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Introduction

The impact of templating and macropores in hard
carbons on their properties as negative electrode
materials in sodium-ion batteries¥

@ Erik Troschke,®
bcde

Sofiia Prykhodska, (2 ® Konstantin Schutjajew,
Leonid Kaberov, 2 °< Jonas Eichhorn, 2 °° Felix H. Schacher,
Francesco Walenszus,” Daniel Werner? and Martin Oschatz (2 *29¢

Due to the abundance of sodium and the comparable working principle to lithium-ion technology,
sodium-ion batteries (SIBs) are of high interest as sustainable electochemical energy storage devices.
Non-graphitizing (“hard”) carbons are widely investigated as negative electrode materials due to their high
sodium storage capacity close to the potential of Na/Na*, excellent safety, and simple synthesis pathways
from abundant resources. The accumulation of sodium in “closed pores” that are inaccessible to the
electrolyte solvent molecules is typically considered as a main source of capacity. While several features
such as the microstructure of hard carbons (controllable by e.g. precursors or carbonization conditions) on
their electrochemical properties have been widely investigated, the influence of macropores and domain
sizes of hard carbons received less research attention. We investigate the use of polystyrene as a sacrificial
template to introduce additional internal porosity into glucose-derived hard carbons, in the form of
micrometer-sized channels, and the effect on the sodium storage properties and irreversible processes.
Despite no significant changes in the microstructure of the hard carbons, pronounced differences in their
electrochemical signature can be resolved at working potentials above, but also below 0O V vs. Na/Na* for
different polystyrene amounts and thus macropore contents. Carbons with higher polystyrene amount
exhibit higher reversible sodium storage capacity, but also suffer from a more pronounced capacity loss due
to irreversible reactions in the first cycle(s). Furthermore, their sodium nucleation overpotential is shifted to
higher values in capacity limited measurements, which is likely due to the higher electric resistance. The
necessary time to achieve full sodiation capacity increases with a lower content of macropores.

after the commercialisation of the graphite-LiCoO, system in
the 1990s.™* Due to their high gravimetric and volumetric energy

Lithium-ion batteries (LIBs) have emerged as a major state-of-
the-art technology for electrochemical energy storage, especially
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as well as low self-discharge rate, LIBs are nowadays prevalent
in portable electronics and in the electric vehicle market.?
Unfortunately, a couple of issues can be foreseen for the
expected future growth of the LIB market. The uneven distribu-
tion of lithium across the globe causes many political as well as
logistical problems. Furthermore, lithium is usually retrieved
from brine, which requires a significant amount of water and
energy, posing challenges to the water supply of the local
population.”® In addition, lithium recycling technology is still
in its infancy and highly energy demanding. Hence, the devel-
opment of technologies with comparable properties but with the
utilization of different raw materials is required. Sodium-ion
batteries (SIBs) stand out as a promising alternative to LIBs due
to the higher abundance and possible economic benefits of
sodium. One major advantage of SIBs, compared to other
alternative technologies, is that their working mechanism is in
large part comparable to LIBs. This will facilitate practical
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implementation of SIBs as ‘“drop-in technology” in terms of
battery production and application.®” Nevertheless, the fact that
sodium is a softer ion than lithium due to its larger ion radius at
similar charge, changes the cell chemistry especially at the
negative electrode. No thermodynamically stable binary inter-
calation compounds can be formed between sodium and gra-
phite - the commonly applied negative electrode material in
LIBs. Studies of sodium ions in a solvation shell of ether
electrolyte into graphite, resulting in the formation of ternary
graphite intercalation compounds (t-GICs), report about a gen-
erally low storage capacity, approximately half of that of LIBs.>™**

To date, non-graphitizing hard carbon materials (HCs) are
the most promising candidates for the use as negative
electrode materials in SIBs. HCs have favourable capacities
(>300 mA h g '), a suitable working potential, and a long
cycle life. They can be obtained from the pyrolysis of low-cost,
abundant, and renewable carbon-rich organic precursors, such
as various carbohydrates and biomass.’>'® In a first approxi-
mation, the structure of HC can be explained by the “falling
cards model” proposed by Dahn et al.'* Graphene sheets are
stacked randomly, resulting in small, interconnected graphitic
domains, with voids formed in between. These so-called “inter-
nal pores” or ‘“closed pores” can neither be accessed by most
gases in ordinary physisorption measurements, nor by the
electrolyte components other than sodium upon cycling.'**®
Internal pores as well as the spaces between the sheets are both
apparently involved in sodium storage, but the detailed mecha-
nism of sodiation in HC is still under discussion. Nowadays,
the most accepted mechanism is the “intercalation-micropore
filling” suggested by Stevens et al.'”'® In several small-angle
X-ray scattering (SAXS) studies as well as solid-state NMR
investigations the sodium clustering inside the closed pores
in a quasi-metallic state at potentials around 0 V vs. Na/Na* was
observed and discussed as main source of plateau capacity.'®’

Therefore, in recent years, attention has increasingly turned
to obtaining control over the introduction of closed pores in
HCs.”®' While the contribution of these pores to sodium
storage capacity is meanwhile well understood, the effect of
their accessibility, that is, of carbon particle sizes and/or larger
(open) transport pores on the sodium storage properties of HCs
has been less investigated. However, the influence of the length
of sodium transport pathways within HC materials of compar-
able microstructure should play an important role during
cycling because sodium transport is considerably slower than
electron transport, especially when high uptakes are achieved
in the plateau region. For instance, it has been shown that a
decrease of the HC particle size by ball-milling prior to elec-
trode fabrication, and the corresponding increase in the exter-
nal surface area, lead to the opening of closed pores and thus to
a decrease of the reversible plateau capacity and an increased
contribution of irreversible processes.>* On the other side, it
can be generally expected that the decrease of the size of the HC
domains (either due to a decrease of the carbon particle size or
due to the introduction of additional larger pores into a particle
of a given size) decreases the necessary time to achieve the fully
available sodium storage capacity. In this regard, there is no
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systematic knowledge available about the interplay of macro-
porosity of HCs on the balance between shortening of Na*
transport pathways and irreversible capacity loss in the first
cycle due to solid electrolyte interphase (SEI) formation on the
electrolyte accessible surface area.*

Polystyrene is possibly a suitable sacrificial template for
creating this balance. Since linear polystyrene decomposes
completely during carbonization, it can form open and closed
voids in HCs, thus contributing to an increase in porosity.>* In
this work, polystyrene template particles are applied in order to
modify the secondary pore structure and by that the electro-
chemical properties of HCs for SIB negative electrodes.
Through a combined analysis of gas-accessible porosity, total
porosity as detected by small-angle X-ray scattering (SAXS),
skeletal density, and scanning electron microscopy (SEM) it is
shown that the addition of polystyrene alters the structure of
HCs by adding extra porosity in a size range suitable to
investigate the impact on first-cycle efficiency, the sodium
storage capacity as well as the time needed to achieve full
sodiation. Moreover, the influence of the template content on
the nucleation overpotential of metallic sodium deposition is
investigated. For a series of 3 samples with comparable
(glucose-derived) HC microstructure but with different macro-
porosity, it is found that a decreased size of the carbon domains
leads to a higher contribution of irreversible processes, but also
increases the reversible sodium storage capacity. In contrast,
lower macropore content increases the necessary time to
achieve full sodiation capacity. The reduced length of sodium
transport pathways in more porous carbons come along with an
increase of the overpotential needed for the nucleation of bulk
sodium, pointing at an increased electric resistance in such
materials. Although the structural differences seem to be minor
at first glance, they can be resolved with the structural char-
acterization tools, and the underlying structure-property rela-
tionships are still found within the electrochemical
measurements, which is considered a step towards detailed
understanding of structure-property relationships of HC mate-
rials when applied as negative electrode materials in SIBs.

Experimental
Materials synthesis

Polystyrene spheres (PS) were synthesized by microemulsion
polymerization following the method of Jang et al.*® 3 g of poly-
(ethylene oxide)-poly-(propylene oxide)-poly-(ethylene oxide)
triblock copolymer Pluronic P65 (EO,,PO30EO,q, (=99%, Bio-
synth Carbosynth)) were dissolved in distilled water (40 mL)
and stirred until homogeneity at room temperature. Then 1 g of
methyl methacrylate (MMA, Sigma Aldrich,99%) was added to
the solution and the mixture was heated to 70 °C. After reaching
this temperature, 0.01 g of potassium peroxodisulfate (KPS,
Sigma Aldrich, >99%) was added. Polymerization of MMA was
proceeded at 70 °C by continuously stirring for 2 h. The
solution was cooled down to room temperature. After that,
styrene (1 g, Sigma Aldrich, stabilised, for synthesis) and
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divinylbenzene (DVB, 0.1 g, Sigma Aldrich, >99%) were added.
The system of surfactant/polymethyl methacrylate (PMMA)/
styrene solution was heated again to 70 °C and 0.01 g of KPS
was added as initiator for the styrene polymerisation. The
solution was kept at 70 °C for 2 h at constant stirring. After
cooling down to room temperature, the PMMA template and
the surfactant were extracted from the solution using dichlor-
omethane (>99.8%, Sigma Aldrich) and ethanol (>98%, Sigma
Aldrich) as solvents. The solution was left for precipitation of PS
particles (24 h) and the precipitated PS spheres were washed
with deionized water and dried at room temperature. Inhibitors
from MMA, DVB and styrene were removed in advance by the
Schlenk-frit technique using basic Al,O; (Sigma Aldrich).

Polystyrene particles were homogeneously dispersed in 20
ml deionized water by an ultrasound homogenizer (Bandelin
SONOPULS HD 3400) at 120 W power for 20 minutes. These
were then mixed with different amounts of the carbon precur-
sor glucose as described below. The “X” in all sample codes of
the different polystyrene-templated hard carbons (PS-HC-X)
refer to the mass ratio of glucose: polystyrene. PS-HC-2, for
instance, represents the sample prepared with a glucose:PS
mass ratio of 2, PS-HC-20 - stands for a glucose : PS mass ratio
20 and HC is a PS-free hard carbon material.

Typically, 4 g p-glucose (>99%, Sigma Aldrich) and 0.25 ml
of concentrated H,SO, (98%, VWR chemicals) were added to
the dispersion of the respective amount of PS in water and the
mixture was stirred to homogeneity. The mixture was trans-
ferred to a porcelain dish, heated in a drying oven (DRY-Line
Prime, VWR) to 100 °C and kept at this temperature for 6 h
before being heated to 160 °C and held for another 6 h. After
this step, the mixture (after grinding in a mortar) was placed in
a porcelain-combustion boat, and then pre-carbonized at
600 °C for 1 h under N, flow with a heating rate of 10 K min "
in a horizontal tubular furnace (Carbolite Gero). The final
carbonization was carried out in a high temperature oven
(LORA, HTM Reetz) at 1700 °C for 1 h under N, flow with a

heating rate of 7 K min™".

Characterization of the materials

Dynamic light scattering (DLS) measurements of water-dispersed
polystyrene spheres (2 mg mL ") were carried out using a Goni-
ometer (ALV/CGS-3) with a 632.8 nm He-Ne laser at detection
angle of 90° at 25 °C. The ALV-7002 FAST Correlator Software was
used to calculate the particle size distributions according to the
CONTIN algorithm. Thermogravimetric analyses (TGA) were per-
formed on a Netzsch STA 449 in Al,O; crucibles under N, in a
temperature range from 25 °C to 1000 °C with a heating rate of
10 K min~'. N, and CO, physisorption measurements were
conducted on a gas sorption analyser (Quantachrome Quadrasorb)
at —196 °C and 0 °C, respectively. Samples were outgassed at
150 °C under vacuum for 24 h before each physisorption test. For
the N, physisorption, quenched-solid density functional theory
(QSDFT, for N, at 77 K on carbon surfaces with slit/cylindrical
pores, adsorption branch kernel) was used for the calculation of
the specific surface area and pore size distribution (PSD). For the
CO, isotherms, non-local density functional theory model (NLDFT,
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for CO, at 273 K on carbon, adsorption branch) was used to
determine the PSD and ultramicropore volume. H,O vapor adsorp-
tion/desorption isotherms were measured volumetrically using an
Autosorb IQ apparatus (Quantachrome Instruments). The analysis
temperature was controlled by a circulating-bath temperature
controller with an accuracy of 0.1 K. Before the H,O vapour
sorption experiments samples were outgassed at 200 °C under
vacuum for 20 h. Density measurements were carried out on a 3P
densi 100S gas pycnometer at room temperature using helium as a
test gas in a 1 ml measuring cell. The samples were dried for 2 h at
150 °C in a drying oven before measurement. For transmission
electron microscopy (TEM) observations of aqueous samples,
copper grids were rendered hydrophilic by Ar plasma cleaning
for 30 s (Diener Electronics). Sample preparation was carried out
by dispersing 4 mg of polystyrene spheres in 2 ml of deionized
water. Then 10 pL of the sample was applied to the grid, and excess
sample was blotted with a filter paper. TEM-images were acquired
with a 200 kV FEI Tecnai G* 20 transmission electron microscope
equipped with a 4k x 4k Eagle HS CCD camera and a 1k x 1k
Olympus MegaView camera for overview images. In order to obtain
transmission electron micrographs of PS-HCs, a suspension of the
sample in ethanol was sonicated for 10 minutes and drop-casted
on a Cu-grid with a lacey carbon support followed by drying for 15
minutes. The TEM study of PS-HCs was performed using a JEOL
JEM-F200 (S)TEM operated at 80 kV and equipped with a field
emission gun. TEM images were recorded using a TVIPS TemCam-
F216 camera. Scanning electron microscopy (SEM) was performed
on a Phenom ProX desktop SEM device using 15 kV acceleration
voltage. Elemental analysis (EA) for carbon, hydrogen, and nitro-
gen (C/H/N) was conducted using a Vario Micro device through
combustion analysis. The oxygen content was calculated by sub-
tracting the sum of the obtained amounts of carbon, hydrogen,
and nitrogen from 100%. Raman spectra were obtained on a
Raman microscope (in Via, Renishaw, 633 nm laser wavelength,
50x LWD objective). Spectra were recorded in the range 500-3600
cm ' with three accumulations at a laser power was 3.5 mW. The
bands were fitted with Lorentz functions in the Origin PRO 2021
software and the I/I; ratios were calculated from the maximum
intensities obtained from the fits. Small-angle X-ray scattering
(SAXS) patterns were obtained using a Bruker Nanostar 2 instru-
ment with sample-detector distance of 27.70 cm. Cuy, radiation (4
=1.5418 A) was applied. Generated anode voltage and current were
50 kV and 600 pA, respectively. The focal spot size of the beam was
115 pum in diameter. The samples were filled into borosilicate
capillaries with a diameter of 1.5 mm. The intensity calibration
was performed as described in the literature.*® Silver behenate was
used as calibration material. For analysis of the obtained patterns,
the absolute scattering intensity was normalized by the apparent
filling density and then fitted with the function of Debye et al.,>”
which was used in the work of Stevens and Dahn as scattering
intensity from nanopores and macropores."®

A Ba14
I(q)=F5+———5+D
@)= (1+ a12q2)2

where g is the wavevector, a; is the characteristic length over which
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electron density variations occur, A and B are surface areas of the
macro and micro pores, respectively, and D is a constant back-
ground term. Powder X-ray diffraction patterns (PXRD) of materi-
als were recorded on a Bruker D2 Phaser in Bragg-Brentano
geometry in a 26 range 10-80° with a step size of 0.02° using Cuy,,
radiation. The anode voltage was 30 kV and the anode current 10
mA. A horizontal silicon single crystal holder was used as a sample
holder. In order to determine the 20 position as well as a full width
at half maximum (FWHM) of the obtained reflections, they were
separately fitted with a Gaussian function in Origin PRO 2021
software. 20 positions of the selected reflection corresponded to its
centre of gravity. The interlayer distances dy,, were calculated
according to the Bragg equation. The crystallite sizes for (002) and
(100) reflections (L. and L,, respectively) were calculated using
Scherrer equation.

Electrochemical measurements

Before electrode preparation, materials were ground in a mor-
tar and then placed to planetary ball mill Fritsch PULVERI-
SETTE 7 for 15 minutes with 1 reverse repetition at 800 rpm.
After that, the powder was passed through an analytical sieve
(Retsch) with a mesh size of 56 pm. Then 135 mg of active
material was mixed with 7.5 mg of conductive carbon black
Super C65 (Imerys Graphite & Carbon) as well as of 375 pL of
20 mg mL ™" water solution of carboxymethylcellulose (CMC,
Sigma Aldrich). The mixture was stirred in an impact ball mill
Fritsch PULVERISETTE 23 in 50 Hz for 3 minutes, and the
obtained slurry was coated onto a carbon covered aluminium
foil (MTI Corporation) using a doctor blade at 100 pm wet film
thickness at 30 mm s~ . The electrodes were dried 24 hours in a
vacuum oven at 70 °C. Discs of 12 mm diameter were punched
from the electrode sheets. The areal loading of the electrodes
was 1.6-2.4 mg cm™ >, depending mainly on the filling density
of the active material. Electrochemical experiments were per-
formed in a two-electrode setup, using Swagelok-type cells and
a Biologic MPG-2 potentiostat. The electrolyte was 150 pl of
NaPF; in 6:4 v/v mixture of ethylene carbonate and diethyl
carbonate. Sodium metal (Sigma Aldrich) discs were applied as
counter and as reference electrode. A combination of a Celgard
2310 PEO membrane (Asahi Kasei Corporation) and a glass
fibre filter (Whatman GF/C, GE Healthcare) was used as the
separator. Before cycling of each hard carbon/sodium half-cell,
the electrochemical impedance spectroscopy (EIS) was mea-
sured in a frequency range from 20 kHz to 10 mHz with
11 frequencies per decade at 10 mV amplitude. For galvano-
static charge-discharge measurements (GCPL), the applied
current densities were chosen with respect to the theoretical
capacity of a Li-graphite anode (Cs7, = 372 mA h g ). The bulk
sodium plating capacity was determined at C/20 (18.6 mA g~ )
and C/2 (186 mA g '), as the capacity at which the crystal-
lization overpotential occurred by intentionally oversodiating
the HC electrode after cycling-in in a voltage range of 2.5-
0.002 V for 8 cycles.*® For the constant voltage experiments
after galvanostatic reduction to 0.002 V, the voltage was main-
tained at 0.002 V using as a limitation an absolute current of
6.2 mA g~ ' (C/60). Stability tests were performed in capacity-
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limited mode at C/20 for 30 cycles and C/2 for 100 cycles. 90% of
the previously determined bulk sodiation capacity value has
been used as limitation value. Before transferring to the capacity
limited mode, the similar cycling-in procedure over a voltage
range 2.5-0.002 V for 8 times at C/20 current density was applied.

Results and discussion
Structural characterization

Dynamic light scattering of the obtained PS spheres was carried
out to determine their apparent hydrodynamic radius (Ry,). The
average particle radius is 42 nm (Fig. 1(a)). Transmission
electron microscopy reveals that larger spheres, with sizes
around 200-250 nm, are also locally present (Fig. S1, ESIf).
A suitable sacrificial template for porous hard carbons decom-
poses upon pyrolysis, creating hollow spaces without the need
to be removed by additional synthetic steps. Therefore, the
decomposition of PS was tracked by means of thermogravi-
metric analysis under N, atmosphere (Fig. 1(b)). A complete
mass loss at a temperature of approximately 450 °C indicates
the full decomposition of the PS, rendering them as a suitable
sacrificial template for HC. Monitoring the mass change of the
PS and glucose after the polymerisation step at 160 °C is
relevant to obtain information the incorporation of the tem-
plate and the possibility for complete decomposition (Fig. 1(b)).
Reasonably, the residual mass increases with decreasing PS
content, approaching the behaviour of the pure glucose sam-
ple. The pyrolysis yields, calculated as the ratio of the mass
after final carbonisation with respect to the mass of used
glucose (Fig. 1(c)), are in the same range irrespective of the
PS content. This indicates that only minor carbon residuals
might be formed due to decomposition of the sacrificial
template and the formed hard carbons mainly consist of the
pyrolysis products of glucose.

Despite significantly different template contents, the density
values of PS-HCs as well as HC (Fig. 1(d)) are all typical for hard
carbon materials. This is a first indication that the addition of
PS as sacrificial templates does not significantly change the
hard carbon microstructure. This is further confirmed by
powder X-ray diffraction analysis, which shows, for all samples,
patterns typical for hard carbon materials, namely two broad
reflections at 25° 2 theta as well as at 44° 2 theta, corresponding
to (002) and (100) lattices, respectively (Fig. 1(e)). Positions and
intensities of the reflections of all samples are comparable,
which is another sign for their comparable carbon microstruc-
ture (Fig. S2a and Table S1, ESIt). Moreover, calculated inter-
layer distances (doo,) (inset Fig. 1(e)) as well as crystallite stack
height L. and width L, (Table S2, ESIT) validate the comparability
in microstructures of investigated materials. In addition, all
patterns show considerable amorphous scattering at smaller
angels. This phenomenon typically points towards the presence
of open and closed pores in the nm-size regime and was further
examined by SAXS as discussed below. Raman spectroscopy helps
to understand the chemical binding motifs and the carboniza-
tion/graphitization degree of carbonaceous materials.*® Raman
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(a) Particle size distribution of polystyrene spheres obtained from dynamic light scattering. (b) Thermogravimetric analysis of the carbon polymer

from glucose, mixtures of PS with glucose obtained at 160 °C and pure PS under nitrogen atmosphere. (c) Yield of pyrolysis normalized to the glucose
content. (d) Density values. (e) Powder X-ray diffraction patterns. (f) Raman spectra of hard carbon materials.

spectra of PS-HCs and blank HC (Fig. 1(f)) contain a D- and a
G-band, which are characteristic for hard carbon materials. The
G-band is related to the bond stretching of all pairs of sp> atoms in
rings and chains whereas the D-band represents breathing modes
of sp® atoms in rings at defect sites.”® Therefore, the intensity
ratios between D- and G-peaks (Ip/Is) as well as the width of the
peaks can provide information about the degree of defectiveness
and disorder in the investigated carbons. Generally, all samples
represent a well-ordered structure leading to sharp Raman peaks,

1346 | Energy Adv., 2024, 3,1342-1353

which is expected after thermal treatment at 1700 °C. The A-band
originating from amorphous carbon phases located between D-
and G-band is of low intensity in all samples (Fig. 1(f) and Fig. S2b,
ESIt). The Ip/I; ratios for all samples (inset Fig. 1(f)) are in a
comparable range (1.51-1.68), as well as the I,/I; ratios (Table S3,
ESIt), and the overtone peaks of D + G and 2D are observable for
all samples. TEM enables direct observation of the microstructure
of hard carbons. As anticipated, after high-temperature processing,
the revealed microstructure is typically composed of disordered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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angle scattering curves. (e) SEM images of hard carbon materials.

domains combined with graphitic stacking (Fig. S3, ESIt). As for microstructure in all samples is expectedly comparable after
PXRD and Raman analyses, it can be concluded that the carbon thermal treatment at similar maximum temperature.
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The porosity of the synthesized carbons was investigated by
means of N,, CO, as well as vapor H,O sorption experiments.
During SIB cycling, a high open porosity and specific surface
area contributes to the decomposition of the electrolyte and by
that also to the formation of the solid-electrolyte interphase
(SEI). This, in turn, leads to irreversible capacity loss as well as
low Coulombic efficiency in the first cycles.***"** Formed
inactive mass has to be added to the battery thus decreasing
the energy density on cell level. In contrast, a high degree of
internal porosity is anticipated to promote the targeted storage
of sodium without excessive contribution to irreversible pro-
cesses, as sodium clustering exclusively occurs in such voids
and thus contributes to a prolonged and stable plateau at low
potentials versus Na/Na".** N,-physisorption isotherms of
the PS-HCs as well as HC (Fig. 2(a)) can be classified as IUPAC
type-I1,** which is typical for non-porous materials. The specific
surface areas determined by the QSDFT method are between
1 and 10 m” g~ " (Table S4, ESI{). While still not considerably a
nanoporous carbon material, the porosity values of PS-HC-2
significantly exceed those of the PS-free sample and the one
with lower PS content. The gas uptake at higher relative
pressures, which is associated with adsorption on external
surface area or the presence of larger open pores, also increases
with higher PS content. This indicates that the PS are introdu-
cing larger pores and possibly also open a few closed pores due
to enlargement of the external surface area.>”> On the other hand,
closed pores as well as ultramicropores (i.e., those pores with
diameters smaller than 0.7 nm) are too small to be detected by
N,-physisorption, since nitrogen gas displays limited diffusion at
cryogenic temperature.”” Due to the enhanced diffusion at
elevated temperatures and the slightly smaller kinetic diameter
of the adsorbate, CO,-physisorption at 273 K is a more suitable
technique to investigate such ultramicropores.*® The CO,-
physisorption isotherms of PS-HCs (Fig. 2(b)) generally display
a low gas uptake between 0.6 and 2.7 cm® g ! at 1 atm pressure,
confirming the lack of open, gas-accessible micro- and meso-
porosity in the PS-HCs. However, comparison of CO, uptakes as
well as pore volume values calculated according to the NLDFT
model (Table S4, ESIT) indicate that the addition of external
surface area due to higher PS content slightly increases the
porosity and pore volume. Thus, the obtained CO, isotherms
are consistent with the N, isotherms and confirm the effect of
the presence of PS during carbonization, namely resulting in the
contribution of additionally formed or newly accessible open
porosity.

Because of the even smaller kinetic diameter (0.265 nm) as
well as higher experiment temperature (298 K) H,O-vapour
physisorption seems to be an even more suitable technique
for detecting very small (<0.5 nm) and possibly even closed
pores inaccessible for N, and CO,. In principle, the H,O-
isotherms of PS-HCs as well as HC (Fig. 2(c)) can be categorized
as type V in the IUPAC classification.** All materials can be
characterized as hydrophobic as the adsorption branches
demonstrate low vapor uptake at low relative pressures.?” It is
known, that hydrophobicity/hydrophilicity of the carbonaceous
material is strongly linked with oxygen content, since H,O can
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be adsorbed by hydrogen bonding on oxygen-containing func-
tional groups.*® Confirming this observation, elemental analy-
sis data (Table S5, ESIt), show an almost negligible oxygen
content for all carbons. Whilst the water uptakes of HC and PS-
HC-20, with rather low PS content, remain small (with a slightly
higher uptake for HC) and of comparable shape, PS-HC-2
shows a relatively higher water uptake (Table S6, ESIT), which
is in line with the N, and CO, physisorption results. While the
overall water uptake in PS-HC-2 is still rather low, the isotherm
resembles the typical shape of microporous carbon materials.
H,O, therefore, seems to be a suitable adsorbent for the
detection of closed micro- and small mesopores for this series
of samples.

As it is known from the literature, small-angle X-ray scatter-
ing is a complementary analysis technique, which allows for the
detection of the entire porosity including the closed pores due
to a distinct scattering contrast between vacuum and carbon
material across the sample.">*® The difference between physi-
sorption and SAXS measurements can illuminate the existence
of closed porosity in such samples. Generally, all samples yield
comparable scattering curves (Fig. 2(d)) and their shape is
typical for porous carbon materials. This indicates a widely
comparable carbon structure with mostly internal, gas-
inaccessible porosity. The low skeletal densities (Fig. 1(d)) are
well in line with these observations. The autocorrelation func-
tion derived by Debye et al.®” and used by Stevens and Dahn"®
was applied for the calculation of parameters A and B, which
are proportional to the total surface areas of the large (macro)
and small (micro) pores, respectively. As can be observed
(Fig. S4, ESIt), the addition of PS affects surface area of the
big pores (4). Particularly, for the material with the highest PS
content, the surface area of macropores, A, is the highest,
meanwhile, the surface area of micropores, B, is comparable
with the other two materials. As a result, the ratio of surface
areas of large pores to small ones (4/B) is highest for the
material containing the highest amount of polystyrene (inset
Fig. 2(d)). Thus, it becomes obvious that at high concentrations,
the addition of PS leads to the formation of large pores and a
material with a lower filling density. PS-HC-20 exhibits an
opposite trend for this parameter and thus has fewer large
pores detectable via SAXS, in comparison to HC and PS-HC-2.

SEM measurements (Fig. 2(e)) show distinct differences in
the morphologies between the materials, clearly related to the
amount of polystyrene. The number of pores in the micrometre
range is significantly increased in case of high amounts of
polystyrene, which can be correlated to the gas uptake in the
higher relative pressure regime in the sorption analyses as well
as SAXS results, and indeed proves the presence of an increased
external surface area albeit at still comparable sizes of primary
HC particles in all samples.

In summary, the structural characterization demonstrates
that the addition of polystyrene mainly affects the macropor-
osity of the resulting materials. While the carbon microstruc-
ture such as carbon ordering, interlayer spacing as well as the
content of intrinsic porosity remain comparable, a higher
content of macropores is found in PS-HC-2. This can lead to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the opening of pores, which remain undetected in gas sorption
experiments for materials without additional macropores.
Additional analysis of the structure at the intermediate stage
(after 600 °C) is beneficial for gaining insight into the contribu-
tion of the template at this point.>"*® Therefore, the external
porosity was additionally investigated after the pre-carbonization
step (after 600 °C). N,-physisorption isotherms at 77 K of the PS-
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HCs-600 as well as HC-600 (Fig. S5a, ESIt) correspond to the
IUPAC type-I(a) isotherm, indicating the existence of predomi-
nantly narrow micropores with a diameter of less than 2.5 nm. It
is proved by pore size distribution data (Fig. S5b, ESIt), obtained
from quenched-solid density functional theory (QSDFT, for
N, at 77 K on carbon surfaces with slit/cylindrical pores, adsorp-
tion branch kernel). Generally, the addition of polystyrene
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Fig. 3 Galvanostatic charge—discharge curves of hard carbon materials recorded at C/20 current density. (a) Voltage limited first cycle. (b) Initial
Coulombic efficiency calculated from 2 experiments. (c) Voltage limited stable cycle (5th). (d) Coulombic efficiency of 5th cycle calculated from 2
experiments. (e) Capacity limited cycle. (f) Capacity of sodium electroplating and nucleation overpotential of sodium calculated from 2 experiments.
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contributes to an increase in both surface area as well as pore
volume (Table S7, ESIt). CO,-isotherms of PS-HCs-600 (Fig. S5c,
ESIt) and pore size distribution (Fig. S5d, ESIt) obtained from
non-local density functional theory model (NLDFT, for CO, at
273 K on carbon, adsorption branch) indicate that polystyrene
does not contribute to the formation of additional porosity in the
ultramicropore range (Table S7, ESIf). SEM images (Fig. Sé6a,
ESIt) verified the differences in morphologies related to the
amount of polystyrene, similar to those observed after 1700 °C
(Fig. 2(e)). TEM images (Fig. S6b, ESIt) as well as elemental
analysis (Table S8, ESIT) highlight the comparability across the
microstructure and chemical composition of these intermediate
carbons. Upon examination of this data, it can be inferred that
the alteration of the template at 600 °C affects only the macro-
porosity. This contribution follows the same trend observed after
the high-temperature treatment.

Electrochemical sodium storage

In order to investigate the influence of the structural features
on the sodium storage performance of the PS-HCs, galvano-
static charge-discharge measurements with a lower voltage
limit of 0.002 V vs. Na/Na" were conducted at first. Moreover,
it was recently demonstrated that hard carbons can deliver
additional reversible capacity when being charged until the
nucleation of sodium starts (e.g. without potential limit), which
is mainly governed by the crystallization overpotential at values
slightly below 0 V vs. Na/Na'. Since the exploitation of this
process can contribute additional capacity, capacity limited
experiments were conducted in addition to potential limited
tests (see experimental details).>***°! Since the construction of
the cell can affect cycling results, EIS data obtained before
cycling (Fig. S7, ESIT) can provide an insight into how well the
cell is assembled.”>* The equivalent series resistance (ESR) is
observed to be comparable across the materials (Fig. S7b, ESIT).
Therefore, the influence of ESR on the differences observed in
charge-discharge experiments can be excluded. The galvano-
static charge-discharge curves of PS-HCs (Fig. 3 and Fig. S8,
ESIt) have been recorded at low current densities, corres-
ponding to C/20 of a Li/graphite cell i.e. 18.6 mA g '. Compar-
ing the results from two experiments, it can be observed that in
the first cycle (Fig. 3(a) and Fig. S8a, ESIT), the initial coulombic
efficiency (ICE) increases as the polystyrene content decreases
(Fig. 3(b)). This is probably related to the existence of more
accessible sites, caused by the change in morphology through
the introduction of micrometre-sized pores. However, all mate-
rials represent ICE values above 74% (Fig. 3(b)). Despite the fact
that the ICE decreases with templating, it remains within a
reasonable range compared to highly porous carbons.**?%°* A
significant difference in sodiation capacity between templated
samples is observed in the voltage limited 5™ cycle (Fig. 3(c)
and Fig. S8b, ESIt). PS-HC-2 has a sodiation capacity value
almost similar to that of HC from glucose. However, in case of
PS-HC-20, which has the lowest PS content, the capacity drop is
remarkable (Fig. 3(d)). The loss mainly occurs in plateau
capacity, while the slope capacity values remain nearly identical
(Fig. S8c, ESIt). If the slope region corresponds to adsorption of
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sodium on the defects and its intercalation into the graphitic
domains, this behaviour is well in line with the observations
made in Raman spectroscopy, where the samples exhibited D,
G, and A-bands (inset Fig. 1(f) and Table S3, ESIt) of similar
height ratios, as well as XRD data, which consisted of broad
(100) and (002) reflections of similar 2 Theta positions and
FWHMs (Fig. 1(e) and Table S1, ESIT). This points to a compar-
able degree of graphitization and disorder. Moreover, if the
plateau region corresponds to sodium clustering inside
the internal pores, it can be directly correlated to sorption
analyses as well as SAXS. Despite the comparable values of the
micropore surface area, B, with HC, the capacity of PS-HC-20 is
73 mA h g less than that of HC. Nevertheless, PS-HC-20
exhibits the lowest macropore surface area, A, as well as lower
vapor H,0O uptake at 298 K (Fig. S4 and Table S6, ESIt). In
addition, the plateau potential for PS-HC-20 is the lowest (inset
Fig. 3(c)). Therefore, it is likely that the large pores act as
diffusion paths that improve the accessibility of the closed
pores for sodium. In the case of PS-HC-20, the diffusion might
be too slow and the mass transport hindered due to the lack of
big pores. This could lead to a decrease in capacity because the
sodium does not reach all the pores in the particles where
clustering can potentially occur. In addition, Tian et al.>* dis-
cussed a shift of plateau voltages to higher values as a result of
a slower insertion due to smaller interlayer distance of graphi-
tic domains. However, the difference in interlayer distances of
PS-HCs and HC is insignificant (inset Fig. 1(e)). PS-HC-20
represents the same interlayer spacing as pure HC, which gives
further evidence that the interlayer spacing in these materials
does not lead to differences in plateau voltages. A higher
volume of macropores results in lower transport resistance,
and consequently, a higher plateau voltage might be observed.
In the capacity limited cycle (Fig. 3(e)), PS-HCs and HC demon-
strate nearly similar values of bulk sodium plating capacity.
Nonetheless, the onset potentials of this process are different.
The capacity values as well as nucleation overpotentials of
sodium (Fig. 3(f)) are calculated as an average from 2 experi-
ments (Fig. S8d, ESIt). The overpotential values were deter-
mined by subtracting the minimum from the voltage baseline
of sodium plating (inset in Fig. 3(e)).*® PS-HC-2 has the highest
value of sodium crystallization overpotential (15.83 mV). As a
consequence, observed features of the sodium storage process
may be related to the electronic resistance between materials.*?
This hypothesis can be confirmed by the increase in the
presence of macropores for higher PS ratios, which is observed
in sorption measurements, SAXS, and supplemented by SEM
(Fig. 2).

In order to further investigate the differences in the sodium
storage properties caused by different contents of macropores,
galvanostatic charge-discharge measurements characteristic
with the final constant voltage step at a current density of
C/20 were performed. As shown in Fig. 4(a), the material with
lowest content of transport pores, PS-HC-20, achieved a sodia-
tion capacity value close to PS-HC-2, as well as reference HC
from glucose. However, there is a noticeable difference in the
time taken to reach the full capacity (Fig. 4(b) and Fig. S9a,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ESIT). This is reflecting that the lowest number of pores
responsible for sodium transport is present in PS-HC-20, and
underlines the importance of small diffusion paths to achieve
full sodium storage capacity within a given timeframe. To
further verify the hypothesis of different transport resistances,
galvanostatic charge-discharge tests at higher current density
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(C/2, 186 mA g~ ') with capacity limitation were recorded. As
demonstrated (inset Fig. 4(c), inset Fig. S9b, ESIt and Fig. 4(d)),
PS-HC-2 exhibits the highest values of both sodium electroplat-
ing capacity as well as sodium nucleation overpotential. This
indicates a difference in the sodium transport pathways among
the investigated materials. At higher current densities, faster
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(a) and (b) Galvanostatic charge—discharge curves of hard carbon materials recorded at C/20 current density with constant voltage step (2 mV)

corresponding to 5th cycle. (c) Galvanostatic charge—discharge curves of materials recorded at C/2 current density corresponding to capacity limited
cycle. (d) Capacity values of sodium electroplating at C/2 current density calculated from 2 experiments.
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sodium transfer processes are required, so that the presence of
shorter pathways for sodium transport facilitates the occupation
of sodium storage sites into the carbon and, as a result, leads to
higher capacity in this kind of measurement. Thus, PS-HC-2,
which has more macropores and smaller sodium transport
domains, exhibits the highest value of plating capacity at high
current densities due to faster filling of all sodium storage sites.
In order to evaluate the potential application tests of PS-HCs,
long-term cycling tests at low (C/20) as well as high (C/2) current
densities were conducted using the capacity limited approach
(see reference®). After voltage limited cycling at low current
density, the templated materials were cycled to 90% of the
determined bulk sodiation capacity values at the two different
current densities. These experiments directly display the impact
of additional macropores, which is a comparable cyclability
irrespectively of the applied current density (Fig. S9c and d,
ESIt). As expected, even after application of high current density,
materials with extreme values of the template amount demon-
strated high stability as well as reversibility. The Coulombic
efficiency values (Fig. S9c and d, ESIT) are all greater than 99%.

Conclusions

Polystyrene particles were applied as a template for hard carbon
materials. The impact of the template/precursor ratio on the
obtained materials structure was investigated my means of
nitrogen, carbon dioxide, water vapor sorptions as well as
small-angle X-ray scattering combined with scanning electron
microscopy. The results revealed that addition of polystyrene
modifies the structure of hard carbons by adding extra macro-
porosity. This difference in porosity affects the electrochemical
storage of sodium. The increased macropore content results in
irreversible capacity loss in the first cycle, reduced sodium
transport domains, increased the reversible sodium storage
capacity in the voltage limited cycles as well as increased
electrical resistance in capacity limited cycle. On the contrary,
hard carbon with a limited macropore content requires more
time to reach full sodiation capacity. At higher current densi-
ties, faster sodium transfer processes contributed to the highest
capacity value for the most macroporous carbon. Therefore,
this work provides insight into the impact of hard carbon
macroporosity on the balance between reducing sodium trans-
port pathways and irreversible capacity loss in the first cycle. In
addition, the importance of the work is connected to the fact
that structural differences that seem insignificant can be
resolved by structural characterization and well correlated with
electrochemistry. This is a significant step towards a deeper
understanding of structure-property relationships of hard
carbons as negative electrode materials in SIBs. Furthermore,
the revealed difference in accessibility of the closed pores for
sodium opens the new perspectives for the development of
hard carbons with improved rate capability. In-depth explora-
tion of full cell behavior, reinforced by in situ spectroscopic
evidences, could serve as an additional valuable contribution to
the investigations of the sodium storage mechanism in such
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carbons. Further work could also incorporate cyclic voltamme-
try for extensive understanding the kinetics of sodium ions in
such materials. Likewise, electrochemical impedance spectro-
scopy at different states of charge is considered as an excellent
tool to provide kinetic as well as mechanistic insights in such
electrochemical systems.
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