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HIGHLIGHTS GRAPHICAL ABSTRACT

e The pyrolysis temperature affects the
final morphology of the ACS sample.

e Surface chemistry and morphology
impact the ACS electrode wettability.

e ACS can be used in asymmetric and
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ABSTRACT

The model activated carbon spheres (ACSs) were optimized to be used as negative electrode in asymmetric electrochemical capacitors (ECs). A microporous
commercial activated carbon was used as positive electrode.

Carbon spheres (CSs) were synthesized by precipitation polymerization at room temperature followed by pyrolysis and activation. By enhancing the carbon:KOH
ratio from 1:2 to 1:4, an increase in the specific surface area from 380 m? g~! to 2835 m? g~! (1:4) was achieved along with an increase in pore volume/size.
Consequently, the electrochemical performance in the aqueous electrolyte was improved. After activation, low-temperature-pyrolyzed polymer spheres (400 °C)
result in random-like particles with macroporous structure, while intermediate- and high-temperature-pyrolyzed materials (550 °C and 700 °C) lead to partially and
totally conserved spheres.

The interaction between the electrode material and electrolyte is important and is related to the texture, morphology, and surface chemistry of ACS. In 1 mol L™}
H,S04, capacitance and rate handling are mostly affected by electrode morphology and wettability with the electrolyte. In 1 mol L™! Li;SO, electrolyte solution,
texture and surface chemistry of the electrode material are crucial to obtain high-performance EC. Regardless of morphology, poor wetting properties of synthesized
materials were found in Li»SO4, compared to the H,SO4 solution.
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1. Introduction

Currently, electrochemical capacitors (ECs) emerge as promising key
energy storage devices for high power rates in our energy-driven lives
[1]. However, due to the increasing environmental awareness, more
attention is being devoted to sustainable EC components. Therefore, in
the pursuit of inexpensive, ecological, sustainable and effective elec-
trode materials, carbon materials attract immense interest in compari-
son to other classes of materials (metal oxides, metal nitrides, etc.). They
demonstrate a well-developed surface area that guarantees high specific
capacitance values. Their chemical, thermal, and electrochemical sta-
bility improves the durability of electrochemical devices in which they
are implemented. One of the interesting carbon materials is spheroidal
carbons, which can be classified as fullerenes, carbon onions (CO) [2,3],
spheres (CS) [4] and beads (CB) [5]. Research concerning spherical
carbons has gained increasing interest due to their unique morphology
characterized by an inner and an outer (easily accessible) surface area.
Spherical particles can possess a high degree of organization, i.e.,
graphitized particles (fullerenes, CO, CS) and more disordered highly
microporous or macroporous particles (CS, CB). In addition, their
controlled size might lead to more homogeneous electrode preparation
and improved electrolyte diffusion. Therefore, such structures are
widely studied in energy storage applications, especially batteries [6-9],
ECs [10-13] or hybrid battery-capacitor devices [14]. To apply sphe-
roidal carbon materials as anodes in Li-ion, Na-ion, or K-ion batteries
[6-8], a high degree of graphitization is required [2,14], directly
influencing their electrical conductivity. However, such an approach
sacrifices the textural properties of carbon electrodes that are essential
in EC application.

To enhance the texture of carbon (in particular microporosity),
moderate pyrolysis temperatures (approximately 500-800 °C) are used
[10-12,15]. Additionally, this process enables the preservation of het-
eroatom dopants in the structure [13,16-18]. For such purposes, nitro-
gen or sulfur are generally foreseen [9,19,20]. Open, hollow structures
of CSs [10,21,22] or their composites with pseudocapacitive materials
are advantageous [23-25] for EC application. Nevertheless, several
crucial aspects of the CS synthesis process cannot be neglected. One
approach involves hydrothermal carbonization with a temperature up to
250 °C instead of a direct pyrolysis step [26]. The most common pre-
cursors are carbohydrates (such as sucrose or glucose) or phenolic resins
(phenol-formaldehyde) [26]. The latter, although their degree of
carbonization is higher than the degree of carbonization of carbohy-
drates (40-50% vs. 20%), have questionable impacts on the environ-
ment. They release less gas during the carbonization process; however,
their chemical nature is classified as highly toxic [18,27,28]. Undoubt-
edly, hazardous chemical substances (such as resorcinol or formalde-
hyde) allow the advancement of CS to be achieved, but improving the
sustainability of EC remains a key challenge [16,17]. Unfortunately,
considering each synthesis route, activation of the final product is
required to obtain microporous carbons (ACSs) for EC application.
Therefore, depending on the activation process, washing carbon with
strong acidic [18,29-31] or alkaline solutions [27,28] is inevitable.
Thus, it is important to minimize the environmental impact of the
selected substrates, where possible [32].

CSs can use their external surface area simultaneously with the
volume of the pores if they contain interconnected micro- and meso-
pores [12,29]. For this reason, the application of CS in ECs is readily
studied - either as the main active electrode component or a support.
Carbon spheres are investigated most often with alkaline electrolytic
solutions, i.e., 6 mol L~! KOH [9,10,22,33], however, acidic (1 mol L!
H3S04) [13,17,24] or neutral (1 mol Lt NayS0y4) [12,21,34] are also
used. The reported resistance values of CS electrodes are quite high,
ranging from ca. 1 Q [9,15,35-37] up to almost 8 ohms [12,21,25,30,
31], depending on the electrolyte used. Despite having such equivalent
series resistance values (ESR, recorded at 100 kHz) — CS presents satis-
factory electrochemical performance in terms of its specific capacitance
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(ca. 200 F g ! per electrode) and rate handling between 0.1 and 20 A g !
(higher than 50%) [26]. Decreasing particle size was shown to increase
specific capacitance [11,12,19,21,23,38]. Moreover, rate handling
(specific capacitance ratio between high and low applied load, i.e.,
current, scan rate, power) seems to be affected by ACS particle size, their
interconnection (presence of aggregates, free space between particles,
etc.) and the bulk porosity of a singular particle [6]. Hence, rate
handling recorded for ACS-based ECs varies from 50% [13,20,23] to
75% [10,22] in potentiodynamic studies. By tailoring the structure and
texture of ACS, this metric still seems to be able to be improved. How-
ever, such investigations are quite often limited to three-electrode
studies, in which CS-based EC device performance is not fully exploited.

Therefore, carbon spheres are still attractive and challenging mate-
rials because their various morphological, textural, and surface chem-
istry features can be designed and different synthesis protocols can be
followed. Herein, we report on the full device performance of ACS-based
ECs, and we demonstrate their great application potential in aqueous-
based energy storage devices. Our research focuses on the synthesis of
ACS using ecofriendly and non-carcinogenic precursors (phloroglucinol
and glyoxylic acid). Optimization of the activation process and pyrolysis
temperature allows the model ACS materials with tuned morphology,
texture, surface functionalities to be obtained and their impact on the EC
performance to be understood. For a fair comparison, two types of cell
configurations were investigated: asymmetric (where ACS plays the role
of a negative electrode active component) and symmetric configura-
tions. Both were tested in acidic (1 mol L™! H,SO4) and neutral (1 mol
Lt LisSO4) aqueous electrolytic solutions. In acidic environments,
because of the surface functionalities and structure of the material,
macroporous materials exhibit a higher rate handling than spherical
materials. In a neutral electrolytic solution, the ACS electrode performs
better than macroporous or even commercial carbon cloth, showing how
crucial proper electrode/electrolyte matching is in terms of their elec-
trochemical performance. Successful improvement of ACS materials in
terms of their electrochemical properties can be achieved by adjusting
the pyrolysis temperature (here 550 °C) and/or optimizing the CS:KOH
ratio in the activation process (here 1:3 by mass).

2. Experimental procedure
2.1. Materials synthesis

A scheme of activated carbon sphere synthesis is presented in Fig. 1.
The process is based on the precipitation/polymerization of phenolic
resin precursors in the presence of a cross-linker, followed by pyrolysis
and activation of the polymer spheres obtained. The synthesis of the
polymer spheres is described elsewhere [16,39] and involved dissolu-
tion under stirring of phloroglucinol (0.82 g) and glyoxylic acid (0.72 g)
in 40 mL of ethanol. In addition, thiophene-2-carboxaldehyde (0.36 g)
was used to provide a sulfur source. Next, a triethylenediamine (TEDA,
0.36 g) cross-linker was added to the solution to initiate the
polymerization.

The as-obtained solution was kept without stirring for 48 h at 26 °C
(ageing step).

Subsequently, after removal of excess solvent (either by centrifuga-
tion or decantation), the reddish-brown solid material was placed in
crucibles and subjected to thermopolymerization in air at 80 °C over-
night (16 h). Next, thermal treatment (pyrolysis) was performed at
400 °C, 550 °C or 700 °C with a temperature rate of 2 °C min ™" up to the
maximum value and then held for 1 h in an Ar flow. During this step, the
orange/red polymer resin spheres were converted to black carbon
sphere material. The specific surface area of CS is expected to be below
500 m? g’l; therefore, to increase the micropore content in CS, the
activation process has been implemented [16]. CSs were mixed with
KOH in a weight ratio of 1:2, 1:3, or 1:4; adding a few drops of distilled
water allowed us to obtain a homogenous mixture in a mortar. When the
CS:KOH ratio was studied, the samples were treated at fixed
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Fig. 1. Scheme of activated carbon sphere (ACS) synthesis.

temperatures, pyrolyzed at 700 °C, activated at 750 °C with a heating
rate of 5 °C min~! up to the maximum value and held for 1 h in an Ar
flow. The activated samples obtained were labelled 1:2, 1:3 and 1:4
according to the CS: KOH ratio used. When the pyrolysis temperature
(400 °C, 550 °C or 700 °C) was investigated, a constant CS:KOH ratio of
1:3 was fixed, and one activation temperature (750 °C) was used for all
samples. The samples were labelled T-400, T-550 and T-700 according
to the pyrolysis temperature applied.

During the activation step, an increase in the sample volume and a
change in its morphology to fluffy powder were observed. The resulting
material was then thoroughly washed with distilled water to remove
KOH residues. In order to decrease the amount of acid used for washing,
the second step includes washing with a mixture of HCl:H0 at a 1:1 vol:
vol ratio. The final washing step included hot water (80 °C) rinsing until
the pH of the eluate became neutral. For the sake of comparison, one CS
sample was pyrolyzed at 700 °C and was not activated (labelled N-A) to
verify the textural and structural changes after the activation procedure.

2.2. Physicochemical characterization of materials

Synthesized carbon spheres were characterized in terms of their
morphology, particle size distribution, texture, surface composition,
wettability and conductivity. Morphology was examined using a FEI
Quanta 400 scanning electron microscope (SEM) equipped with an en-
ergy dispersive analyzer (EDX), allowing determination of surface
chemistry composition. The particle size distribution was evaluated
using ImageJ software based on SEM micrographs. The textural prop-
erties of ACS were studied using Ny adsorption at 77 K and CO,
adsorption at 273 K using an ASAP 2020 apparatus (Micromeritics).

Prior to analysis, the samples were degassed under vacuum for 12 h
at elevated temperatures (>100 °C). Next, gas adsorption isotherms
were collected in the relative pressure range p/pg = 0-0.99 (Ny) and
0-0.03 (COg2). The specific surface area was calculated using the
Brunauer-Emmett-Teller (Sger) equation in the relative pressure range
0.01-0.05. Cumulative surface area (Spgr) from the 2D-NLDFT model
was also noted for all samples. For pore size distribution, the 2D
nonlocal density functional theory (2D-NLDFT) model for heteroge-
neous surfaces (with slit pores) was applied using SAIEUS software
(Micromeritics) that allows micro- and mesopore volume calculation in
the appropriate pore width range, based on a differential pore volume

integral. Furthermore, Vpio was calculated using the Dubinin-
Radushkevich equation, in the relative pressure range, P/Py: 10~*
1072 for Ng and COg, while VTOTAL —at P/P()Z 0.99 and Vmeso by VTOTAL -
V micro- The average diameter of the micropore has been estimated based
on a maximum peak in the micropore range (<2 nm) for both: N and
CO, adsorbates as discussed here [40] due to bimodal PSD in the
micropore range. The supermicropore (from 0.8 to 2 nm) [41,42] vol-
ume was calculated by subtracting the micropore volume calculated
from CO; adsorption from the value calculated from N adsorption [43].

Surface chemistry was determined with X-ray photoelectron spec-
troscopy (XPS) on a VG ESCALAB 250 spectrometer using an Al K,
monochromatic source (15 kV, 15 mA) with a multidetection analyzer
under a residual pressure of 10~ Pa. The wetting properties of the
prepared ACS electrodes were measured using contact angle techniques
with a goniometer DSA100 (Kriiss). The HySO4 and Li;SO4 electrolytes
were used. The conductivity of the ACS electrode materials (in the dry
state) was evaluated using electrochemical impedance spectroscopy
under open circuit conditions with a frequency of 100 kHz and an
amplitude of £5 mV.

2.3. Electrochemical characterization

For electrochemical investigations, electrode composites containing
90 wt % ACS, 5 wt % polymer binder (PTFE, 60 wt % water dispersion)
and 5 wt % carbon black (C65 Timcal®, Cabot) were mixed in ethanol to
form a homogenous paste. The electrode slurry was then rolled into a
thin uniform film with an average thickness of 250 pm and cut into
round discs with a diameter of 10 mm and an average mass of 10 mg.

The three-electrode setup used for material characterization pro-
vides excess electrolytic solution (approx. 10-20 mL). For this purpose,
an oversized Pt mesh plays the role of a counter electrode and Hg|
HgsSO4 in the saturated K»SO4 — reference electrode (+0.650 V vs.
NHE). The electrodes were tested with a 5 mV s~ potential scan rate
with a cut-off step of 100 mV for values lower than the open circuit
potential. Such a protocol is assumed to resemble the operating condi-
tions of the negative electrode. Next, the electrode was polarized to-
wards higher potential values with the same scan rate. After the initial
screening of the material using cyclic voltammetry, galvanostatic
charge/discharge with a periodic relaxation period (so-called galvano-
static intermittent titration technique - GITT) was applied with a current
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density of +50 mA g~!. This procedure allows a safe operational po-
tential range of the ACS electrode to be determined.

Microporous activated carbon (AC) used in asymmetric capacitors
was a binder-free carbon cloth (KYNOL 507-20, Kynol GmbH) cut into
round discs with a diameter of 10 mm and an average electrode mass
similar to ACS electrodes. In the asymmetric and symmetric full-cell
studies, electrodes were separated by a glass fibre membrane (What-
man GF/A® 260 pm thick) soaked with ca. 150 pL of electrolyte.
Because of the stable performance of the ACS electrode material in
cathodic conditions — proven by 3-electrode measurements - it has been
applied primary as a negative electrode. Microporous activated carbon
plays a positive role in the asymmetric configuration. Systems were
tested with 1 mol L™! H,S04 or 1 mol L™! Li»SO4 aqueous solutions in
the voltage range 0-0.8 V. Implemented techniques include cyclic vol-
tammetry with a scan rate of 1-100 mV s}, galvanostatic charge/
discharge with a current density of 0.1-5 A g%, and electrochemical
impedance spectroscopy at 0 V in the frequency range of 1 mHz-100
kHz with an amplitude of +5 mV. Calculated rate handling is the per-
centage ratio between specific capacitance calculated at high (5 A g™1)
and low current density (0.1 A g~!) from potentiodynamic studies or the
ratio between specific capacitance calculated at low frequency (1 mHz)
and high frequency (1 Hz) in impedance spectroscopy, providing in-
formation about the system capability to deliver energy in the shortest
period; thus, it is a metric related to the power response.

All electrochemical parameters presented in the manuscript are
expressed per cell, i.e., the total mass of both electrodes. Notably, spe-
cific capacitance calculations were performed by integrating discharge
curves. Additionally, ACS exhibiting the best electrochemical perfor-
mance was implemented in a symmetric cell and tested with both: 1 mol
L~! HySO4 and 1 mol L™} LiSO4.

3. Results and discussion

3.1. Impact of activation on carbon properties and electrochemical
performance

To optimize CS synthesis, we thoroughly investigated the activation
step. Three weight ratios of CS to KOH (activation agent) were applied:
1:2, 1:3 and 1:4 and compared to the nonactivated sample (N-A).

SEM micrographs (Fig. 2A and Figs. S1 and SI) present the spherical
shape of carbon particles pyrolyzed at 700 °C and KOH-activated at
750 °C with various CS:KOH ratios. To quantify the morphology of the
samples, the particle size distributions were determined using ImageJ
software for at least 10 micrographs with various magnifications [44].
Regardless of the CS:KOH ratio, the spherical shape of the particles is
preserved. Hence, the activation agent itself and its quantity do not in-
fluence the morphology of the carbon samples, but lead to a slight
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widening of the particle size distribution. The average particle sizes
found were 2.9 pm (N-A), 2.8 pm (1:2), 2.9 pm (1:3) and 2.6 pm (1:4)
(Fig. 2B).

N2 and CO3 adsorption isotherms were recorded to characterize the
porous texture of the materials (Fig. 3). The N3 adsorption/desorption
isotherms show a type I shape specific to microporous materials. An
important increase in Ny adsorbed volume is observed for ACS compared
to nonactivated ACS (N-A). The increase in the CS:KOH ratio has an
impact on the adsorbed volume of N5, which is enhanced in the relative
pressures.

The textural characterization of carbon spheres pyrolyzed at 700 °C
(N-A) and subsequently activated using various CS:KOH ratios is pre-
sented in Table 1 together with the data for commercial AC, used as a
positive electrode in the asymmetric device.

The AC material is highly microporous and contains mostly micro-
pores. The N-A sample demonstrates a very low specific surface area
and, thus, was not considered for further tests. Although the morphology
of the samples is similar, their texture differs noticeably. When
increasing the CS:KOH ratio, one can observe an increase in BET specific
surface area from 1610 m? g’1 (1:2) to 2070 m? g’1 (1:3) and up to
2835 m? g~! (1:4). Sample 1:2 shows textural properties comparable to
the textural properties of microporous AC, whereas the other two sam-
ples, i.e., 1:3 and 1:4, surpass the AC values. Increasing the CS:KOH
ratio, the mesopore fraction also increases from 0.01 cm® g1 (1:2) to
0.05 cm® g’1 (1:3)and up to 0.14 cm® g’1 (1:4). Therefore, it is assumed
that the sample exhibiting a significant volume of mesopores (1:4) is
able to demonstrate a satisfactory rate capability and high-power
response [45]. To verify and characterize the micropore texture in
more detail, CO5 adsorption was also carried out at 273 K, as it allows
the calculation of the micropore volume [46]. Interesting observations
concerning the CO5 as an adsorbate and its role in discrimination of
certain pore diameters are reported elsewhere [47]. Activation signifi-
cantly increases the volume of micropores determined by CO2 adsorp-
tion independent of the carbon:KOH ratio (0.15 cm® g_1 for N-A and
0.75 em® g 7! for 1:2 sample). Compared to AC material, 1:3 and 1:4 ACS
contains a considerable volume of supermicropores. It appears that AC
contains a negligible amount of supermicropores, proving its narrow
pore size distribution, similarly to N-A and 1:2 ACS. ACS 1:3 and 1:4
samples have higher supermicropore volumes than AC, 0.25 cm® g},
1:4-0.33 cm® g’l, respectively.

It appears that the activation process increases the volume of mi-
cropores determined by both N3 and CO,, together with the average
diameter of the micropore (Lp). For the N-A sample, the maximal
micropore diameter with the highest contribution from the micropores
equals 0.57 nm, increasing to 0.63, 0.69 and 0.83 nm for the 1:2, 1:3,
and 1:4, respectively (from Ny adsorption).

While considering CO» as an adsorbate, one can observe an increase

Fig. 2. CS pyrolyzed at 700 °C and subsequently activated at 750 °C using different CS:KOH mass ratios: A) SEM micrograph for 1:2 sample; B) particle size dis-

tribution for all CS:KOH ratios.
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Table 1

Textural properties of commercial AC and CS pyrolyzed at 700 °C (N-A) and subsequently activated at 750 °C using different CS:KOH mass ratios: 1:2, 1:3, and 1:4.

Sample N, adsorption at 77 K CO, adsorption at 273 K VsupERMICRO €M
-1
SBET m? SprT m? VroTaL cm? Vmicro cm® VMESo cm® Micropore size at peak Vmicro cm® Micropore size at peak i
g ! gt g ! gt gt maximum, nm gt maximum,
nm

AC 1840 1620 0.69 0.69 0.00 0.83 0.65 0.81 0.04
N-A 380 575 0.20 0.17 0.03 0.57 0.15 0.46 0.02
1:2 1610 1813 0.62 0.61 0.01 0.63 0.75 0.64 n/a
1:3 2070 1930 0.90 0.85 0.05 0.69 0.60 0.63 0.25
1:4 2835 2245 1.25 1.08 0.14 0.83 0.57 0.56 0.33

in Ly for activated samples, following the trend slightly different from
that determined by using Nj. For aqueous electrolytic solutions, it is
assumed that a 0.7-nm pore diameter is optimal for the formation of
electric double layers [48]. The average micropore size increases with
the carbon:KOH ratio, and also its pore size distribution becomes wider
(as observed in the broad tail in Fig. 3B and D).

ACS samples 1:2, 1:3 and 1:4 were tested as negative electrodes in
aqueous ECs (with 1 mol L1 Li,SOy) for comparison with the symmetric
AC:AC system and to verify their electrochemical application potential,
as presented in Fig. 4. The asymmetric configuration results from high
cathodic stability of ACS material recorded in the three-electrode setup
(explained in the Experimental section).

Fig. 4A presents galvanostatic charge/discharge curves recorded at
0.1 A g~ For all tested cells, the triangular shape of the voltage profile
indicates that the main charge storage mechanism is based on the
electrostatic attractions between the carbon electrode and the
electrolyte-originating ions. Nevertheless, the calculated energetic
charge/discharge efficiency clearly indicates that a certain part of the
charge delivered to the system cannot be recovered. The highest ener-
getic efficiency of 95% was found for the AC:AC system, which indicates
almost perfect reversibility of the charging/discharging process owing
to the optimal correlation between textural properties, morphology and
surface chemistry (92.30 at % of C and 7.65 at % of O from Ref. [49]).

ACS systems show energetic efficiencies of 86% (1:2), 82% (1:3) and
84% (1:4).

Fig. 4B presents specific capacitance values for various applied cur-
rent densities. Despite the fact that sample 1:2 shows a moderate surface
area (Sggr = 1610 m? g’l), it does not guarantee well-developed EDL
formation, as its mesoporosity is limited and the pore size distribution is
too narrow (0.63 nm vs optimal 0.7 nm) [48-50] to provide a high
specific capacitance in aqueous electrolytic solutions. The rate handling
for this system (1:2) under the investigated current loads was 14%.
Increasing the CS:KOH ratio to 1:3 and 1:4 already introduces additional
micropore volume to obtain higher specific capacitance by +65% (38 F
g~ ! for 1:3) and +70% (39 F g~ ! for 1:4) than for the AC system at 0.1 A
g 1 (23 F g™ 1). This improvement is in accordance with the evolution of
the increase in specific surface area and the distribution of pore size with
the micropore diameter Lo (AC- 0.83 nm, ACS 1:3-0.67 nm and
1:4-0.80 nm) (Table 1). The limit for the Sggt value seems to be around
2000 m? g~!; beyond this value, no great improvement in specific
capacitance was found, especially with Lo wider than 0.7 nm, considered
the best pore size for energy storage in aqueous electrolytes [48,50,51]1.
It proves that the electrochemical accessible area is a key factor, not the
developed specific surface area itself. Furthermore, the rate handling is
promising, that is, for the 1:3 sample - 43%, which is a higher value than
for the AC system (23%). Sample 1:4 demonstrates the highest mesopore
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discharge at 0.1 A g~'; B) specific capacitance vs. current density; C) specific capacitance vs. frequency.

volume (0.14 cm® g’l) and the widest micropore diameter (0.83 nm),
but 12% rate handling suggests that ions more likely move towards
easily available mesoporosity from micropore volume, loosing number
of charged species at the electrode/electrolyte interface. The fibrous
entangled morphology and the narrow optimal pore size distribution
(0.83 nm) of AC [52] allow efficient and reversible ion adsorption. In the
case of powdered carbon materials, the mesopore fraction is crucial for
improving capacitance retention at high current loads [45,53].

Fig. 4C presents the evolution of the specific capacitance versus the
frequency applied at O V in EIS studies. The data shown are in accor-
dance with other electrochemical techniques. One can observe some
specific behaviour of the 1:4 sample, probably related to the high burn-
off of the material causing disorganization of the structure, as suggested
by its lower content of Csp? (XPS data, Table S1, Supporting Informa-
tion). The highest initial specific capacitance drops drastically, and at 1
Hz charge/discharge, only 20% of the capacitance is retained. The most
stable among all studied ACS samples is 1:3, which in the EIS test
demonstrates 42% specific capacitance retention at 1 Hz charge/
discharge. AC is characterized by 50% capacitance retention in EIS
studies. Taking into account the carbon composition (XPS spectra
summarized in Table S1), a higher content of Csp? in the material
(1:3-86.3%, 1: 4-82.5%) together with a higher nitrogen content (no
nitrogen traces found for the 1:4 sample) guarantees satisfactory per-
formance of 1:3 ACS in electrochemical impedance studies.

In accordance with other reported data, the specific capacitance
found for ACS samples follows the trend: the more KOH used for the
activation, the higher the capacitance at low regimes. However,
considering the specific capacitance values at high current regimes, i.e.,
5 A g~!, the trend among the samples is no longer preserved.

In summary, a ratio of 1:3 appears to be the best compromise be-
tween structural, textural, and electrochemical characteristics with a
suitable chemical composition (similar specific capacitance to 1:4) and
very good rate performance comparable to AC system and higher than in
the case of 1:4. Furthermore, the 1:3 sample is characterized by a lower
burn-off of the material during the activation step, which ensures

satisfactory textural properties after the activation process - the C-yield
for each synthesis step has been presented in Table S2 (SI). The 1:3 ACS
sample exhibits an optimal pore size and a balance between the volume
of micro- (0.85 cm® g’l) and mesopores (0.05 cm?® g’l) with a fair
contribution of supermicropores (0.25 cm® g’l). Therefore, a 1:3 CS:
KOH ratio was selected as an optimal for further material optimization
through the pyrolysis temperature.

3.2. Impact of pyrolysis temperature on carbon properties and
electrochemical performance

Three pyrolysis temperatures were tested: 400 °C, 550 °C and 700 °C,
and their influence on the morphology, texture or chemical composition
of the ACS was investigated. Interestingly, as shown in Fig. 5, the tem-
perature of the pyrolysis has a direct influence on the morphology of the
sample after activation, and at high temperatures (higher than 550 °C),
the spherical shape of the particles is preserved (Fig. 5A and B). The
sample pyrolyzed at 400 °C lost the spherical morphology and shows a
macroporous character (Fig. 5C), in which no traces of spherical parti-
cles remain.

The sample pyrolyzed at 550 °C shows a morphology that might be
considered between samples T-700 and T-400, with a fraction of
spherical particles but also a disordered macroporous material (Fig. 5B).
The sample without activation and pyrolyzed at 600 °C was shown to
maintain the spherical shape of the particles [16]. However, during
activation, the materials pyrolyzed at lower temperatures (400 °C) are
unstable and lose their morphology, explained by the fact that the
organic polymer network does not fully convert to carbon at such a low
temperature. The material is very rich in O- and N-functional groups
[16] that are susceptible to inducing more interactions between the
polymer and KOH than in the case of other samples. In addition, thermal
decomposition at lower temperatures (400 °C) is accompanied by the
release of several gases (CO, H2O and Hjy), as shown by mass spec-
trometry [16], which could contribute - in the presence of KOH - to loss
of spherical morphology and its expansion to a random-like morphology



A. Platek-Mielczarek et al.

Journal of Power Sources 542 (2022) 231714

Fig. 5. SEM micrographs for carbon spheres pyrolyzed at different temperatures: A) 700 °C; B) 550 °C; C) 400 °C and activated at 750 °C with a 1:3 CS:KOH ratio.

with large macropores.

The textural and chemical surface properties of the obtained mate-
rials (presented in Table 2 and Table S3) are key parameters for evalu-
ating the influence of the pyrolysis temperature on the characteristics of
the ACS.

During synthesis, sulfur was added in the form of thiophene-2-
carboxaldehyde, while nitrogen was sourced from TEDA (Fig. 1).
Thus, the pyrolysis temperature decrease aimed at preservation of het-
eroatom doping (sulfur, nitrogen) in the surface chemistry of the ACS to
boost their electrochemical performance with pseudocapacitive re-
actions. Surface chemistry was investigated using two methodologies:
XPS — Table 2 and Fig. S2 (Cls deconvolution spectra of T-400
(Fig. S2A), T-550 (Fig. S2B) and T-700 (Fig. S2C) materials and N1s
deconvolution spectra of T-400 (Fig. S2D) and EDX - Table S3. The re-
sults from both techniques seem to be in good agreement. Generally, the
lower the pyrolysis temperature is, the higher the oxygen and the lower
the carbon content in the samples. Carbonyl (C=0), ether (C-OR), and
carboxylic (COOR) oxygen functional groups decorated the carbon
surface (Fig. S2 A-C). However, N and S are rather randomly distributed
among the samples.

Considering the XPS data, a decrease in the pyrolysis temperature
preserves some sulfur content in the surface functionalities observed for
the T-550 and T-400 samples. The S-heteroatom doping quantities, i.e.,

Table 2

0.3 at % (T-550) and 0.2 at % (T-400), are much lower than expected
[32,54,55] but comparable to values reported in the literature (maxi-
mally 0.7 wt % of S) [29]. We believe that most of the S is lost during the
activation step, which is carried out at higher temperatures (750 °C),
since only the pyrolysis step allowed us to preserve much higher
amounts in our previous work [32]. T-400 exhibits the highest N content
(2.9 at %) when compared to T-700 (1.6 at %). Pyridinic (N—C-), pyr-
idone (N—=C-OH), quaternary (N'-C) and nitrogen oxide (N*-O) nitro-
gen functional groups are found on the surface of the T-400 sample
(Fig. S2D). Thus, lowering the pyrolysis temperature positively impacts
heteroatom doping.

The textural properties (Table 2 and Fig. 3) of the T-550 sample
exhibit characteristics between samples T-400 and T-700, combining the
properties of both. The pyrolysis temperature does not appear to directly
influence the textural properties but rather the behaviour of the material
during the activation step. Consequently, samples T-400, T-550 and T-
700 demonstrate similar specific surface areas, i.e., 2115 m?> g_l, 2430
m? g~ ! and 2070 m? g7}, respectively. The pore volume is the most
developed for the T-400 sample, owing to its macroporous open struc-
ture (Vrorar = 1.09 em® g_l). However, its micropore volume is not that
much developed, showing the highest mesopore fraction among all
materials (0.31 cm® g~! — that stands as ca. 30% of a pore share in the
total pore volume). For this sample, macropores (>100 nm) were also

Properties (textural, surface chemistry measured by XPS) of carbons pyrolyzed at various temperatures (400 °C, 550 °C and 700 °C) and subsequently activated at

750 °C using a 1:3 carbon:KOH mass ratio.

Sample N, adsorption at 77 K CO, adsorption at 273 K Chemical surface composition

Sperm2 g ! Spprm? g ! Vrora, cm® g1 Vicro cm® g1 Vmeso ecm® g ™! Vicro em® g ! Cat.% 0 at.% N at.% S at.%
T-700 2070 1930 0.90 0.85 0.05 0.60 92.2 5.3 1.6 0.0
T-550 2430 1945 0.93 0.91 0.02 0.75 92.8 6.5 0.4 0.3
T-400 2115 1744 1.09 0.78 0.31 0.67 86.9 7.9 2.9 0.2
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observed by SEM images. The total pore volume varies between the
samples. T-550 and T-700 have similar total pore volumes, which are
lower than the total pore volume of the T-400 sample. Thus, the py-
rolysis temperature does not influence the micropore volume of the
samples to a high extent — which can also be said about the specific
surface area. However, a lower pyrolysis temperature induces a higher
mesopore fraction and affects the morphology and surface chemistry.
The initial material screening was performed with 1 mol L™ HySO4
due to possible doping with S and its presumed activity in acidic media.
To evaluate whether synthesized ACS demonstrated pseudocapacitance,
electrode materials were first scanned in a three-electrode setup ac-
cording to the experimental description (CV at 5 mV s~! and wide po-
tential screening was conducted using GITT with a current density +50
mA g~1). Figs. S4A-C shows the curves recorded for the T-400 electrode
material. All synthesized carbons display similar electrochemical per-
formance in three-electrode studies. Clearly, ACS is more stable in the
negative potential range in aqueous acidic electrolytes. When potential
range is limited to —0.2 V vs. NHE and 0.8 V vs. NHE, a rectangular cyclic
voltammogram is recorded, indicating typical electrostatic attraction as
a main charge storage mechanism (Fig. S4A). Exceeding the —0.2 V vs.
the NHE potential value, a reduction peak appears (ca. —0.25 V vs. NHE)
and corresponds to an oxidation peak ca. 0.4 V vs. NHE. According to the
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Pourbaix diagram for sulfur, the reduction peak can result from the
presence of HyS, S or HSO4 in the system. At acidic pH, sulfate anions are
rich in possible redox reactions. Nevertheless, in the positive potential
range — from E,. towards higher potential values (Fig. S4B) — the carbon
electrode operates more resistively and neither a redox contribution nor
good charge propagation is observed. Thus, considering both potential
ranges that resemble negative and positive electrode operational con-
ditions, we recommend the use of synthesized ACS electrodes as nega-
tive electrodes in EC. The same conclusion can be drawn from Fig. S4C,
where the electrode reaches the equilibrium state at a negative potential
(—0.2 V vs. NHE). Furthermore, a safe operational voltage window for
synthesized carbon in 1 mol L~! HySO4 was found to be equalto 1.2V,
which in the full device can be limited to ca. 1 V.

Fig. 6 presents electrochemical data for asymmetric ECs with syn-
thesized carbons as negative electrode, AC as positive electrode oper-
ating with 1 mol L™! H,SO, and 1 mol L™! Li,SO4 solutions. The AC:AC
symmetric cell is shown as the reference electrochemical system. In all
the systems tested with 1 mol Lt HyS04, the improvement in electro-
chemical performance was noticeable when ACS was used. Enhanced
charge propagation is observed together with higher specific capaci-
tance in a rectangular cyclic voltammetry shape (Fig. 6A). Sample T-550
presents the highest specific capacitance (56 F g~ at 1 mV s™!) with

1 mol L' H,S0,
B e : . ; ; :
P —=—AC
‘S50 —o—T-400 |
w —A—T-550
S —o— T-700
Q40| J
[
S 68%
830 1
g 64%
8 3
o2 1
S 38%
@10 4
Qo
» 15%
ol L . L L X
0 1 2 3 4 5 6
Current density (A g”')
D 1 mol L Li,SO,
60 T : T T T
- i
D 40 i
-~
8 2
g L ]
S
g o 1
o
3
& AT |
E
3 .40
g L |
»
-60
Cell voltage (V)
1 mol L™ Li,SO,
120 . . " . . . .
-o0-AC
L -0 -T-400 J
-4 -T-550

100
% a -0 -T-700
80 P a -
nooooc%)g\ 4‘2% oV
{
[ 4
60 - %ﬁ\ -

{
40 gﬂﬂﬂﬂnnﬂnuu;ﬁg
- 2
a

200 50—

Specific capacitance (F g") m

0 L L b ¢o
10° 102 10" 10° 10" 10> 10° 10* 10°
Frequency (Hz)

Fig. 6. Characterization of T-400, T-550, T-700 (—) electrodes and AC (+) electrodes in asymmetric cells and AC:AC symmetric cells in: 1 mol L ' H,S04 A)CVat5
mV s~ !; B) rate capability from constant current charge/discharge; C) specific capacitance vs. frequency at 0 V; in 1 mol L ™! Li;SO4: D) cyclic voltammetry at 5 mV s-
1; E) rate capability from constant current charge/discharge; F) capacitance vs. frequency at 0 V.



A. Platek-Mielczarek et al.

satisfactory rate handling (76%) (Fig. S5A). Samples T-400 and T-700
show specific capacitance values similar to each other at low scan rates
(44 F g~' at 1 mV s™1); however, they are characterized by different rate
handling capabilities. T-400 exhibited rate handling at 74%, while T-
700 only 57%. All of these characteristics surpass those for the AC sys-
tem, i.e., 47 F g~ at 1 mV s~ * with 45% rate handling. The AC system
exhibits moderate energetic efficiency of the charge/discharge process
(69% at 0.1 A g™ 1), visible in the charging curve shape (Fig. S4B). ACS-
based systems are characterized by reversible charge/discharge pro-
cesses with energetic efficiencies >84%. Their galvanostatic charge/
discharge curves are triangular with Coulombic efficiencies higher than
90%. When a constant current charge/discharge is applied, sample T-
700 is characterized by a lower rate handling (15%) than the AC
reference system (38%). However, samples T-550 and T-400 show very
good rate capability, at 64% (T-400) and 68% (T-550), respectively. The
morphology and texture (Fig. 5) of spherical, dense particles do not
appear to facilitate rate handling, as the macroporous T-400 material
and the mixed T-550 (macroporous and spheres) demonstrate better
performance.

All electrochemical data (potentiodynamic and potentiostatic) are in
agreement, as is electrochemical impedance spectroscopy at 0 V, like-
wise (Figs. 6C and S5C). Rate handling (specific capacitance calculated
at 1 Hz to that at 1 mHz) follows the trend from the highest value to the
lowest value: T-400 (77%) ~ T-550 (72%) > AC (40%) > T-700 (23%).
Samples T-400 and T-550 are again noted to demonstrate very similar
electrochemical performance even though their morphology differs.
Thus, the combination of morphology, texture properties, and surface
chemistry is responsible for the electrochemical performance of ACS
electrodes. ACS samples are characterized by a plateau of specific
capacitance in the low frequency range (Fig. 6C), indicating charge
accumulation in the electric double layer. Interestingly, the time con-
stant of the synthesized carbon systems follows the trend: 1.27 s (T-550)
< 1.59 s (T-700) and 2.41 s (T-400). The time constant appears to
depend on the morphology and carbon content in the samples, as T-550
and T-700 display similar response times. T-400, which is composed of a
macroporous texture, has the longest response time. The trend of
response time perfectly matches the carbon content among the samples
(Table 2). T-550 shows 92.2 at. %, T-700 shows 92.8 at.% and their
response times are comparable. Sample T-400, with a content of 86.9 at.
% carbon, together with rich surface chemistry (containing nitrogen and
sulfur), displays the longest response time.

A typical capacitive character is reflected in the Nyquist plot
(Fig. S5C). The AC-based system shows the worst electrochemical per-
formance in this study. ECs with T-400 and T-550 do not demonstrate a
well-developed Warburg region; therefore, the electric double layer is
not limited by diffusion [56]. The ESR (equivalent series resistance at
100 kHz) recorded for EC is similar for T-400 (0.35 Q), T-550 (0.28 Q)
and AC (0.40 ). The T-700 cell shows slightly higher resistance equal to
0.59 Q. However, all cells are characterized by moderate resistance
values compared to the resistance values in the literature [26].

To verify whether the synthesized carbon material can be used in
neutral ECs, it was combined with a 1 mol L! Li»SO4 electrolytic so-
lution (Fig. 6D-F). The symmetric AC:AC system demonstrates purely
capacitive behaviour, visible in the rectangular cyclic voltammetry
profile (Fig. 6D), triangular charge/discharge curve (Fig. S6) and
plateau of specific capacitance in the low frequency region in the EIS
measurement (Fig. 6F). Qualitatively, synthesized carbons (T-400 and T-
550) are comparable to AC-based systems in neutral media (what can be
observed in, e.g., rectangular cyclic voltammograms or similar specific
capacitance trend vs. frequency). However, they exceed the performance
of symmetric AC:AC cells with capacitance values (Fig. 6E). Their spe-
cific capacitance and rate handling are worse when 1 mol L™! LiySO4 is
applied as an electrolyte instead of 1 mol L™} HySO4, as it is assumed that
the lower conductivity of the aqueous solution of Li;SO4 is at the origin
of this result [57].

A convenient comparison of the electrochemical performance of the
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materials in two electrolytes, investigated at the full cell level is pre-
sented in the Ragone plot (Fig. S7). Briefly, in acidic environment (1 mol
Lt HsS0y4, Fig. S7a), EC with electrodes made from T-400 and T-550,
demonstrate an improved power response. Their energy is also
improved compared to the commercial AC, however, the most notable
difference between materials can be observed at high power loads. In
case of neutral electrolyte (1 mol L* LisSO4, Fig. S7b) the power
response is not remarkably improved, as the limiting factor is the con-
ductivity of aqueous electrolytic solutions. Nevertheless, in comparison
to AC, synthesized materials doubled the amount of energy stored.

However, this cannot be the only reason considering that in HySOy4,
the electrochemical performance is strongly material dependent, while
in LizSOy4, fewer performance differences are observed vs. the electrode
material. To obtain more insights into this behaviour, wettability mea-
surements were performed in contact with applied electrolytic solutions.
Moreover, electronic conductivity measurements were conducted on the
composite electrodes as depicted below.

Smaller contact angles (Fig. 7) are observed when electrode mate-
rials are combined with acidic electrolyte, e.g., for T-400, the contact
angles are 64° (1 mol L1 H3S04) and 120° (1 mol Lt Li2SOy4). As in
both electrolytes the anion is the same (SO%’), the difference in wetta-
bility may be associated with the size of the cation (Li* has a larger
diameter than H") or viscoelastic properties of the solution. Moreover,
increasing the pyrolysis temperature increases the contact angle
measured for both electrolytic solutions. This increase is more signifi-
cant in HySO4 (64-126° for T-400 and N-A materials, respectively) than
for LipSO4 (120-136° for T-400 and N-A materials, respectively) because
the rate handling of the T-400 material is always better than the rate
handling of T-700. Therefore, the combination of morphology, texture
(meso- and macroporosity) and surface content (especially oxygen
content) is herein a crucial factor. Samples T-700 and N-A have different
textural properties and conductivities, but the same morphologies are
characterized by similar high contact angles. Macroporous structures
absorb aqueous solutions better than spherical and compact particles;
thus, electrodes are better soaked. Sample T-550 demonstrates physi-
cochemical features between the T-400 and T-700 materials, with a
synergistic effect between the sample morphology, surface functional-
ities, and textural properties — resulting in the best electrochemical
performance. In terms of rate handling, the samples T-400 and T-550
seem to be very comparable. In summary, the requirements in terms of
material properties to achieve good performance are different depend-
ing on the electrolyte selected. For HySO4, meso-macroporosity is
important to ensure good wettability with the electrolyte, while for
Li»SO4, the morphology does not appear to be an important factor.

The conductivity of the electrode material appears to be not directly
related to morphology, as samples N-A and T-700 exhibiting the same
spherical morphology differ significantly (3 mS ecm ™! vs. 212 mS cm™1).
Thus, the conductivity can be more related to the structure and chemical
composition. Interestingly, the high electric conductivity value of the T-
700 sample does not guarantee the high power capability of this mate-
rial in the full device.

Therefore, physicochemical tests (Fig. 7) prove the statement that an
optimal combination of surface functionality, morphology, and texture
is crucial for ECs applications. Moreover, all the above-mentioned pa-
rameters affect electrochemical performance differently in acidic and
neutral media. Acidic surface functionalities (Tables 2 and S3) ensure a
good matching with acidic, highly conductive electrolytes, especially
when sulfur heteroatom doping occurs. As a consequence, the same
materials matched together with a neutral lithium sulfate solution
resulted in slightly worse electrochemical performance. Moreover, one
cannot neglect the electrolytic solution features itself, as 1 mol L™}
H,S0, is much more conductive than 1 mol L™ Li;SO4.

The volumetric characteristics of the synthesized carbons were also
considered. The composite electrode density of the T-400, T-550, and T-
700 materials was calculated (based on the thickness, geometrical
diameter, and mass of prepared electrode discs in the probe of 10
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Fig. 7. Contact angle measurements of electrode materials: T-400, T-550, T-700 and N-A with 1 mol L™ H,SO, (upper line) and 1 mol L ™" Li,SO4 (bottom line). The
electronic conductivity of the electrode composite measured at 100 kHz is presented as the inset.

samples). Therefore, the T-400 electrode material exhibits densities
equal to 0.66 g cm ™3, T-550- 0.48 g cm ™ and T-700-0.68 g cm >,
Moreover, such electrode density values can be explained by various
packing abilities related to the structure (graphitic domains) with
textural properties of the material and different chemical compositions
of each ACS material. The values are in the range discussed in the
literature [29]. The reference AC used for comparison purposes is 0.64 g
em 3. To recalculate the specific capacitance of the asymmetric devices,
the average density of both electrodes was considered. Thus, the volu-
metric and gravimetric characteristics of asymmetric devices are
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AC:AC system (23 F g1 = 15 F cm™>).

Specific capacitance can also be discussed considering the Sggr of
electrode materials, giving values in pF cm™2. In acidic medium, the
materials reveal at 0.1 A g’l: 72 pF cm 2 (T-400), 88 pF cm 2 (T-550),
60 pF cm ™2 (T-700) and 72 pF cm ™2 (AC:AG). Only T-550 surpasses the
specific capacitance value (in pF cm~?) obtained by the AC:AC system.
In a neutral electrolytic solution, all synthesized carbons exceeded the
performance of the AC: AC device (52 pF cm’z), with 68 pF em 2 (T-
400), 64 pF cm 2 (T-550), and 72 pF cm 2 (T-700). The gravimetric and
volumetric specific capacitance values are on the level reported for
various carbon materials in aqueous electrolytic solutions [26], proving
that challenging synthesis of micro-mesoporous spherical carbons for EC
application was successfully conducted. The optimal combination of the
morphology, texture, and surface chemistry of ACS plays an important
role in the optimization of AC:AC device performance in aqueous elec-
trolytes and was successfully obtained for T-550 samples.

Additionally, sample T-550 was also implemented in the symmetric
EC device to verify whether synthesized materials can play the role of a
negative electrode only or are a suitable material for symmetric cell
construction. Fig. 8 presents data for asymmetric and symmetric ECs
based on the T-550 electrode material.

The symmetric configuration was verified in both acidic and neutral
media; however, for the sake of comparison, Fig. 8 shows only data with
1 mol L ™! Li;SOy as this electrolyte is more promising in EC applications.
The specific capacitance recorded in the low current regime or slow scan
rates is even higher than the specific capacitance recorded for the
asymmetric system (Fig. 8A. Nevertheless, the rate handling for both
systems is maintained on the same level, i.e., 50% from cyclic voltam-
metry (Fig. 8B), 35% from galvanostatic studies, and 39% from
impedance spectroscopy (Fig. 8C). Thus, both systems operate at satis-
factory levels, and synthesized T-550 carbon can be used as an active
material in both electrode compositions, which can beneficially influ-
ence the possible manufacturing process (assembly time and cost).

On the basis of the specific capacitance values and the power
response, ACS seems to be promising for the EC application in both
acidic and neutral media. Their qualitative performance is very satis-
factory, with a specific capacitance exceeding the specific capacitance of
a system based on commercial AC. In summary, synthesized ACSs have
great potential in energy storage devices, and, because of improvements
in their initial features (compared to those of N-A material), they reveal
parameters suitable for ECs.

4. Conclusions

The synthesis of porous carbon materials for electrochemical
capacitor application was successfully realized. Two synthesis parame-
ters were elucidated: pyrolysis temperature (400 °C, 550 °C and 700 °C)
and carbon:KOH ratio (from 1:2 to 1:4) in the activation process. The
spherical morphology of the carbon materials was obtained after py-
rolysis at 700 °C and activation at 750 °C independently of the carbon:
KOH ratio. This ratio mainly influences the textural properties of ACS
materials. The specific surface area, together with micropore volume
and average pore size, is increasing for samples using higher carbon:
KOH ratios (from N-A to 1:4), which induce a capacitance at low re-
gimes. However, at high current regimes, the trend among the samples is
no longer preserved. The carbon obtained with a 1:3 carbon:KOH ratio
reveals the best electrochemical performance with a compromise of the
amount of KOH used. The structural characteristics of this material, i.e.,
higher Csp2 and N content can explain the better results compared to 1:4
carbon:KOH.

The temperature of pyrolysis affects the final morphology of the
sample, and the spherical morphology (700 °C) gradually shifts to a
random morphology with macroporous texture at lower temperatures
(400 °C, 550 °C). The presence of small mesopores or even macropores
in low-temperature pyrolyzed samples improves charge propagation,
especially in acidic 1 mol L™ HySO4 The structure and chemical
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composition of ACS impacts their conductivity and, consequently, their
response time. The macropore texture and rich surface chemistry (T-
700) lead to an increase in response time. Conductivity studies them-
selves prove that materials exhibiting good conductivity do not neces-
sarily ensure good charge propagation; the electrode morphology/
texture and electrode/electrolyte interface are the key factors.

Both surface chemistry and morphology impact the ACS electrode
wettability (particularly in acidic medium). T-400 possessing rich
functionalities and meso/macropores exhibits the best wetting
properties.

In summary, ACS can be successfully applied in both acidic and
neutral aqueous media with electrochemical performance superior to
that of symmetric AC:AC reference devices. Moreover, ACS can be used
in asymmetric and symmetric cell construction. The synergetic effect
was obtained for the T-550 material. Its textural properties that combine
a large surface area and optimal pore size, surface chemistry, and
morphology (preserved spheres mixed with open macrostructure) lead
to the best electrochemical performance among synthesized ACS. ECs
based on T-550 exhibit 31 F g_1 per system with 1 mol L~ LiySO4, while
the symmetric AC: AC cell exhibits only 18 F g~ at 1 A g~*. Further-
more, ACS shows good charge propagation and capacitance retention
(>60%) in an acidic medium (1 mol L' HsSO4) compared to the
reference AC:AC symmetric cell (38%).
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