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A new approach to produce carbide-derived carbon nanospheres of 20-200 nm in diameter based on a novel soft-

templating technique is presented. Platinum catalysis is used for the cross-linking of liquid (allylhydrido)polycarbosilane

polymer chains with para-divinylbenzene within oil-in-water miniemulsions. Quantitative implementation of the pre-

ceramic polymer can be achieved allowing precise control over the resulting materials. After pyrolysis and high-

temperature chlorine treatment, resulting particles offer ideal spherical shape, very high specific surface area (up to

2347 m?/g), and large micro/mesopore volume (up to 1.67 cm®/g). The internal pore structure of the nanospheres is

controllable by the composition of the oil phase within the miniemulsions. The materials are highly suitable for

electrochemical double-layer capacitors with high specific capacitances in aqueous 1 M Na,SO, solution (110 F/g) and

organic 1 M tetraethylammonium tetrafluoroborate in acetonitrile (130 F/g).

Introduction

Carbide-derived carbons (CDCs)1 are an emerging class of
nanoporous carbon materials which has received tremendous
attention in the last decade because of the unique sub-
nanometer tunability of the pore size distribution (PSD).2 CDCs
are produced by the removal of metal or semi-metal atoms
from carbide precursors using thermal/hydrothermal
decomposition, electrochemical etching, or, most widely used,
high-temperature halogen treatment (usually chlorine gas)
leading to the formation of well-defined pores.1 The narrow
and controllable PSD renders selected CDCs highly attractive
candidates in applications such as gas storage and separation,3
catalysis,4 water desalination,”> and electrochemical energy
storage.6 CDCs are widely applied as model substances for
profound investigations on ion- and gas adsorption
phenomena in porous carbons’ and unique hierarchical porous
CDC can be obtained from ternary carbide precursors which
were found to be promising for biomedical applications.8

®Dresden University of Technology, Department of Inorganic Chemistry,
Bergstraf3e 66, 01069 Dresden, Germany.
E-Mail: stefan.kaskel@chemie.tu-dresden.de

b Utrecht University, Inorganic Chemistry and Catalysis, Universiteitsweg 99,
3584 CG Utrecht, The Netherlands.

“ INM-Leibniz Institute for New Materials & Saarland University, Campus D2 2,
66123 Saarbriicken, Germany.
E-Mail: volker.presser@inm-gmbh.de

“Leibniz Institute for Solid State and Materials Research (IFW), Institute for
Complex Materials, Helmholtzstraf3e 20, 01069 Dresden, Germany.

1 Electronic Supplementary Information (ESI) available: [Thermal analyses of the

PCS-NS and CDC-NS as well as dynamic light scattering measurements of PCS-NS].

See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

In addition to the PSD, the morphology of CDCs is precisely
controllable as well. As the carbide-to-carbon transformation
is fully conformal,’ precursors with various shapes can be
subjected to high-temperature chlorine treatment under
conservation of the initial morphology. Hence, a plethora of
CDC shapes, including monoliths,9 bio-inspired structures,10
thin films,11 fibers,12 aerogels,13 and powders14 has evolved in
recent years. The respective morphological advantages of
these structures can be combined with the high purity and the
high specific (SSA) of CDCs (more than
2000 mz/g)14 which can be further increased by post-synthesis

surface area

treatment.” Secondary mesopore systems can be inserted
into CDCs by using hard- or sacrificial templating approaches16
and polycarbosilane polymers as silicon carbide precursors to
ensure efficient materials transport within the interior of the
mostly pum- or mm-sized carbon particles. In addition,
emulsion techniques are suitable for the implementation of a
void-window-type macropore and for the
functionalization of CDCs with catalytically active species.17
CDCs obtained from polymeric precursors provide the
advantage of higher micropore volumes and specific surface

architecture

areas in comparison to materials based on crystalline bulk
carbides."®

Besides the implementation of a transport pore system, the
use of sub-um-sized precursor particles for CDC synthesis is
another approach to enhance the accessibility of the
micropore system due to the large external surface area and
short transport pathways.
prepared from SiC and TiC precursor powders with particle
sizes below 20 and 30 nm.">*° Compared to materials obtained

CDC nanopowders have been

from bulk carbides, CDC nanoparticles can be prepared at
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lower temperatures due to the higher reactivity of the
precursors and the insertion of nitrogen-containing functional
groups is possible.19 Such properties are not achievable by
chlorine treatment of um-sized particles. When used as
double-layer capacitors
(EDLCs), CDC nanoparticles provide advanced access of their

electrode material in electrical
surface for charge carriers.™ However, as CDC nanoparticles
often show distinct graphitization and since they are prepared
from nanocrystalline precursors, they suffer from comparably
low micropore volume and SSA. Compared with quasi-zero-
dimensional CDC nanoparticles, another way of utilizing quasi-
one-dimensional CDC nanoforms for electrochemical energy
storage with superior power handling is electrospinning.
Starting with TiC/carbon hybrid fibers, where ca. 20 nm small
carbide nanodomains are engulfed by amorphous carbon,*
facile production of binder-free and free-standing non-woven
textile mats of CDC is possible via halogen treatment.”” While
the resulting fiber mats of microporous CDC excel in very high
power density, the volumetric performance is very low per the
low electrode density (ca. 0.1 g/cm3, compared to ca.
0.6 g/cm3 for conventional carbon powder electrodes).22

Cross-
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—
S &
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Fig. 1. Synthesis procedure for carbide-derived carbon nanospheres.

In this study, we present a novel synthesis pathway towards
CcDC nanospheres (CDC-NS), using miniemulsions.
Miniemulsions are dispersions of kinetically stable oil droplets
within a size range of 50-500 nm into a continuous aqueous
phase.23 The emulsion system is obtained by the introduction
of shearing forces (e.g., by ultrasonication or high-pressure
homogenizers). The high stability of the droplets is ensured by
the combination of a surfactant and a co-stabilizer which is
soluble and homogeneously distributed in the droplet phase.
The oil phase of the miniemulsions reported here consist of a
mixture of an allylhydridopolycarbosilane (trade name SMP-
10) and the cross-linker para-divinylbenzene (p-DVB). The
droplets act as nano-reactors for the platinum-catalyzed cross-
linking of the polycarbosilane moderate
temperature of 80 °C. After removal of the aqueous phase by

chains at a

evaporation, the obtained cross-linked PCS nanospheres (PCS-
NS) are pyrolyzed to silicon carbide and subsequently
transformed to CDCs by high-temperature chlorine treatment
(Fig. 1). Resulting CDC-NS exhibit an SSA and micropore
volume of up to 2350 mz/g and 0.69 cma/g, respectively. Their
pore structure can be controlled by the composition of the oil
phase. Due to the combination of high SSA and large
micropore volume, the novel CDC structures are promising as

2| J. Name., 2012, 00, 1-3

electrode materials for EDLCs as shown in both organic
(tetraethylammonium tetrafluoroborate in acetonitrile) and
aqueous (Na,SO, solution) electrolyte systems providing
specific capacities of up to 130 F/g and 110 F/g, respectively.

Experimental
Synthesis of CDC-Nanospheres

In a slim 50 mL beaker, 3 g allylhydridopolycarbosilane SMP-10
(Starfire Systems) and 2.74 g para-divinylbenzene or 4.2 g
SMP-10 and 1.64 g para-divinylbenzene (80 %, Sigma Aldrich)
were mixed according to volume ratios of 50:50 (CDC-NS-50-
50) or 70:30 (CDC-NS-70-30). Then, 250 mg of hexadecane
(98 %, Fluka) were added dropwise and, to this, was added a
solution of 0.072 g sodiumdodecylsulfate (SDS, 99 %, Fluka) in
24 g of deionized water followed by mild stirring for 10 min.
The oil-in-water miniemulsion was prepared by ultrasonicating
the emulsion for 2 min using an ultrasound finger Labsonic P
(Sartorius) with 0.5 cycles at 90 % amplitude. During the
ultrasonic treatment, the mixture was cooled with an ice bath.
The miniemulsion was then filtered over glass wool and 0.1 g
of a solution 0.1 mass% of H,PtCls in water was added. This
was followed by a treatment at 80 °C in a polypropylene bottle
over night for cross-linking of the organic phase. The
miniemulsion with the cross-linked organic phase was then
transferred to a petri dish and the water phase was gently
evaporated at 80 °C. Resulting polycarbosilane nanospheres
(PCS-NS) were transferred to an alumina boat and placed in a
horizontal tubular furnace equipped with an alumina tube.
After purging under flowing argon, the temperature was
increased to 800 °C and maintained there for 2 h (60 °C/h
heating rate). For the high-temperature chlorine treatment, ca.
2 g of the obtained silicon carbide nanospheres (SiC-NS) were
transferred to a quartz boat and placed in a horizontal tubular
furnace equipped with a quartz tube of 25 mm in diameter.
After purging under 150 mL/min argon flow, the SiC-NS were
heated to 700 °C (450C °C/h heating rate) and the gas flow was
changed to a mixture of 80 mL/min chlorine and 70 mL/min
argon. After 3 h of chlorination, the gas flow was changed to
150 mL/min argon and the furnace was cooled to 600 °C. After
1 h of argon purging, the gas flow was changed to 80 mL/min
hydrogen. This post-reductive treatment for the removal of
chlorine and metal chlorides present in the CDC pores after
high-temperature chlorine treatment was carried out for 1 h
and finally the CDC-NS were cooled down to
temperature under flowing argon.

room

Structural Characterization

Nitrogen physisorption measurements of the PCS-NS and the
SiC-NS were performed at -196 °C using a Quadrasorb
apparatus (Quantachrome Instruments). Measurements of the
CDC-NS were performed on an Autosorb 1C apparatus
(Quantachrome). Specific surface areas were calculated with
the multi-point Brunauer-Emmett-Teller equation (0.05 < p/po
< 0.2). Internal pore volumes (excluding external porosity) and
total pore volumes (including external porosity) were

This journal is © The Royal Society of Chemistry 20xx
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calculated at p/py = 0.8 and p/poy = 0.99. Pore size distributions
were calculated with the quenched solid density functional
theory (QSDFT) method (based on the adsorption branch) for
nitrogen at -196 °C on carbon surfaces with slit/cylindrical pore
geometry.24 Micropore volumes are the cumulative pore
volumes at a diameter of 2 nm obtained from the QSDFT-PSD.
Scanning electron microscopy with a DSM982 microscope
(Zeiss, Germany) was performed at a beam voltage of 5 kV.
The samples were immobilized on an aluminum grid equipped
with a carbon tape. Transmission electron microscopy with a
2100F microscope (JEOL, Japan) was performed at 200 kV.
Samples were prepared by dispersing powders in ethanol,
followed by tip sonication for 10 s, and drop casting them on a
copper grid with a lacey carbon film (Gatan, USA).

Dynamic light scattering (DLS) experiments were carried out at
room temperature with an aqueous dispersion of the cross-
linked  polycarbosilane  nanospheres (before solvent
evaporation) in a plastic cuvette using a Zetasizer Nano-ZS
(Malvern Instruments).

Raman spectra were recorded with a Renishaw inVia Raman
Microscope using a Nd-YAG laser with an excitation
wavelength of 532 nm. A grating with 2400 lines/mm, a 50x
objective (numeric aperture: 0.9) were used with a spectral
resolution of ~1.2 cm™. The spot size on the sample was in the
focal plane ~2 um using an output power of 0.2 mW. The
acquisition time was 30 s and 10 accumulations were used to
eliminate cosmic rays and to improve the signal-to-noise ratio.
Peak fitting was performed assuming one Lorentzian peak for
each the D- and the G-mode and to other peaks for a sufficient
approximation of the spectrum between 1200-1700 em™

Electrochemical characterization

Film electrodes were prepared by mixing 95 mass% of carbon
material (CDC-NS-50-50 and CDC-NS-70-30) with 5 mass%
polytetrafluoroethylene (60 mass% PTFE in water, Sigma
Aldrich) together with ethanol to make a slurry. The slurries
were tip sonicated for 10 min at ~4 W, then constantly stirred
until a dough-like mass was developed. Using a twin roller
(MTI HRO1, MTI Corporation) the PTFE-bound mass was rolled
to sheets with a thickness of ~200 um and a mass loading of
11-14 mg/cmz. Prior to use, the electrodes were dried at
120°C in vacuum at 2kPa for 24 h. Electrochemical
characterization was performed in 1 M tetraethylammonium
tetrafluoroborate (TEA-BF,) in acetonitrile (ACN) from BASF
(electrochemical grade) using a two-electrode set up. The
electrodes were 12 mm in diameter, ~200 um thick and they
were separated by a glass-fiber separator with a diameter of
13 mm (type GF/A, Whatman). The electrode / separator /
electrode arrangement was placed between two carbon-
coated aluminum foils (diameter 12 mm, type Zflo 2653,
Exopack technologies) and compressed with spring-loaded
titanium pistons. The cells were dried at 120 °C and a vacuum
of 2 kPa for 12 h before they were put in an argon-filled glove
box (MBraun Labmaster 130; O,, H,0 <1 ppm), where they
were vacuum back-filled with a syringe containing 1 M TEA-BF,
in ACN. Using aqueous 1M Na,SO, (Sigma Aldrich) as

This journal is © The Royal Society of Chemistry 20xx
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electrolyte the same set up as for organic electrolyte was used
except the current was changed to platinum disks with a
diameter of 12 mm and a thickness of 100 um (Carl Schaefer).
All electrochemical measurements were carried out using a
VSP300 or VMP300 potentiostat/galvanostat from Bio-Logic in
cyclic voltammetry (CV) and galvanostatic mode (GCPL). Cyclic
voltammograms at 10 mV/s for a cell voltage of 2.5 V (organic
electrolyte) and 0.8 V (aqueous electrolyte) were applied for 3-
times and the gravimetric capacitance for one electrode
dependent on the voltage was calculated using equation (1).
cw) = 41V)

v-m (1)
with the gravimetric capacitance C, the current |, the scan rate
v, and the active mass of both electrodes m.

Using GCPL mode different current densities from 0.1 to 10
A/g with 10 s resting time between charging/discharging and a
potential limitation of 2.5V (organic electrolyte) and 0.8 V
(aqueous electrolyte) were applied. The resulting gravimetric
capacitance for one electrode was calculated from the current
and the time for discharge with respect to the IR drop of the
cell using equation (2).
.. 4" (1)t

Um (2
with the gravimetric capacitance C, the time t (ty: start of
discharge, t..q: end of discharge), the electrical potential U,
and the active mass for both electrodes m.

Results and Discussion
Structure and Porosity Control of CDC-NS

CDC-NS are prepared starting from miniemulsions with
different compositions of the oil phase. The SMP-10:p-DVB
volume ratio is adjusted to 70:30 or 50:50. Thermogravimetric
analyses of the materials reveal precise control over the
amount of polycarbosilane inserted into the solidified PCS-NS
(Supporting Information, Fig. S1). During heating in air, the
mass of the cross-linked polycarbosilane spheres increases
starting from a temperature of 150 °C due to the oxidation of
the silicon within the PCS. At around 300 °C, volatile species
(e.g., hydrogen, methane, and carbon oxides) are formed and
the mass decreases. Due to the cross-linking of SMP-10 and p-
DVB, the PCS-NS-70-30 show a higher initial mass gain as well
as a higher residual mass as compared to the material with
lower silicon content and higher amount of cross-linker.
Dynamic light scattering (DLS) measurements of the cross-
linked PCS-NS in aqueous dispersion (Supporting Information,
Fig. S2) show that the hydrodynamic diameter of the particles
is 20-400 nm (polydispersity index: 0.117) and 20-600 nm
(polydispersity index: 0.197) for SMP-10:p-DVB ratios of 50:50
and 70:30, respectively. The corresponding z-average sizes are
147 nm (50:50) and 172 nm (70:30). The absence of larger
particles indicates that the spheres are highly separated and
that agglomeration or Ostwald ripening does not take place in
the miniemulsion system.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. Nitrogen adsorption/desorption (filled symbols/empty symbols)
isotherms (measured at -196°C) of (A) the PCS-NS and (B) the SiC-NS
obtained from miniemulsions with SMP-10:p-DVB volume ratios of 70:30
(red) or 50:50 (blue).

In the nitrogen physisorption isotherms of the PCS
nanospheres (Fig. 2A), a large uptake associated with
condensation of nitrogen can be observed at relative pressure
p/po > 0.9 due to the adsorption of nitrogen on the outer
surface of the nanospheres and the condensation in the inter-
particular pore space. In accordance to the DLS
measurements, the condensation occurs at higher relative
pressure for the PCS-NS-70-30 due to lager diameter of the
spheres and hence the larger inter-particular pores. The latter
are also responsible for the higher total pore volume (including
inter-particular pores) of the particles with higher SMP-10
content. Independent of the elevated SMP-10:p-DVB ratio, the
PCS-NS do not contain significant intra-particular pore volume
and the SSA mainly arises from external surface of the spheres.

Tab. 1. Porosity data summary of PCS-NS, SiC-NS, and CDC-NS.
Material Specific Micropore Total internal Total pore
surface volume pore volume volume
area [em/g] [em*/g] [em*/g]

[m?/g]

PCS-NS-50-50 44 n.d.” 0.05 0.21

PCS-NS-70-30 39 n.d.” 0.04 0.34

SiC-NS-50-50 120 0.02 0.11 0.23

SiC-NS-70-30 60 0.004 0.05 0.26

CDC-NS-50-50 2347 0.69 1.27 1.53

CDC-NS-70-30 2298 0.64 1.21 1.67

[a] Not determined.

After pyrolysis of PCS-NS to silicon carbide, the SSAs increase
slightly due to mass loss during decomposition of the polymer
chains (Tab. 1). While the shape of the isotherm of the SiC-NS-
70-30 remains comparable to the corresponding PCS-NS, an
additional pore system can be observed for SiC-NS-50-50
(Fig. 2B). The larger fraction of gaseous decomposition
products during pyrolysis leads to the formation of an irregular
mesopore network within the SiC-NS-50-50 as previously
reported for other silicon carbide and CDC materials obtained
from emulsion-based SMP-10/p-DVB precursor systems.le"17
The sharp step in the desorption branch of SiC-NS-50-50

4| J. Name., 2012, 00, 1-3
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indicates that the mesopores empty by a cavitation
mechanism, that is, they are located within the nanospheres
and are accessible only via necks of diameters below 5-6 nm.”
Therefore, a larger intra-particular pore volume is present in
the silicon carbide material obtained from miniemulsions with
higher content of cross-linker. A tiny step is also observable in
the isotherm of SiC-NS-70-30 and the presence of defects
within the spheres cannot be ruled out. However, the increase
of internal pore volume and SSA is less pronounced for this
material and the spheres are rather dense.

Fig. 3. Scanning electron microscopy images of (A) the SiC-NS-50-50, (B) the
SiC-NS-70-30, (C), (D) the CDC-NS-50-50, and (E), (F) the CDC-NS-70-30 as
well as transmission electron microscopy images of (G) the CDC-NS-50-50
and (H) the CDC-NS-70-30.

Scanning electron microscopy (SEM) images of the SiC-NS
(Fig. 3A,B) reveal that the spherical structure of the oil-
droplets can be successfully transformed to silicon carbide
with spherical shape. Due to the fully conformal character of
the high-temperature chlorine treatment, the spherical shape
is also perfectly retained in the CDC-NS (Fig.3C-F). Their
diameters of 20-200 nm are slightly below those of the PCS-NS
determined by DLS due to minor shrinkage processes during
solvent evaporation and pyrolysis. It can be seen that the CDC-
NS-50-50 contain a larger number of defects and partially

This journal is © The Royal Society of Chemistry 20xx
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hollow structures compared to the CDC-NS-70-30. This
observation is likely related to the formation of more gaseous
decomposition products during pyrolysis of the PCS-NS-50-50.
In accordance, transmission electron microscopy images of the
CDC-NS (Fig. 3G,H) show a less smooth outer sphere surface
morphology for the CDC-NS-50-50 due to the formation of
defects during decomposition of the polymeric spheres.
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Fig. 4. (A) Nitrogen adsorption/desorption (filled symbols/empty symbols)
isotherms (measured at -196°C) and (B) corresponding QSDFT pore size
distributions of the CDC-NS-70-30 (red) and CDC-NS-50-50 (blue). Note a
+0.05 cm’/nm/g y-axis offset of the CDC-NS-50-50 material for the

differential pore volume plot.

After the high-temperature chlorine treatment, the SSAs and
micropore volumes significantly increase to values of
2347 m%/g and 0.69 cm®/g, respectively (Tab. 1). Despite the
higher uptake of nitrogen at low relative pressure, the shape
of the nitrogen physisorption isotherms of the CDC-NS (Fig. 4A)
is comparable to the SiC-NS precursors, that is, CDC-NS-50-50
still contains a certain fraction of internal mesopores emptying
by a cavitation mechanism. The introduction of high micropore
volumes and the mass loss during silicon removal further lead
to significant increase of the total pore volume and the total
internal pore volume. While the latter is higher for the CDC-
NS-50-50 due to the presence of the internal mesopores, the
fraction of inter-particular pores is larger in case of the CDC-
NS-70-30. The PSDs of the CDC-NS (Fig. 4B) show the presence
of micropores of 0.9-1.0 nm in size as it is typical for
polycarbosilane-based CDCs prepared at comparable

temperatures.16 In accordance to the shape of the isotherms,
CDC-NS-50-50 further contains a minor volume of mesopores
between 6 and 11 nm in size. The cavities > 10 nm present in
the CDC-NS-70-30 are related to inter-particular porosity.

F. Tansissi elect icrorphs of (A) CDC-NS-50-50 and (B) CDC-
NS-70-30.
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Independent of the SMP-10:p-DVB ratio in the initial oil phase,
the CDC-NS show a highly disordered carbon microstructure
with randomly arranged sp2 carbon fringes (Fig.5). This
observation aligns well with Raman spectroscopy (Fig. 6) and
the measured spectra indicate a highly disordered carbon
microstructure with the characteristic D-mode at ~1350 cm™.
Furthermore, the G-mode (assigned to graphitic sp2 carbon)
and the A-mode (assighed to amorphous sp2 carbon) are
observed at ~1595cm™ and ~1550 cm™, respectively. The
shoulder transpolyacetylene-(TPA)-like mode present in both
samples and the absence of sharp second order and
combination modes in the range of 2400-3000 em™ also
indicate a low degree of graphitization in the CDC-NS, that is,
no excessive stacking and formation of parallel oriented
graphene sheets takes place. Due to the equal synthesis
temperatures, no significant differences between the CDC-NS
are observed as can be seen from the comparable full width at
half maximum (FWHM) of the D- and G-mode as well as Ip/lg
and g/l ratios.
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Fig. 6. (A) Raman spectra of CDC-NS-70-30 (red) and CDC-NS-50-50 (blue),
both normalized to the G-peak. (B) Lorentzian peak fitting of CDC-NS-50-50,
and the fitting parameters of both materials in (C) full-width at half
maximum and in (D) the areal intensity ratios.

CDC-NS as Supercapacitor Electrode Material

Due to their high micropore volume and SSA, CDC-NS are
highly attractive electrode materials for electrical double-layer
capacitors in different electrolyte systems. To exemplify the
beneficial electrochemical performance, we chose a typical
pH-neutral aqueous system (1 M Na,SO,;) and the most
commonly used organic system (1 M tetraethylammonium
tetrafluoroborate (TEA-BF,) in acetonitrile). Cyclic
voltammograms (CVs) of the materials in 1 M aqueous Na,SO,
electrolyte solution are nearly rectangular within the applied
potential range of 0-0.8 V (Fig. 7A) indicating the absence of
large numbers of surface functional groups and the high purity
of the CDC-NS resulting in a nearly ideal (purely capacitive)
EDLC behavior. Besides CVs, galvanostatic charge-discharge (C-
D) measurements are suitable for a quantitative analysis of the
electrochemical performance at higher current densities to
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explore power handling ability (Fig. 7C). At a current density of
0.1 A/g, the CDC-NS provide high specific capacities of 110 F/g
(CDC-NS-50-50) and 103 F/g (CDC-NS-70-30). At a very high
rate of 10 A/g, 74 % (CDC-NS-50-50) and 80 % (CDC-NS-70-30)
of the initial capacitances are still retained. The values for
specific capacitance are very considering an
experimental error of +5 %, which is reflective of the similar
porosity and surface area of the two materials (Tab. 1).
Noticeably, based on C-D data, the power handling (Fig. 7E) for
both materials is very similar and this aligns with the excellent
charge retention capabilities of these novel CDCs. This effect is
likely related to the rapid accessibility of the ion adsorption
sides (i.e., the micropores) of the CDC-NS due to the
combination of nm-sized spherical particles and relatively large
0.9-1.0 nm-sized micropores suitable for rapid diffusion of the
electrolyte ions.
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Fig. 7. (A), (B) Cyclic voltammograms at scan rates of 10 mV/s, (C), (D)
galvanostatic charge/discharge plots, and (E), (F) galvanostatic rate handling
plots of CDC-NS-70-30 (red) and CDC-NS-50-50 (blue) in (A), (C), (E) 1M
aqueous Na,SO, and (B), (D), (F) 1 M TEA-BF, in ACN electrolyte. The solid

lines in panel (E) and (F) were fitted assuming a linear regression.

1
Current (A/g)

While aqueous electrolytes in general provide the advantages
of high ionic conductivity and low cost, they suffer from the
narrow electrochemical stability window of water (1.23 V). In
contrast, organic electrolytes can operate at higher potential
(typically up to 2.7 V) and, therefore, the achievable energy
density of the organic EDLCs is much higher. In consequence,
most of the commercially available devices make use of
organic electrolytes. The CVs of the CDC-NS-based electrodes
in a 1 M solution of TEA-BF, in acetonitrile (ACN) show, just
like in aqueous media, nearly rectangular shape as well
(Fig. 7B). Also, the C-D curves exhibit triangular shape typical
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of a capacitive charge-discharge mechanism (Fig. 7D). In
contrast to the C-D measurements in Na,SO,, the CDC-NS-70-
30 now shows a slightly higher specific capacitance of 130 F/g
at a current density of 0.1 A/g (Fig. 7F). This sample further
provides outstanding capacity retention of 119 F/g (92 %) at
10 A/g. For comparison, CDC-NS-50-50 exhibits at 0.1 A/g a
capacitance of 120 F/g which drops to 79 F/g (i.e., 67 %).
Although CDC-NS-50-50 are slightly smaller, CDC-NC-70-30
show a larger volume of inter-particular mesopores which
greatly favors an enhanced performance at high current
density in organic electrolyte when the higher viscosity
compared to aqueous media is considered.

In summary, the CDC-NS are highly attractive candidates for
the use as electrode materials in EDLCs as they provide high
specific capacities in combination with good charge retention
capabilities at high current densities. Operating in aqueous
media (0.8 V) or organic media (2.5 V), the maximum energy
density was 2.7 Wh/kg (CDC-NS-50-50) and 28.2 Wh/kg (CDC-
NS-70-30), respectively. Remarkably, the performance of the
materials in a given electrolyte is dependent on the pore
structure of the CDCs and hence the elevated SMP-10:p-DVB
ratio of the initial miniemulsion, that is, CDC-NS are highly
versatile for the application in EDLCs based on a specific
electrolyte systems.

Perspectives of CDC-NS for Flow Electrode Applications

Besides the wuse of CDC-NS as electrode material in
conventional EDLCs, the application of high surface area,
mono-dispersedly sized carbon beads is highly attractive for
application for flow electrode applications,26 such as
electrochemical flow capacitors (EFCs) for scalable energy
storage,27 flow electrode capacitive deionization (FCDI) for
continuous water treatment,28 or flow electrode capacitive
mixing energy extraction (Capmix).29 In EFCs, which combine
the advantages of rapid charge/discharge and decoupling of
energy- and power ratings, a fluidized carbon-electrolyte slurry
is employed as the active material. For charging- and
discharging by the formation of an electrical double-layer it is
pumped into a polarized electrochemical cell and for charge
storage it is pumped into reservoirs. In most cases, EFCs make
use of active materials with spherical geometry/shape to
minimize viscous effects and, hence, the energy to pump and
transport the suspension electrode.® Moreover, carbon
electrodes with small diameters are expected to show better
electrochemical characteristics due to the higher accessible
SSA and better flow characteristics. Hence, CDC-NS are highly
promising candidates for related flow
electrode applications due to their combination of high

EFC devices and

micropore volumes with well-defined size suitable for ion
adsorption and the nearly perfect spherical shape with low
diameters in the nm-range. A detailed study of the
performance of CDC-NS as active materials in EFCs will be
presented in near future.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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A novel approach to produce carbide-derived carbon
nanospheres of 20-200 nm in diameter based on a novel soft-
templating technique is presented. Platinum catalysis is used
for the cross-linking of liquid (allylhydrido)polycarbosilane
polymer chains with para-divinylbenzene within oil-in-water
Quantitative

ceramic polymer can be achieved allowing precise control over

miniemulsions. implementation of the pre-
the resulting materials. After pyrolysis and high-temperature
chlorine treatment, resulting particles offer ideal spherical
shape in combination with very high specific surface area (up
to 2347 mz/g) and very large micro/mesopore volume (up to
1.67 cm3/g). The internal pore structure of the nanospheres is
controllable by the composition of the oil phase within the
miniemulsions. CDC-NS are versatile materials for electrical
double layer capacitors with a specific capacitance of up to
130 F/g in organic media and excellent power handling at high
current density. Their performance in a given electrolyte
system is tunable by the composition of the composition of the
oil phases in the initial miniemulsions. Also, because of the
spherical shape and stable electrochemical performance, CDC-
NS are promising candidates for the use in flow electrode
applications, such as the electrochemical flow capacitor.
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