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Abstract

Highly porous materials with a 3D framework have been produced by a
sustainable salt template-assisted chemical activation approach based on the
use of KCI particles as template, K,CO3; particles as both template and
activating agent, and biomass-derivatives as carbon precursor (i.e., glucose and
soybean meal). The self-assembly of all the constituents into a 3D structure is
achieved by a freeze-drying process and, after carbonization and a simple
washing step with water, a 3D hierarchical porous carbon is obtained. The
sustainability of the process is ensured by using chemicals of low or null toxicity
and renewable carbon precursors. The materials produced are characterized by
a 3D framework composed of thin walls rich in micropores, with BET surface
areas in excess of 2000 m? g* and pore volumes of up to 1.4 cm® g™. These
materials show an improved rate capability in supercapacitors based on
agueous (H,SO,4 and Li,SO,4) and ionic liquid electrolytes (EMIMTFSI/AN) with

carbon electrode loadings well within the range of commercial values.
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Introduction

Nanoporous carbon materials are a key ingredient of many energy-related
technologies, such as supercapacitors,*® Li-ion batteries (particularly Li-S/Li-
Se/Li-air batteries),"*"” fuel cells,® ° hydrogen/methane storage™® ' and
carbon capture systems.*> *3! This is due to their excellent properties, such as
their large specific surface area, low density, good electronic conductivity, high
thermal stability and tunable chemical properties. There is, therefore, a growing
demand for such materials, which needs to be satisfied without compromising
either resources or the environment. This is why biomass is one of the preferred
carbon precursors for the production of high-performance, sustainable porous
carbons.™ **! Other advantages of biomass and biomass residues include their
widespread availability/natural abundance and low-cost. However, when
biomass is carbonized directly, it normally produces carbons with insufficient or
low porosity. Consequently, traditional activation approaches (i.e., chemical and
physical activation) are implemented in order to produce highly porous carbons
from biomass.!*® ! This scenario has led in the last decade to an exponential
exploitation of KOH as activating agent. However, although KOH has proven
perfectly well that it can produce high-performance porous carbons for a wide
variety of applications,*® ¥ its use for industrial purposes poses certain
challenges, such as its high toxicity and corrosiveness. It also generates mainly
micropores and in specific cases mesopores,?>?? but normally no macroporous
hierarchical 3D structures (unless they are inherited from the biomass or
aggressive -and low yield- activation conditions are used).”® This kind of
structure is advantageous for speeding up diffusion processes. In fact, the

diffusion time is proportional to the square of the diffusion distance, which is



within the nanometer range in these structures. This has led scientists to search
for greener alternatives which, at the same time, favor the production of
hierarchical porous carbons or 2D/3D porous carbon structures. For example,
Deng et al. have shown that a benign potassium salt, such as potassium
bicarbonate, is capable of producing 3D hierarchical porous carbons (surface
areas of up to ca. 1900 m? g) from both biomass and biomass derivatives.?"
Zhao’s group developed 3D hierarchical porous carbons from glucose by
combining multiscale inorganic salts (NaCl, Na,CO3; and Na,SiO3z) and by
controlling their crystallization and assembly through a freeze-drying process.?>
%l In this approach, NaCl particles served as template for the generation of
macrocavities in the 1-2 um range, Na,COs particles for the formation of
macropores in the 50-100 nm range, and Na,SiO3; particles to generate
mesopores in the 5-10 nm range, while the carbonization of glucose gave rise
to some micropores. These materials had surface areas below 1100 m? g™,
although pore volumes of up to 1.5 cm® g™ were achieved due to the abundance
of large mesopores/small macropores. Besides Zhao's group, other authors
have shown the efficient templating function of NaCl crystals for the production
of materials with a 3D macroporous framework??’2 or 2D nanosheetst? 32
—depending on the preparation conditions—, by using various precursors
(glucose, polypyrrole, sodium glutamate, citric acid or lysine). However, all of
the produced materials possess a low micropore development (except in the
case of sodium glutamate), which led to surface areas below 800 m? g*. This
limits, for example, the ion storage capacity of these materials for
supercapacitor applications, which is mainly determined by micropores.* *4 On

the other hand, Fellinger’'s group has revisited ZnCl, as chemical activating



agent and used its low melting eutectic mixtures with several chloride salts (e.g.
KCI, NaCl or LiCl) to produce hierarchical porous carbons with surface areas up
to ca. 3000 m?g™. B3 They have shown that when excess NaCI/KCl is used in
this salt-templating strategy, the NaCI/KCl solid particles dispersed in the liquid
reaction mixture can act as hard templates for macropores.® 31 A drawback in
this strategy is the toxicity of ZnCl,.

Herein, we propose a sustainable salt template-assisted chemical
activation approach for the production of highly porous 3D carbons based on
the use of KCI particles as template and K,COj3 particles as both template and
activating agent. By means of a freeze-drying process, the KCI and K,COs3;
particles self-assemble to form a 3D structure which is uniformly covered by the
carbon precursor. The subsequent carbonization and removal of the
template/activating agent then produces porous carbons with a 3D framework
and surface areas in the 2000-2600 m? g* range. Noteworthy, there is also a
certain confinement effect produced by the presence of inert KCl particles,
which slightly increases the product yield. The sustainability of the process is
supported by the use of biomass derivatives (glucose) or biomass residues
(soybean meal) as carbon precursor, and templates (KCl and K,COj3) and
activating agents (K,COg3) which can be washed off by simply using water,
without the need for any acid. When tested as supercapacitor electrodes using
carbon loadings well within the range of commercial values, these materials
showed an excellent performance at high current rates in a variety of

electrolytes with different ionic conductivities.



Results and Discussion
Structural and textural properties of the 3D sponge-like porous carbons
The salt template-assisted chemical activation proposed herein is based on the
use of KCl particles as template, and K,CO3 particles as template and activating
agent (see Scheme 1). When the solution formed with glucose or soybean meal
is freeze-dried, KCI crystallizes into cubic and tubular particles in the micron
range, whereas K,COg3 crystallizes into smaller particles (vide infra). Both kinds
of particles self-assemble into a 3D structure and become covered by the
carbon precursor, i.e. glucose or soybean meal (see Scheme 1). After
carbonization, the KCI particles and un-reacted K,CO3 can be washed off by
simply using water to ensure the sustainability of the process. The final result is
a carbon material with a 3D sponge-like microporous structure, as illustrated in
Scheme 1. The carbon materials produced from glucose are labelled as G-T
and those from soybean meal as SM-T, where T is the synthesis temperature.
Figures Sla-b show SEM micrographs of the freeze-dried samples
corresponding to glucose or soybean meal and KCI. They reveal that, under the
freeze-drying process, KCI tends to form microparticles with a cubic and tubular
shape, the size of the KCI particles being smaller (< 2 um) in the case of
soybean meal compared to glucose (> 2 um). The particles are homogeneously
covered by the carbon precursors as is evidenced by the corresponding EDX
mappings (Figures Slc-1f). Under the same conditions, K,CO3 forms smaller
particles which agglomerate (Figures S2a-2b) and also become covered by the
soybean carbon precursor, as confirmed by EDX nitrogen mapping (Figures
S2c-2d), a precursor which under freeze-drying conditions tends to form

lamellar structures (Figure S3). In the case of the freeze-dried samples



produced from the combined mixture of KCI and K,CO3 with the corresponding
carbon precursor, both kinds of structures self-assemble, although the KCI
particles are more prominent owing to the fact that a much higher amount of
KCl is used (Figure 1). In the case of soybean meal (Figures 1c-e), the uniform
covering of the particles by the precursor is confirmed by nitrogen EDX
mapping.

Figure 2 shows SEM micrographs of the carbon materials produced at
850 °C from glucose (Figures 2a and 2b) and soybean meal (Figures 2c and
2d) after the removal of KCl| and un-reacted K,CO3; (SEM micrographs of the
materials synthesized at 800 °C can be seen in Figure S4). As can be seen
from the micrographs, irrespective of the carbon precursor or the synthesis
temperature used, the resulting carbon materials have a 3D framework with
very thin walls. This structure is confirmed by TEM analysis. Transparent,
interconnected carbon sheets can be seen in the TEM micrographs in Figures
3a and 3c. Further magnification by HRTEM reveals an abundant and
disordered microporosity within the walls (Figures 3b and 3d). Comparison of
the structure of these materials with that of the carbons produced by using only
K>,COg3 (Figures S5a and S5b) or only KCI (Figures S5c¢ and S5d) shows that it
is the self-assemblage of KCI and K,COj3; particles that determines the final
structure of the material.

Thermogravimetric analysis (TGA) and temperature programmed
desorption (TPD) experiments of the mixtures of glucose or soybean meal and
KCI+K,CO3 were performed in order to analyze the processes taking place. The
corresponding TGA and DTG curves are depicted in Figures 4a-4d.

Independently of the carbon precursor used, a sharp weight loss was recorded



at temperatures higher than 700 °C, which is ascribed to the following redox

reaction: (3840

KoCO3 + 2 C —» 2 K + 3 CO. In this way, carbon atoms are
etched as CO, giving rise to microporosity (see N physisorption analysis
below). This reaction has been confirmed by TPD experiments. Thus, as shown
in Figures 4e-4f, an intense CO evolution peak (highlighted in red) is registered
above 600 °C, with a maximum at 760-780 °C. On the other hand, the
carbonization of both precursors takes place at temperatures lower than 500 °C.
When compared to the TGA/DTG curves of the pristine precursors, it can be
seen that in both cases the main decomposition peaks are located at a
temperature higher than in the mixture with KCI+K,CO3.This can be attributed to
the catalytic action of K,COs, as already observed in the case of other
potassium salts such as KHCO3** or K,C,04.*" Indeed, the TPD experiments
show intense CO, (highlighted in blue) and H,O evolution peaks below 250 °C
(see Figures 4e, 4f and S6) -with a smaller contribution from CO-, because of
dehydration and polymerization reactions (the first H,O evolution peak at ~60
°C in the case of soybean meal and the hump at ~70 °C in the first H,O
evolution peak corresponding to glucose may be ascribed to the presence of
water adsorbed during handling). The weight loss at around 400-500 °C is
associated with the evolution of CO, (highlighted in blue) and of H, resulting
from the continued carbonization of the precursors (see Figure S6).

X-ray diffraction was used to analyze the nature of the inorganic species
present in the materials after the high temperature treatment and to corroborate
the complete removal of these species by washing with water. Figure 5 shows
the corresponding XRD patterns before and after washing with water. As can be

seen in Figures 5a-b, KCl and un-reacted K,CO3 are the only species remaining



after the high temperature treatment. After washing with water (Figure 5c), no
potassium salt remains, which is a significant advantage compared to hard
templating!*? or other activation approaches,’** ¥ which use acids such as HF
or HCI. The complete removal of the potassium salts was corroborated by EDX
analysis, as shown in Figure 5d. The XRD patterns of the carbon materials are
of the type that is characteristic of activated carbons, i.e. materials with an
amorphous structure, showing low intensity and broad (002) and (100) bands
with a high-intensity tailing at 26 ~ 10°, which is indicative of the presence of
abundant porosity. 25 27 43-45]

Analysis of the porous structure of the carbon materials was performed
by means of N, physisorption at -196 °C. The corresponding isotherms and
pore size distributions (PSDs) are shown in Figure 6. As revealed by Figures 6a
and 6b, G-800 shows a Type I(a) isotherm which is typical of almost exclusively
microporous materials, whereas G-850, SM-800 and SM-850 have a Type I(b)
isotherm that is indicative of materials with a broad PSD including narrow
mesopores (< ~ 2.5 nm)."*® This is confirmed by the PSDs in Figures 6¢ and 6d.
Thus, G-800 has virtually no pores above 2 nm, whereas the rest of the carbons
possess pores in the 2.5-4 nm range. On the other hand, the increase in N,
adsorption at relative pressures > 0.9 indicates the presence of large
mesopores/small macropores as a result of the templating of small KCI/K,CO3
particles. This is particularly pronounced in the case of the materials derived
from soybean meal and is in accordance with the smaller size of the template
particles, as the SEM analysis shows (see above). The textural properties of the
different carbon materials are collected in Table 1. All the materials have large

BET surface areas, in the ~ 2000-2600 m? g™ range, and pore volumes in the



range of 0.8-1.4 cm® g™ (it should be noted that this pore volume has been
calculated from the N; isotherms and, therefore, it does not include
macropores), with most of this porosity corresponding to micropores (> 70 %).
Comparison with the materials prepared by using only KCI particles as
template, which exhibit a poor pore development (Sger < 500 m? g™ and V, <
0.4 cm® g*') and a higher product yield (Table 1), evidences the activating
(carbon etching) role of K,COs;. On the other hand, comparison with the
materials prepared by using only K,COg, shows that, in the case of glucose, the
generation of porosity is more effective in this salt template-assisted chemical
activation process (see Table 1). This may be related to the fact that, during the
carbonization process and at T > 631 °C, KCI microparticles coexist with an
eutectic mixture of KCI and K,COg3, and above 750 °C only this eutectic mixture
is found (Figure S7)."*" *® This salt melt does not affect the rigid 3D carbon
framework already formed but facilitates the redox reaction that takes place at T
> 700 °C between K,COj3; and carbon (a solid-liquid reaction instead of a solid-
solid), which leads to greater pore development. Similar results were obtained
when potassium oxalate was employed instead of potassium carbonate.
Glucose activated with potassium oxalate (1/1 wt. ratio) produces a material
with a surface area of 1280 m? g™ and a pore volume of 0.5 cm® g, whereas
glucose activated with potassium oxalate in the presence of KCI
(glucose/K,C,04/KCI = 1/1/6.7 wit. ratio) increases the surface area and pore
volume up to 1750 m? g* and 0.74 cm® g™ respectively (see Figure S8). It is
worth noting that the materials derived from soybean meal have a larger pore
development than those produced from glucose, with surface area values as

high as 2600 m? g™ (Table 1). This may be due to the preferential removal of
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nitrogen species —besides the etching of carbon atoms— when activating with
potassium salts. Thereby, as shown by elemental analysis, almost all nitrogen is
removed during the activation process (it decreases from 8.1 wt.% in soybean
meal to ~ 0.4-0.5 wt.%), whereas during carbonization most of nitrogen is
preserved (see Table S1). Also worth highlighting is the 2 % increase
registered in the product yield in this salt template-assisted chemical activation
compared to the traditional chemical activation process (see Table 1), which
can be attributed to the confinement effect produced by the presence of inert
KCI particles, as we have recently shown for another activating agent such as

sodium thiosulfate.®

Electrochemical properties of 3D porous carbons

The combination of a 3D morphology that provides short diffusion pathways
with a large surface area ascribed mainly to micropores but also some small
mesopores (< 4 nm), and an electronic conductivity of ~ 2 S cm™ (measured for
the compressed powder at 7 MPa), make these materials suitable for high
power EDLC applications. The rich density of micropores provides a high ion
storage capacity, while the 3D morphology provides rapid access to the pores,
thereby ensuring retention of capacitance at high rates. Taken into account
these considerations and in order to determine the full potential of these
materials, their electrochemical properties were analyzed in three electrolytes
with different ionic conductivities and able to stand different voltage windows:
1) 1 M HySOy, ii) 1 M Li,SO4 and iii) EMImMTFSI/AN. Symmetrical two-electrode
cells were assembled using a carbon loading well within the range of

commercial values, i.e. 9-11 mg cm™. The packing density of the electrodes
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ranges in the 0.25-0.59 g cm™ range (vs. 0.68 g cm™ for commercial activated
carbons) (Table 1). It should be noted that tailoring of macroporosity should be
performed for optimizing the volumetric performance.

When a solution of 1 M H,SO, is used as electrolyte, all the materials
provide a large specific capacitance at low rates, ~ 220-240 F g*/50-112 F cm™
(values which are within those of the state-of-the-art in carbon materials and
superior to those of commercial activated carbons, 135-155 F g*/78-90 F cm’
3),[15. 44501 anq are still able to retain above 100 F g (~30-40 F cm™) at ultra-
large currents of 80-110 A g™ (see Figure 7a). At 0.2 A g, the surface area
normalized capacitance increases following the trend of microporosity, i.e. G-
800 (11.2 puF cm™) > G-850 (9.8 pF cm?) > SM-800 (9.4 uF cm™®) > SM-850
(9.0 uF cm™), all of these values being within the theoretical EDLC surface area
normalized capacitance of carbon materials.*"! The excellent rate performance
provided by the 3D morphology —despite using thick electrodes— is also
confirmed by the moderate drop in voltage in the charge/discharge experiments
at very high rates (see Figure S9) and also by the well-preserved rectangular
CVs at high scan rates (Figure S10). On the other hand, a study of the ion-
dynamics through EIS (Figure 8a) shows that the better rate capability of the
materials prepared at higher temperature (850 °C) is due to their higher
electronic conductivity (lower ESR). Meanwhile, the better rate capability of the
soybean meal-based materials is attributable both to their higher electronic
conductivity and improved ion diffusion through the porous structure (shorter
Warburg region, i.e. lower EDR) owing to the presence of larger pores (see
Figure 6c¢-d). When compared to the commercial activated carbon, both

improved electronic conductivity and ion diffusion through the porous structure
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can be seen, the largest enhancement being recorded on ion diffusion. The
ideal capacitive behavior of the materials is supported by the Bode plots in
Figure 8b, which show a phase angle at low frequencies close to - 90°.
Furthermore, the time constant of the different materials, derived from the
characteristic frequency fp at the phase angle of - 45°, has a value in the range
of 1.2-2.0 s (compared with 3.5 s for the commercial activated carbon),
confirming the rapid diffusion of ions inside the structure of these materials.
Furthermore, the robustness of the supercapacitors is evidenced by
capacitance retentions of 94-97 % after 10000 cycles at 5 A g™ (see Figure
Sl1la).

In order to increase the cell voltage and hence the amount of energy
stored in the supercapacitor, as well as to enhance the environmental
friendliness of the devices, Li,SO, was tested as electrolyte. In this case, a
stable 1.5 V cell voltage was obtained (see Figures Sllb-c, proving a
capacitance retention > 90 %), compared to 1 V in H,SO,4, owing to the higher
overpotentials for oxygen and especially hydrogen evolution.!?* %> %3 However,
the rate capability in this less conductive electrolyte was lower for all the
materials tested, as can be seen in Figure 7b. The restricted ion diffusion is
particularly marked in glucose-based materials due to their narrower PSDs (see
Figure 6c), which can only work up to 10-20 A g™. This is further supported by
EIS (Figure 8c), which not only reveals a higher ESR in the neutral electrolyte
compared to the acid one, but also a much greater resistance to the diffusion of
ions. Likewise, the values of capacitance are lower than in H,SO,4 (~150-160 F
gl/33-74 F cm™ at 0.2 A g') probably due to the lower contribution of

pseudocapacitive reactions in neutral electrolytes, but still well placed within the
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values of state-of-the-art carbons.?> **°"1 Nevertheless, the higher cell voltage
of Li,SO4-based supercapacitors leads to an increase in the amount of energy
stored of ca. 60 % for a power density up to ~ 5 kW kg*, as evidenced by the
Ragone plots in Figure 7d.

A further boost to cell voltage was achieved by using the ionic liquid
EMIMTFSI dissolved in AN, ie. 3 V. Its stability was confirmed by
charge/discharge cycling at 10 A g, which led to capacitance retentions in the
90-95 % range after 7500 cycles (see Figure S11d). In this electrolyte, as
shown in Figure 7c, the rate capability is also lower than in H,SO,4 (maximum
discharge current of ~ 30 A g, see CD profiles in Figure S12) as are the
capacitance values (140-160 F g*/34-72 F cm™@ at 0.2 A g™) owing to the limited
or small contribution of pseudocapacitance by surface groups. This is
evidenced in the Bode plots in Figure 8d, which show a much slower frequency
response in EMIMTFSI/AN and a phase angle at low frequencies that is closer
to - 90° than that of the acid electrolyte. However, both capacitance and rate
capability (> 70 % capacitance retention at 30 A g™) are still good for this kind of
electrolyte when compared to the state-of-the-art carbons and commercial
activated carbons, especially when using carbon loadings as high as 10 mg cm’
2 (carbon loadings are normally around 1-2 mg cm™).[** %859 A5 in the case of
the acid electrolyte, the surface area normalized capacitance increases in line
with the trend of microporosity, from 5.9 pF cm™ for SM-850 to 7.4 pF cm™ for
G-800, in agreement with the greater efficiency with which micropores store
ions. More importantly, the large voltage achieved with this electrolyte makes it
possible to store as much as ca. 50 kW h kg™ (10-23 kW h L™) at low power

density and still provide 22-23 kW h kg* (~5-10 kw h L™) at a high power
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density of ca. 20 kW h kg™ (4-7 kw L™). These results highlight the versatility of
these materials for use with a variety of electrolytes with different ionic
conductivities, providing good energy and power density values owing to the
easy accessibility to the micropores in this 3D structure, especially in the case
of materials that also contain some mesopores.

Conclusions

In summary, we have developed a sustainable salt template-assisted chemical
activation approach for the fabrication of 3D highly porous carbons. It is based
on the use of low-toxic or non-toxic potassium salts as template (KCl and
K>,CO3) and activating agent (K,CO3), and of biomass-derivatives as carbon
precursor (i.e., glucose and soybean meal). The self-assembly of all the
compounds into a 3D structure was induced by freeze-drying. After
carbonization (800-850 °C) and after being washed with water to eliminate the
salts, a 3D porous carbon was obtained. These carbons possess BET surface
areas in the ~2000-2600 m? g* range and pore volumes of 0.8-1.4 cm?® g, with
most of their porosity corresponding to micropores (> 70 %). When tested as
supercapacitor electrodes with commercial-level carbon electrode loadings,
these materials provided an excellent rate capability independently of whether
an aqueous (H,SO4 and Li,SO,4) or an ionic liquid (EMIMTFSI/AN) electrolyte
was used due to the rapid access of the electrolyte ions to the micropores of

this 3D architecture.
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Experimental section

Synthesis of 3D porous carbons

a-D-Glucose (96%, Aldrich) and soybean meal (i.e. defatted soybean flour, see
reference ¥ for the defatting procedure) were used as carbon precursors. In a
typical synthesis, potassium chloride (> 99.5 %, Sigma Aldrich) was first
dissolved in water, followed by potassium carbonate (Merck) and the carbon
precursor, using a K,COgs/KCl/carbon precursor weight ratio of 1/6.7/1.
Afterwards, the mixture was frozen in liquid nitrogen (-196 °C) and then
transferred to a lyophilizer (Telstar Cryodos) and freeze-dried at a temperature
of -50 °C and at a pressure of 0.06 mbar. The solid thus obtained was heat-
treated at 800-850 °C (3 °C min™) under a nitrogen gas flow and held at this
temperature for 1 h. The sample was washed several times with hot distilled
water in order to remove any inorganic impurities. Finally, the solid product was
dried in an oven at 120 °C for 3 h. The carbons thus produced were labelled X-
T, where X = G (glucose) and SM (soybean meal) and T = synthesis
temperature. Carbon materials were also prepared from glucose and soybean
meal using only potassium carbonate (K,COgs/carbon precursor weight ratio =
1/1) or potassium chloride (KCl/carbon precursor weight ratio = 6.7/1). These
carbons were denoted X-CK-800 when only K,CO3; was used, and X-K-800
when only potassium chloride was used. On the other hand, carbon materials
were additionally prepared from glucose by using potassium oxalate as
activating agent instead of potassium carbonate (K,C,04/glucose weight ratio =
1/1) and a mixture of potassium oxalate and KCI (K,C,04/KCl/glucose = 1/6.7/1
weight ratio).

Physical and chemical characterization
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Scanning electron microscopy (SEM) images were recorded on a Quanta
FEG650 (FEI) microscope, whereas the transmission electron microscopy
(TEM) images were recorded on a JEOL (JEM 2100-F) apparatus operating at
200 kV. The nitrogen sorption isotherms of the carbon samples were measured
at -196 °C using a Micromeritics ASAP 2020 sorptometer. Prior to the
measurement, the material was outgassed at 200 °C for 1 h. The apparent
surface area (Sget) was calculated from the N, isotherms using the Brunauer-
Emmett-Teller (BET) method.®* ®® The total pore volume (V,) was determined
from the amount of nitrogen adsorbed at a relative pressure (p/p,) of 0.95. The
pore size distributions were determined by applying the Quenched-Solid
Density Functional Theory (QSDFT) method to the nitrogen adsorption data and
assuming a slit pore model. The micropore volume (Vmicrop) Was obtained from
the QSDFT PSD (volume of pores < 2 nm). Elemental analysis (C, N and O) of
the samples was carried out on a LECO CHN-932 microanalyzer. X-ray
diffraction (XRD) patterns were obtained on a Siemens D5000 instrument
operating at 40 kV and 20 mA and using a Cu Ka radiation source (A = 0.15406
nm). Thermogravimetric analysis (TGA) curves were recorded on a TA
Instruments Q6000 TGA system (3° C min™- 850 °C under N,). Temperature
programmed desorption (TPD) experiments were performed on a Micromeritics
Autochem 1l 2920 coupled to a Pfeiffer-Vacuum Omnistar quadrupole mass
spectrometer (3° C min™- 900 °C under Ar). The evolution of CO (m/z = 28),
CO; (m/z = 44), H,O (m/z = 18) and H, (m/z = 2) was recorded. To determine
the dc electrical conductivity of the porous carbons, ~50 mg of each carbon was
placed inside a hollow Nylon cylinder with an inner diameter of 8 mm and

pressed in between two plungers under a pressure of 7.1 MPa.
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Electrochemical characterization

The electrodes consist of a mixture of 85 wt% of active material, 10 wt% of
polytetrafluoroethylene (PTFE) binder (Aldrich, 60 wt% suspension in water)
and 5% of Super C65 (Timcal). The electrochemical measurements were
carried out in two-electrode Swagelok™ type cells in 1 M H,SO4, 1 M LipSOy,
and EMIMTFSI/AN (1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, wt. ratio 1:1) (99 %, lonic Liquids Technology,
Germany) electrolyte solutions. The supercapacitors were assembled using two
carbon electrodes of comparable mass (carbon loading of 9-11 mg cm?
thickness ~ 250-460 um depending on the material), electrically isolated by
glassy fibrous separators. Commercial activated carbons (Kuraray YP-17D and
Norit Supra DLC-50) were also measured for comparison purposes. The
electrochemical characterization was performed at room temperature using a
computer-controlled potentiostat (Biologic VMP3 multichannel generator) and
consisted of cyclic voltammetry experiments (CV), electrochemical impedance
spectroscopy studies (EIS) and galvanostatic charge/discharge (CD) cycling
tests. A complete description of the experiments performed and the calculations

can be found in the Supporting Information.
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Table 1. Physico-chemical properties of the porous carbons.

Activating/templating

Yield

Textural properties

Electrode packing

Carbon Precursor a SgeT V, Vimicro densit
agent OO m'q fem'g fem’g [g cm 3)]/

SM-K-800 KCI 17 470 0.38 0.16 -
SM-CK-800 Soybean K2CO3 11 2650 1.22 1.04 -
SM-800 meal KCI+K,CO3 13 2580 1.19 0.98 0.32
SM-850 KCI+K,CO3 10 2613 1.42 1.00 0.25
G-K-800 KCI 26 335 0.16 0.12 -
G-CK-800 Glucose K,CO3 14 1443 0.58 0.53 -
G-800 KCI+K,COg3 16 2000 0.81 0.71 0.59
G-850 KCI+K,CO3 14 2316 1 04 0.90 0.42

?Yield is defined as grams of carbon/grams of precursor x 100. ° The total pore volume was
determlned at a P/P, of ~ 0.95. ° The micropore volume was determined by using the QSDFT
PSD. ¢ Calculated by measuring the thickness of the electrodes with the help of a micrometer.

Potassium
carbonate

o1

Potassium
chloride

MJ Glucose
]

rl

Freeze-drying

Soybean
meal

Carbonization
and

washing with water

Scheme 1. lllustrative representation of the synthesis procedure for obtaining

3D porous carbons.
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Figure 1. a) Freeze-dried mixture of glucose, KCl and K,COg3, b) freeze-dried
mixture of soybean meal, KCl and K,CO3, and EDX mappings performed in the
soybean meal-based mixture on the area shown in (c) for d) nitrogen, e)

chlorine and f) potassium.
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Figure 2. SEM micrographs of the carbon materials produced at 850 °C from
the freeze-dried mixtures of KCI, K,CO3 and a, b) glucose (G-850), and c, d)

soybean meal (SM-850).
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Figure 3. TEM/HRTEM micrographs of the carbon materials produced at 850
°C from the freeze-dried mixtures of KCI, K,CO3 and a, b) glucose (G-850), and

c, d) soybean meal (SM-850).
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Figure 4. a) TGA, c) DTG and e) TPD curves of the freeze-dried mixture of
glucose, KCIl and K,COg3, b) TGA, d) DTG and f) TPD curves of the freeze-dried
mixture of soybean meal, KCl and K,COj3 (heating rate: 3 °C min™, N, and Ar

atmospheres for TGA and TPD experiments, respectively).
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Figure 5. XRD patterns corresponding to the samples produced from the

freeze-dried mixture of KCI, K,CO3 and a) glucose and b) soybean meal before

washing, ¢) XRD patterns of the carbon materials after washing and d) EDX

analysis of a carbon material after washing.
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Figure 6. N, physisorption isotherms of the carbon materials produced from the
freeze-dried mixture of KCI, K,CO3 and a) glucose and b) soybean meal, and
the corresponding PSDs for the c) glucose-based carbons and d) soybean
meal-based carbons.
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Figure 7. Electrochemical performance. Impact of discharge current density on
electrode specific capacitance in a) 1 M H,SO4 b) 1 M Li,SO4, and c)
EMIMTFSI/AN, d) Ragone-like plots.
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Figure 8. EIS study at OCV of the as-assembled supercapacitors. a) Nyquist
and b) Bode plots in 1 M H,SO,, ¢) comparison of the Nyquist plots in acid and
neutral aqueous electrolyte for the porous carbons prepared at 800 °C and d)
Bode plots for SM-850 in 1 M H,SO, and EMImMTFSI/AN.
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