
electrochemical signatures of MCM. Consequently, the specific capaci-
tance of MCM20 electrode was up to 75F g‘1 (375mFcm™2) at
10mVs~?! per electrode, which is higher than the value of MCM10
(62F g_l) and MCMO5 (17 F g'l). MCMZ20 retained its surpassing ca-
pacitance up to the scan rate of 500mVs~! (Fig. 3c). In contrast, the
capacitive performance of PICACTIF - a micro-meso high surface area
carbon - was plotted in Fig. 3c, which was tested in our previous work
[5]. Comparing with MCM20, PICACTIF with high SSA (2300m?g~!
[5]) exhibits a rapid decay of capacitance with increasing scan rate,
likely because of its lower mesoporous volume causing a lower efficient
ionic mass-transfer of the embedded ionogel.

Equivalent series resistances of MCM20, MCM10 and MCMO5 de-
vices were measured at 5, 9 and 7 Q cm? respectively from the Nyquist
plots (Fig. 3d,e). These similar values are mainly derived from the io-
nogel bulk resistance and electrical resistance of the carbon electrodes,
which are comparable to previous works [4,5]. The faster increase of
the imaginary part of the impedance observed for the MCM20 sample
evidences that the higher mesoporous volume of MCM20 facilitates the
electrolyte accessibility in its larger pores [16]. As shown in Fig. 3f, the
in-pore ionic resistance of MCM20 (14 Q cm?) is only one-fifth of that of
MCM10 (72 Q cm?), further supporting the assumption that the meso-
pores favor for ion-transfer in solid ionogel electrolytes. Our meso-
porous carbon monolith samples show promising performance in io-
nogel electrolytes for solid-state supercapacitor applications.

4. Conclusions

Mesoporous carbon monoliths (MCM) were prepared using soluble
salt as template. The pore sizes of MCM could be tuned from 10 to
30 nm by adjusting the ratio between salt and carbon sources. Thanks to
high specific surface area and large porous volume, MCM exhibited
attractive capacitive performance in EMITFSI. More specifically, the
presence of large mesopores in MCM reduced the in-pore ionic re-
sistance of electrolyte. As a result, binder-free MCM electrode could
achieve a capacitance as high as 75Fg~! (375mF cm~2) in ionogel
electrolyte, showing great potential for all-solid-state supercapacitor
applications.
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