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ABSTRACT

The sodium-ion battery is a promising successor for the lithium-ion battery. Its energy density is limited
by the anode, where sodium ideally is stored at low potentials vs. Na/Na™. The understanding of the
fundamental relationships between material properties and sodium storage is often lagging behind
materials development. There is a discord regarding the involvement of so-called “closed pores” in
carbons in sodium storage. To investigate their influence, a chemical vapor deposition (CVD) process to
deposit polymeric carbon nitride (p-C3Ny4) on hard carbon fibres of both, open and closed microporosity,
is developed. High storage capacity at a low potential is only possible, when suitable, sealed pores are
present. In fibers without notable gas-accessible surface, p-C3N4 is deposited on the external area,
whereas in open-microporous samples the p-C3N4 phase grows in micropores. Consequently, except for
the untreated fibres with closed pores, the composite with a pore gradient along the fibers is the only
one in the study that is able to accommodate sodium at low potentials. Neither the remaining graphitic
domains, nor the introduced p-C3N4 are able to accommodate sodium in a quasimetallic state. Finally, not
only the sodium storage but also the solid-electrolyte interphase (SEI) build-up is influenced by the
additional p-C3Ny4 layer.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The implementation of renewable energy sources has caused a
call for grid scale energy storage, which is independent of
geographical requirements, operationally safe, and produced from
abundant resources. With increasing widespread of renewables in
the future, this demand will only rise [1]. The lithium-ion battery
(LIB) with its high gravimetric and volumetric energy density
would be perfectly suited for this purpose if lithium itself but also
related minerals and metal ores were more widely available [2]. In
the last decade, considerable research efforts were undertaken to
replace scarce lithium by the more available sodium [3]. Wide parts
of cell chemistry and compounds are comparable for the two
alkaline metals, such as electrolytes, cathode materials and
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separators. The most striking difference is that graphite, the most
widely used anode material in LIBs cannot be used in sodium-ion
batteries (SIBs), because contrary to lithium, sodium does not form
binary intercalation compounds with graphite [4]. Another carbon
modification, so-called “hard carbon”, known already from the
beginning of alkali-metal battery research, must be employed to
store sufficiently high amounts of sodium at low, constant poten-
tials, in order to produce anodes with high energy densities [5,6]. In
comparison to graphite, hard carbon is a less ordered carbon allo-
trope with turbostratically twisted graphene layers forming do-
mains of more or less pronounced graphitic stacking, where the
curvature and boundaries of the sheets form internal cavities which
remain undetected in gas physisorption, known as internal or
closed pores [7—9]. As it was shown in several small-angle X-ray
scattering (SAXS) studies, small sodium clusters can be formed
inside and stabilized by these internal pores during the sodiation
process at a potential close to that of metallic sodium [10,11].
Together with solid-state NMR investigations, this hints at a formal
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oxidation state close to zero and a quasimetallic nature of the
formed sodium clusters [12—14]. The development of closed-
porous materials is subject to chance upon the thermal treatment
of suitable hard-carbon precursors [15]. Despite the obvious pros-
pect in the targeted preparation of closed porous carbons, their
synthesis with control over the structure was so far demonstrated
only a few times in literature [16,17]. From a general point of view
there are two evident approaches to the introduction of closed
porosity into carbons. The first one is the direct synthesis from
thoughtfully chosen starting materials, with or without the use of
templates or pore-formation additives. The second, more control-
lable method is the post synthetic closing of open porous materials
by an external coating. Once a protocol for such a coating procedure
is established, the impact of different pore structures, volumes, and
geometries can be studied. For the application in sodium storage,
the ideal coating layer should be not permeable for electrolyte
molecules and counter ions, but simultaneously provide a sufficient
ionic conductivity for Na*-ions. The film should also be an electrical
insulator, in order to prevent excessive and uncontrolled solid-
electrolyte interphase formation through decomposition of elec-
trolyte, thus providing a mechanically and chemically stable, arti-
ficial SEL In this context, polymeric carbon nitride (p-C3N4) stands
out due to its high flexibility, thermal stability and tunable con-
ductivity and is therefore promising for the application as a pore
closing as well as SEI-forming substance [18,19]. The possibility to
form dense and homogenous p-C3N4 films on different planar
substrates by chemical vapor deposition (CVD) was recently
explored and demonstrated by Giusto et al. [20,21] Based on these
findings, we investigated the influence of a porous carbon structure
on the growth of p-C3Ny, by performing CVD on hard carbon cloth
of different porosity and within this scope shed some light on the
gas diffusion dynamics during the CVD process. We further inves-
tigated the relations between the structure of the coated carbon
fibres and the sodium storage properties in SIB anodes. A detailed
gas-physisorption and SAXS study reveals that in carbons of a high
degree of activation and a pore radius above a certain threshold, the
deposition mode shifts from surface coverage towards bulk pore
filling. In contrast, successful generation of closed porosity can be
observed in moderately activated carbons. Most importantly, in the
electrochemical analysis of the materials the effect of artificial pore
closure is manifested in a voltage plateau during both, sodiation
and desodiation. Starting with a material with virtually no plateau
capacity, 54 mAh g~! of sodium can be reversibly stored at a low
potential below 300 mV vs. Na/Na™" in the respective carbon/p-C3Ny4
nanocomposite. Finally, a decrease of first-cycle capacity and
therefore a successful action of the p-CsN4 layer as an insulating
protective film is demonstrated. This proves the viability of the
method not only for transforming accessible surface area into
closed porosity, which can serve as nucleation point and stabilizing
structure for sodium clusters, but also for the generation of a ho-
mogenous, artificial SEI-layer.

2. Materials and methods
2.1. Materials preparation

Commercially available carbon cloths (Kynol 5092-CC, -ACC10,
and -ACC20) were purchased from Kynol Europa GmbH, Hamburg.
Melamine (99%) was obtained from Sigma Aldrich. Prior to each
CVD treatment, the carbon cloths were treated in an oxygen plasma
cleaner (Harrick PDC-32G-2) at 150 W power for 10 min at a
pressure of 0.5 mbar. Plasma treated samples are denoted with
“Plasma” as a suffix. Hard carbon/carbon nitride nanocomposites
were prepared in a tubular oven with two heating zones (planar-
GROW-35-0S CVD System for Organic Semiconductor, planarTECH)
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with a 3 in. quartz tube. In a typical recipe, 5 g of melamine are
placed in an in-house-made boat upstream, with the target sub-
strate placed vertically downstream on a quartz holder. The mel-
amine was completely sublimed at 300 °C and p-C3Ng was
deposited at 550 °C on the target substrate surface. The process was
carried out at low pressure (10 Torr) and with N as a gas carrier (50
sccm). After the deposition, the samples were cooled down natu-
rally before collection [20]. The mass gain after CVD was 5% for
5092-CC, 10% for 5092-ACC10, and 45% for 5092-ACC20. Carbon/
carbon nitride nanocomposites bear the name of their parent car-
bon together with the suffix “C3N4”.

2.2. Structural characterization

N, and CO, sorption experiments were carried out on a
Vapor200C gas sorption analyser at —186 °C and 0 °C, respectively.
Before each measurement, the samples were outgassed under
vacuum at 150 °C for at least 20 h. Specific surface areas were
calculated by the multipoint BET method and the total pore volume
was determined at p/pp = 0.99. Quenched solid density functional
theory (QSDFT, for N, at 77 K on carbon surfaces with slit/cylin-
drical pores) on the adsorption branch of the isotherms was used to
calculate pore size distributions, pore volumes as well as surface
areas of the materials [22,23]. Combustive elemental analysis (EA)
was performed on a vario MICRO elemental analyser by Elementar.
Thermogravimetric analyses (TGA) were measured using a Netsch
TG 209 F1 Libra in a temperature range between room temperature
and 1000 °C in platinum crucibles under N; and synthetic air at-
mospheres. Powder X-ray diffraction patterns were acquired on a
Bruker D8 in Bragg-Brentano geometry in a 2@ range of 10—70°
with a step size of 0.03° using Cug, (A = 0.154 nm) radiation. The
samples were positioned on a horizontal silicon single crystal
sample holder. Small-angle X-ray scattering patterns were recorded
on a Bruker Nanostar 2 device using Cug, (4 = 0.15418 nm) radia-
tion in a sample-detector distance of 28.90 cm. The focal spot of the
beam has a diameter of 115 pum. The samples were ground to
powders and filled into borosilicate capillaries of 1.5 mm diameter.
The data was reduced to dimensions of absolute scattering cross-
sections following the method described by Dreiss et al. [24], us-
ing water as a primary calibration standard. Additionally, the curves
were normalised to the filling density and the amount of the
sample in the beam. The fiber morphology was analyzed by scan-
ning electron microscopy (SEM) on a Zeiss Leo Gemini 1550 mi-
croscope at 3 kV acceleration voltage. Energy dispersive X-ray
spectroscopy (EDX) was performed on a Phenom ProX desktop SEM
device using 15 kV acceleration voltage. The samples were pre-
pared by cutting isolated filaments and placing them on vertical Al-
holders with their cross-section facing the beam. Raman spectra
were measured on a confocal Raman microscope (inVia, Renishaw)
using laser radiation of 532 nm wavelength and 5 mW power in an
energy range between 500 and 3600 cm™ ), scanning 5 times.

2.3. Electrochemical characterization

The carbon cloths were fabricated into electrodes by doctor
blading of ground carbon cloth. The cloths were ground in a
motorized mortar (Fritsch Pulverisette 2) for 10 min, to obtain a fine
powder. In a typical batch, 90 mg of the ground active material was
combined with 5 mg of conductive carbon black (Super C65, Tim-
ical) and 125 pl of a solution of carboxymethylcellulose (CMC,
DuPont, Walocel CRT 2000 PA, 2 mg ml™!), so that 5 mg of CMC were
in the ink. The mixture was stirred to homogeneity in an agate
mortar and then coated onto a copper foil (99.8%, Alfa Aesar) using
a doctor blade at 100 pm wet film thickness at 30 mm s~ . The
sheets were transferred into a vacuum oven and dried at 70 °C and
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1072 mbar overnight. In this way, an area loading of
1.9-2.5 mg cm~? was achieved, depending mainly on the filling
density of the active material. For half-cell tests, discs of 10 mm
diameter were punched from the electrode sheets. Half cells were
assembled in a two-electrode setup using Teflon-Swagelok type
cells, and 200 pul of a 1 M solution of NaPFg in a 6:4 v/v mixture of
ethylene carbonate and diethyl carbonate as the electrolyte. So-
dium metal discs served as both, the counter and reference elec-
trode and a Whatman GF/C glass fibre filter was used as the
separator. Potentials are referred to as against Na/Na*, unless stated
otherwise. In order to ensure comparability to other systems, the
current density is applied with respect to the theoretical capacity of
a Li-graphite anode (C37; = 372 mAh g 1), so that 1 C equals
372 mA g~ . Characterization by charge-discharge measurements
was carried out in two steps. First, the bulk sodium plating capacity
of the material was determined, by cycling the cell in a voltage
range of 2.5—0.002 V, alleviating the lower voltage limit in favor of
an intentionally exaggerated, arbitrary capacity limit of 372 mAh
¢~ 1in a final cycle. The capacity, at which a voltage minimum was
observed is regarded as the maximum sodiation capacity, beyond
which metallic sodium is formed [25]. Additionally, the reversible
desodiation capacity was measured in the next cycle. In a second
step, the materials were galvanostatically sodiated and desodiated
with the reversible capacity determined in the previous step set as
the capacity limit instead of the voltage limit.

Cyclic voltammetry (CV) was measured in a voltage range of 2.5
to 0.0 V and 2.5 to —0.1 V. Before the actual CV experiment, the cell
was cycled in a range of 2.8—3.0 V at increasing scan rates.

3. Results and discussion
3.1. Structural characterization

Carbon materials can be conveniently classified according to
their ability to form a graphitic structure upon being subjected to
sufficiently high temperatures. Those, capable of transformation
into graphite, but carbonized below their graphitization tempera-
ture are usually termed soft carbons. These materials are typically
fully turbostratic, and also contain defects, causing a certain extent
of curvature and tilt [7]. On the other hand, non-graphitizing, or
hard carbons are obtained from the carbonization of precursors
exhibiting high degrees of cross-linking before and during tem-
perature treatment, which therefore do not develop a long-range
order, even after treatment at high temperatures. Instead, regions
of several stacked graphene layers alternate with regions where the
sheets dilate, forming internal voids. These structural features have
been identified as the loci of quasimetallic sodium cluster forma-
tion at low potentials in SIB anodes and their presence is key to
efficient sodium storage [10,14,26,27]. Among a plethora of possible
precursors, phenolic resins are well suited, due to their tuneable
microstructure, scalability, and low price [15]. For the present
study, carbonized novoloid fiber cloths produced by Kynol Europa
GmbH were chosen, as they show reasonable reversible sodiation
characteristics, a homogenous, fibrous texture, and narrowly
distributed microporosity in case of the activated cloths. Most
importantly, the free-standing, textile appearance enables the ho-
mogenous growth of p-C3N4 on the substrate within a stationary
tube CVD system, contrary to preliminary experiments on different
carbon powders. Internally porous Kynol 5092-CC, with virtually no
gas-accessible surface area was treated as well as microporous
samples Kynol 5092-ACC10 and -ACC20, which were activated in a
CO, stream to different degrees by the manufacturer. In order to
achieve a homogenous deposition of p-C3N4 on the carbon surface,
the as-received fibers underwent an oxygen plasma etching step in
order to activate the surface for the further CVD treatment. The
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conditions were chosen according to insights from previous works
in a manner, that no significant weight loss due to burning of the
carbon skeleton occurred [28]. To rule out effects from this addi-
tional pre-treatment, plasma-etched samples were structurally
characterized together with the pristine samples and the nano-
composites. Thermal analysis techniques such as TGA and EA can
serve as important sources of first insights on the elemental
composition of the materials and provide information of the ratio of
p-C3Ny4 to carbon substrate and therefore the results from ther-
mogravimetric analysis under nitrogen, as well as synthetic air
atmosphere, are presented in Fig. 1.

The pristine, as well as plasma-etched carbons lose only a few
percent of mass under nitrogen atmosphere up to temperatures of
1000 °C, as shown in Fig. 1a), ¢), and e). Besides an initial mass loss
at temperatures below 100 °C, which is due to desorption of
adsorbed gases and water and which all samples have in common, a
main mass loss signal is observed at 550 °C. This can be clearly
assigned to the beginning thermal decomposition of p-C3N4. At this
temperature 5092-CC-C3Ny4 loses about 1% and 5092-ACC10-C3Nyg
about 2% of their respective mass, while the most microporous
carbon fiber sample (5092-ACC20-C3N4) shows a mass loss of 25%.
A constant mass loss is observed upon exceeding the temperature
of 550 °C, which continues well until 1000 °C. The reason for this
behavior is that carbon nitride undergoes an equilibrium decom-
position starting at approximately 550 °C, during which different,
gaseous carbon-nitrogen species are formed. These compounds can
further react with themselves as well as with the substrate, causing
a continuous mass loss, especially in samples derived from highly
microporous substrates.

The TGA results under N; are supported by elemental analyses,
which are summarized in Table SI1. The nitrogen content serves as a
measure for the amount of carbon nitride deposited on the fibers.
The N-content increases with the porosity of the substrate and
equals 0.64 wt% in 5092-CC-C3Ny4, 5.13 wt% in -ACC10-C3Ng4, and
finally reaches 20.95 wt% in ~-ACC20-C3Ny4. Thermal analysis under
synthetic air atmosphere, as presented in Fig. 1b), d), and f) shows
one prominent combustion peak with an onset around 650 °C and a
maximum at 850 °C in 5092-CC-derived samples. These values are
remarkably high compared to those of composites prepared from
activated carbon samples and considering the low amount of
deposited p-C3N4 are mainly due to the relatively high degree of
order in the carbon lattice of the non-activated sample. Pristine and
plasma-etched activated carbons begin to lose mass already at
500 °C, while the combustion of the related carbon/carbon nitride
composites is retained by about 50 °C. The similar full width at half
maximum of the differential mass loss peak in CVD treated samples
as in untreated ones indicates a simultaneous decomposition of the
carbon substrate together with the grown p-C3N4 phase. It there-
fore underlines the formation of a homogenous nanocomposite.

Scanning electron micrographs, exemplarily shown for mate-
rials derived from Kynol 5092-ACC20 in Fig. 2 portray a similar
picture about the development of the morphology of the in-
termediates during the synthesis of carbon/carbon nitride com-
posites, presented in Figures S1 and S2. All the samples consist of
fibers with a diameter of about 10 um, where the as-received
samples exhibit a smooth but inhomogeneous surface with seem-
ingly adsorbed smaller particles. After plasma-etching, the fibers’
surface is free from secondary grains and particles. On a higher
magnification level, the fibers appear rough and feature crevices
sized in the range of tens to hundreds of nanometers all over their
surface. This circumstance vividly demonstrates the purpose of
plasma activation before any CVD run, as it enables the reactive gas
to enter the entire fiber and to grow an even film. After CVD a new
structure with a texture different from the parent material can be
identified on the surface of each material.
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Fig. 1. Thermogravimetric analysis of the materials. a), ¢

), and e) in Ny, b), d), and f) in synthetic air atmosphere, respectively. The upper panel shows a relative residual mass

(residue), lower panel shows a differential mass loss (DTG). (A colour version of this figure can be viewed online.)

Insights about the chemical nature of the newly formed layer as
well as the carbon underneath can be obtained from Raman spec-
troscopy. The background-corrected spectra together with fitted
bands are shown for untreated materials and carbon/carbon nitride
composites in Fig. 3. Plasma treatment does not significantly alter
the carbon nanostructure, as can be seen in Fig. S3. All spectra are
characterized by features typical of disordered carbonaceous ma-
terials, mainly the D-band at 1340 cm™! arising from the breathing
mode of carbon six rings at defect sites, the G-band at 1600 cm ™!
due to in-plane bond stretching vibrations of sp? hybridized carbon
atoms, and their respective overtones between 2500 and
3500 cm ™! [29]. Varying contributions of trans-polyacetylene (TPA)
vibrations and A-modes due to amorphous carbon regions are
found, depending on the activation degree and the presence of p-
C3N4 in the sample [30,31]. The spectrum of 5092-CC shows sharp
D- and G-bands with a shoulder peak at 1124 cm™ .. This indicates a
highly ordered, sp?-rich, graphitic structure [29]. From the absence
of an A-mode between the D- and G-bands it follows, that the
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content of point defects or heteroatoms is low in the carbon fibers
[32,33]. Overtone bands can be clearly distinguished, with the 2D4-
band at 2476 cm™, the 2D1-band at 2685 cm™!, the 2D1+G band at
2935 cm~!, and the 2D2-band at 2685 cm™' [34]. Upon CO; acti-
vation in samples 5092-ACC10 and -20 particularly the D-band but
also the G-band broaden and the overtones become less well
distinguishable, as well. This is an expected transition of the carbon
nanostructure when a highly ordered material is transferred to
more disordered, porous carbon.

The decrease of the Ip/Ig-ratio, see Table S2, together with the
occurrence of a stronger A-band indicate the decreasing extent of
graphitic regions together with the introduction of interstitial sp>-
domains or point defects, such as five- and seven-rings into the
carbon framework [31,33]. The impact of p-C3N4 deposition onto
the material is merely manifested in an increase of the background
absorption between the D- and G-bands, which can hardly be
reduced to singular bands [35,36]. However, such an increased
background signal can be found at the previously discussed
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Fig. 2. SEM images of Kynol 5092-ACC20 as received (upper panels), plasma etched (middle panels), and after CVD (lower panels).

positions in each sample. The background is most pronounced in
5092-ACC20-C3Ny4, well in line with the high amount of p-C3Nyg
grown on this substrate.

XRD-patterns of untreated Kynol 5092-CC, as presented in
Fig. S4, reveal two broad signals at 25° (002) and at 44° (100),
which is typical of a hard carbon material. The reflex at the (100)
lattice plane is present in all three untreated carbons, while the
(002) reflex, originating from diffraction at the interlayer distance
of two graphene layers only occurs in Kynol 5092-CC, indicating the
existence of rather large graphitic crystallites in this material. Upon
depositing p-C3Ny, the region between 20° and 30° is dominated by
diffraction at the (002) plane, indicating stacked layers of carbon
nitride formed at the fiber surface.

In order to investigate how deeply the p-CsN4 phase propagated
into the carbon fibers, single fibers were separated from the cloth
and cut along their cross-section. EDX line scans were then
measured to determine the radial distribution of carbon and ni-
trogen. SEM-Figures and the respective line scans are presented in
Fig. 4.

The main difference is obviously the gradient in the nitrogen
content along the cross-section of the fibers. As the distinction
between carbon and nitrogen is difficult from EDX in general, in-
formation from EA must be considered in the analysis of this graph.
It is known from EA, that 5092-CC-C3N4 consists of carbon to more
than 99%, yet the EDX-line scan indicates a constant presence of
approximately 17% nitrogen. Therefore, this value can be viewed as
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a baseline or blind value and the evaluation must be focused on the
gradient of the respective element distribution. In 5092-ACC10-
C3N4 the nitrogen content increases only in the outer 20% of the
sample radius and in the remaining central part of the fiber stays
very close to the “background” value known from 5092-CC. Finally,
5092-ACC20-C3Ny4 contains up to 36 wt% of nitrogen, according to
EDX, even in the center of the fiber, hence clearly indicating the
diffusion of the reactive gas throughout the entire sample, contrary
to 5092-ACC10-C3N4, where the pores in the center are most likely
too narrow. Although it would be of highest interest to study the
materials at higher levels of magnification and resolution, the
samples are ill-suited for transmission electron microscopy, as the
fibers are too thick and cutting them would result in a loss of
structural integrity of the material.

Additional important insights into the deposition mode, the
extent of pore filling and the presence of both, closed and gas-
accessible porosity, are obtained by a set of analysis of SAXS pat-
terns and gas-physisorption isotherms independently. SAXS is
sensitive to the scattering contrast between vacuum (pores) and
condensed matter throughout the entire sample, therefore it can
also detect surface area provided by closed pores. Meanwhile,
probe gases in sorption experiments obviously only can enter pores
with entrances that are larger than their kinetic diameter. N,
physisorption isotherms are depicted in Fig. 5 a), c), and e), the
respective differential and cumulative pore size distributions in
Fig. 5 b), d), and f), and the derived numbers in Fig. S5.
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Fig. 3. Background corrected Raman spectra of untreated carbon fibers and carbon/
carbon nitride nanocomposites with fitted bands and fit sum. (A colour version of this
figure can be viewed online.)

Kynol 5092-CC before and after plasma treatment shows a type
I isotherm with low gas-uptake, indicating unrestricted
monolayer-multilayer adsorption. This is in agreement with the
non-porous, fibrous structure of the materials [37]. Plasma-etching

702

Carbon 185 (2021) 697—708

does not affect the total amount of gas adsorbed, but the uptake
rather happens at higher relative pressures. The carbon nitride
composite from 5092-CC shows a higher uptake of adsorptive and
the disappearance of an inflection point in the isotherm, indicating
an impeded interaction with the adsorbent surface and clustering
of the adsorbate around sites of higher affinity. This effect can be
ascribed to the impact of a carbon nitride film on the fiber surface.
Nevertheless, the surface areas of all 5092-CC-derived materials are
lower than 24 m?g™!' according to DFT. Kynols 5092-ACC10, un-
treated as well as plasma-etched and CVD-treated, show type I
isotherms with rather sharp inflections at the saturation plateau.
This is indicative of a highly microporous material with narrow
pores, as it is also supported by DFT pore size distributions. The
major amount of pore volume is provided by pores smaller than
1 nm. Plasma cleaning slightly increases the surface area from 897
m?g! to 1037 m?g™! as well as the pore volume from 0.324 cm’g~!
to 0.407 cm>g~". From the cumulative pore size distribution plot, it
becomes evident, that particularly the volume related to smaller
micropores as well as the external surface area vanishes. One
should keep in mind that a significant amount of pore volume,
smaller than the kinetic radius of N, might be neglected in this
method, therefore, CO, sorption measured at 273 K shown in Fig. S6
produces isotherms of similar total gas uptake and inflection for
pristine, plasma-activated, and CVD treated Kynol 5092-ACC10.
Considering the smaller kinetic diameter of CO, and its higher
diffusivity at 273 K these results reveal that a part of the ultra-
micropores of ACC10 are too small to be accessible to Ny at cryo-
genic temperatures as well as to the reactive species during the CVD
process and therefore remain unaffected by both, plasma-etching
and CVD. CVD causes the greatest change in Kynol 5092-ACC20.
While basically identical isotherms are measured before and after
plasma-etching, its carbon/carbon nitride composite shows no
significant surface area. Considering the pore volume before CVD,
which equals to 0.761 cm>g~!, and assuming a density of the carbon
nitride phase of 2 g cm~> one would expect a mass increase of more
than 150% after CVD if all pores were filled. As the mass gain is
lower according to the yield as well as thermal analyses, either an
incomplete pore filling or a lower density of the deposited film
must be the cause. A plausible explanation is that the reactive gas in
the CVD process is likely larger than an N, molecule and therefore
does not reach some of the smallest micropores. Also, at a tem-
perature of 550 °C, as it is the case in the CVD oven, diffusion stands
in direct competition with the surface reaction and subsequent
deposition, which hinders the p-CsN4 phase from entering some
share of the ultramicropores. Therefore, the generation of a “pore
size gradient”, during CO, activation stands to reason, which is
supported by physisorption and EDX-line scan measurements. The
highly dynamic equilibrium of carbon nitrides in the gas phase
could also give rise to nitrogen-doping in the smaller micropores
rather than growth of a carbon nitride phase, which to some extent
explains why in SEM/EDX line scans the distribution of a significant
content of nitrogen is measured even in the fiber bulk. However,
the N-contents of 10 wt% or even more than 30 wt% would be
suspiciously high for ordinary N-doping. Under the reasonable
assumption that the porosity in the carbon is present already in the
untreated 5092-ACC20 sample and the reactive intermediates can
only reach such open porosity, excluding any solid-state diffusion
effects of nitrogen through the carbon framework, it finally stands
to notice that by growing a p-C3N4 on a porous carbon the distri-
bution of the pore system of the substrate can be nicely visualized,
which could be of some use in research on porous materials from an
academic point of view.

The SAXS patterns obtained for Kynol samples that accommo-
date the knee-shaped profiles at ¢ = 1 nm~" for unactivated 5092-
CC and around 2.5 nm™~"! for Kynol 5092-ACC10, and -ACC20, were
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similar to the patterns presented in the literature, indicating the
presence of the microporous structure (Fig. S9 a-c) [10,11]. A model-
free approach introduced in the late 1960s by Schiller and Mering
[38] followed by Perret and Ruland's [39—42] works was used to
analyze the SAXS scattering patterns of ground untreated, plasma
treated Kynols and Kynol/carbon nitride nanocomposites (Fig. S7 a-
c). For a detailed description of theory and analysis, the reader is
referred to refs. [43,44]. In general, the scattering cross-section is a
superposition of two different, statistically independent scattering
contributions (SI eq. 2). After removal of a fluctuation scattering
due to finite layer size and lateral imperfections of the carbon layers
(SI'egs. 3 and 4), the ideal two-phase system (scattering of pores in
carbon matrix) can be evaluated. Additionally, for samples con-
taining p-C3Ny4, the scattering vector independent 3D density
fluctuations of an amorphous phase of p-C3N4 was accounted for by
subtracting the mass-weighted scattering of previously measured
bulk p-C3Ng4 (SI eq. 2a). As the simple subtraction procedure in-
dicates, these scattering contributions superimpose and therefore
p-C3N4 can be viewed as a statistically independent phase grown
on the carbon. All corrected scattering patterns show the classical
asymptotic q~*-behaviour, as shown in Fig. SI9 d-f. Structural pa-
rameters derived from SAXS are collected in Table S3. Unactivated
5092-CC shows an exceptionally high total porosity and surface
area, despite having virtually no gas-accessible surface area in
sorption experiments. A part of this porosity collapses upon CO,
activation in 5092-ACC10, with the values obtained from SAXS
being rather similar to those from N; sorption, meaning that ma-
jority of the SSA in this material is accessible. With further activa-
tion the SSA increases to approximately 2000 m? g~' in 5092-
ACC20, just as calculated by the BET model on N; isotherms at
77 K. Taking into account the firstly increasing and with higher
degree of CO; activation again reducing thickness of the pore walls,
Lsoiia together with the reduced Ip/Ig ratio and broader peaks in
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Raman spectra, the reorganization of carbon during the progress of
CO; activation and the related Boudouard-equilibrium is high-
lighted. During this course, large, closed pores in 5092-CC are
transferred to an ordinary activated carbon material. The contri-
bution of fluctuation due to lateral imperfections and crystallite
size, as can be seen in Table S3, increases from 10 in 5092-CC, to 28
in ACC10, to finally 36 in ACC20 and only corroborates this model.
While plasma etching has a rather low impact on contributions
from fluctuation, p-C3N4 deposition tends to decrease this contri-
bution, especially, if higher amounts are introduced. The p-C3N4
deposition leads to a smoothing-out of the imperfections (defects)
as can be seen from an increase of the parameter Iz and the
decrease of the degree of disorder (DoD) parameter
<A%a3> /<az>2+ < Alg > / <lg>2(SI eq. 12). Therefore, it can
be concluded that the surface of the pore walls is annealed by CVD.
This in turn leads to the assumption that there is an empirical
correlation between the continuity of DoD and substantial distance
that the electrons can move/arrange during the low potential so-
dium storage, which both are ensured in 5092-CC, —CC—C3N4, and
—ACC10-C3N4. Kratky Plot analysis further reveals that the largest
pores are found in 5092-CC (being so-called supermicroporous
(Ipore > 2.0 nm) and that upon CO; activation the pore size and
volume decrease, i.e., the samples become more ultramicroporous
(Fig. 6, Table S3).

Also here it seems that the CVD has the highest impact on most
activated fibers 5092-ACC20, where the average pore diameter
increases and the porosity shrinks. Clearly, contrast variation ex-
periments and data are needed to draw further conclusions in this
regard. Thus, future experiments will be performed to understand
the pores’ connectivity and pore accessibility in Kynol fibers via
contrast variation SAXS experiments combined with gas-
physisorption.
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3.2. Electrochemical sodium storage in open and closed pores

Galvanostatic charge-discharge curves were recorded at cur-
rents as low as 18.6 mA g~!, which corresponds to C/20 of a Li/
graphite cell.

The results can be found in Fig. 7. As it could be expected, highly
microporous carbons 5092-ACC10 and -ACC20 exhibit a high irre-
versible capacity in the first cycle, followed by a rather low, sloping
capacity of about 40 mAh g, After surpassing the voltage limit of
0V, sodium metal immediately begins to plate on these materials,
as it is evident from the voltage minimum in the charge-discharge
curves, called “dip” henceforth [11,25,45]. This method is well
suited for the investigation of closed porous materials, as contrary
to the measurement until close to 0 V vs Na/Nat with a constant
voltage step, sodiation mechanisms at potentials between the onset
of metal plating are regarded. Closed porous carbon fibers 5092-CC,
as well as their p-C3N4 composited pendants 5092-CC-C3N4 or
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5092-ACC10-C3N4 neither show any remarkable capacity above 0V,
nor does a sharp dip occur. This potential minimum usually would
represent a crystallization overpotential before the onset of bulk
metal plating and its absence is hence a hint that no metallic so-
dium is depositing at the electrode/electrolyte interface. Rather, in
the desodiation cycle a voltage plateau of 174 mAh g~! is measured
at potentials between 100 mV and 300 mV, after excess plated
sodium is partially removed from the material at a potential of
20 mV in 5092-CC. This desodiation plateau is observed only in
intrinsically closed porous samples 5092-CC and 5092-CC-C3Ny4 as
well as in 5092-ACC10-C3Ng4, while activated carbons as well as
5092-ACC20-C3N4 do not show any indication of a desodiation
plateau. With the current state of SIB anode research in mind, these
findings underline that closed porosity is related to low potential
sodium storage, while open pores cannot be utilized as electrolyte
is likely to enter them, rendering the pore volume less useful for
further accommodation of quasimetallic sodium. Taking a closer
look at the effect of carbon nitride addition, all the carbon/carbon
nitride composites show a lower first cycle capacity, if compared to
their pristine carbon counterparts. This is likely related to the
significantly reduced conductivity of the nanocomposite compared
to its parent carbon material, as it was determined in four-probe
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conductivity measurements, summarized in Table S4. Besides the
conductivity being reduced by an order of magnitude in activated
carbons and a practically unchanged conductivity after plasma-
etching, it is recorded that the conductivity after the CVD process
is decreased by five orders of magnitude in 5092-CC, by one in
5092-ACC10 and by two in 5092-ACC20. The consequence of car-
bon nitride film at the surface of the fibers is not only the reduction
of surface area but also a lower effective potential acting on the
electrolyte molecules upon drawing an electrical current, leading to
less pronounced “natural” SEI formation. The smoothing of carbon
surfaces, as observed from SAXS could further contribute to the
inhibition of SEI growth. It is further noticed that the sodiation
process above 0 V remains nearly unchanged and proceeds via a
low, sloping capacity in all the studied materials. In 5092-CC-C3N4
the desodiation plateau is reduced as compared to untreated 5092-
CC. Interestingly, the capacity of 5092-ACC20-C3N4 above 0 V is
reduced by a factor of 1.8, while the reversible desodiation capacity
stays about the same. In general, this effect can be ascribed to the
displacement of pore volume by carbon nitride apparently inactive
for sodium storage and hence the increased mass of the carbon/
carbon nitride composite. The most striking difference is observed
between samples 5092-ACC10, and its carbon nitride coated
analogue 5092-ACC10-C3N4. Before C3N4 deposition, no consider-
able voltage plateau is observed, neither during sodiation nor
during desodiation, instead a sloping capacity as low as 49 mAh g~}
occurs, followed by the immediate onset of sodium metal plating.
The voltage profile of 5092-ACC10-C3Ny is rather similar to that of
untreated ACC10 above 0V, but starts to diverge below that value,
as the previously clearly present dip broadens and a desodiation
plateau at approximately 300 mV appears. A total capacity of
137 + 2 mAh g~ ! can be therefore utilized in the nanocomposite as
opposed to 76 + 5 mAh g~ ! in the pristine ACC10 carbon, 54 + 6
mAbh of which are found at a constant potential below 100 mV. The
CVD treatment with carbon nitride enables the formation of closed
pores suitable for the accommodation of quasimetallic sodium
clusters. Cyclic voltammetry can help to distinguish the different
processes occurring at the respective voltages. Cyclic voltammo-
grams of the first cycle are shown in Fig S8 together with mea-
surements with lower voltage limits of 0.0 and —0.1 V, respectively.
In the first cycle, during which the SEI is formed, two main peaks
appear in the CV curve, one at 2.1 V and one at 0.4 V [46—48]. The
signals are generally smaller in all the carbon/carbon nitride
nanocomposites. Further, no additional peaks occur, indicating the
stability of the formed carbon nitride species in the potential range
relevant for SIB anode operation.

By comparing the CV curves between 0.0 and 2.5V and —0.1 and
2.5 V it becomes clearer, why including potentials below 0 V is of
utmost importance for the full utilization of hard carbons in SIB
anodes. Basically, the region between 1.0 and 2.5 V in the CV is
devoid of any relevant features. A small current of about
10—20 mA g~ ! begins to flow at potentials lower than 1 V. When
approaching the value of 0 V, the current begins to increase
exponentially. If the scan is reverted at 0 V, only a minor current
bump is measured at 0.2 V in materials 5092-CC, —CC—C3Ny, and
—ACC10-C3Ny4, while this signal is virtually absent in the other
samples. By extending the cathodic scan to —0.1 V, the exponen-
tially increasing reductive current is continued without new fea-
tures emerging. The oxidative peak at 0.2 V during the anodic peak
observed in the former group of samples is however significantly
higher after keeping the cell below 0 V for a prolonged time. This
finding is supported by our previous work and underlines that the
reversible sodium storage mechanism is arbitrarily interrupted by
setting the voltage limit to 0 V and that even safe cycling is possible
under capacity limited conditions, including potentials below that
of metallic sodium [25]. Therefore we demonstrate the practical
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viability of this extended capacity limited approach by cycling the
hard carbon electrode to its reversible desodiation capacity,
measured at >100 mV instead of cycling it to a negative potential
limit or to a previously determined dip-capacity. An overview over
the results of this experiment is presented in Fig. 8.

As opposed to commonly available hard carbons prepared by
the carbonization of carbohydrates and other precursors at tem-
peratures around 1300 °C, up to 87% of the total sodium storage
capacity of Kynol 5092-CC is found at constant potentials close to
0V vs. Na/Na™, without a pronounced voltage slope. This is a great
advantage with respect to energy density, but also when balancing
such an anode, no excess mass must be introduced to account for
the sloping capacity. Even if the anode is oversized in order to ac-
count for operational safety, the additional mass adds to plateau
capacity and therefore again poses a benefit regarding energy
density. We would also like to point out that the first cycle capacity
(240 mAh g~!) is comparable to the reversible desodiation capacity
(222 mAh g~ 1), see Table S5, and even when using only 90% of this
capacity one encounters a capacity loss of only 15% compared to the
first cycle in an unstabilized electrolyte, a value in the range of
state-of-the-art hard carbons [15,17]. No deposition of metallic
sodium dendrites could be observed in post-mortem analyses of
cycled Kynol 5092-CC electrodes, as can be seen in Fig. S9.
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Additionally, the high coulombic efficiencies indicate against the
formation of dendrites and other metallic sodium species, which is
particularly impressive considering the additive-free electrolyte.
These observations add some new aspects on SEI formation and full
cell balancing.

Furthermore, the series allows some interesting and, in this
clarity, unprecedented inferences about the structure-performance
relationships on hard carbon for sodium-ion anodes. Quasimetallic
sodium is stored in the abundant, rather large, closed pores present
in the interior of the unactivated Kynol 5092-CC fibres at potentials
close to 0 V. No clear onset of metallic sodium plating as evident
from a voltage minimum is observed, because sodium enters these
pores without its solvation shell solely by the mechanism of mass
transfer through the solid state, and therefore can be stabilized by
the carbon pore walls upon reduction. Sodium clusters with formal
oxidation states near zero are formed during the reduction within
closed pores. In materials with smaller closed micropores, like
previously studied in our group, the size of these domains would be
limited to layer coverage of the carbon surface [25]. The lack of a
clear crystallization overpotential is explained by the nano-
confinement of sodium clusters, rendering them amorphous if not
liquid and therefore resulting in the inhibition of adopting a long
range order. The nearly complete absence of sloping capacity in-
dicates unequivocally that an adsorptive mechanism is responsible
for this region of the charge-discharge curve. The structure of 5092-
CC is, even if not perfectly ordered, rather poor in defects and im-
perfections, and instead shows non-negligible regions of graphitic
stacking. Therefore, we are further able to rule out the contribution
of intercalation of sodium between graphene layers to sodium
storage to both, the sloping and the plateau region. This becomes
even more evident, when reorganization of the material's entire
closed pore structure towards an activated carbon occurs in Kynol
5092-ACC10 and -20, during which the plateau capacity fades, and
a voltage slope emerges. Finally, the composite formation between
porous carbon fibers and p-C3N4 causes significant changes in so-
dium storage characteristics. As can be concluded from the present
data, the transformation of open to closed pores under the condi-
tions and with the carbon materials we choose is only possible with
Kynol 5092-ACC10. The key is that the small open pores in the
centers of ACC10 cannot be fully reached by reactive gases in the
CVD process, which is why finally the highest concentration of
nitrogen is measured in the outer regions of the ACC10-C3Njy fiber.
In contrast, a more similar concentration of nitrogen is found even
in the core of the ACC20-C3N4 fiber. The accumulation of p-C3Nyg
forms an electrolyte-impermeable shell around the closed-porous
center of ACC10-C3N4, while in ACC20-C3N4 most of the pore vol-
ume is filled with the new p—C3Ns—phase. Building further upon
these findings, one could imagine the ideal substrate for such a
CVD-assisted pore closing mechanism as a hollow, thin-walled
carbon particle with large micropores on the outside, with the
diameter tapered towards the center. By this structure one would
make sure that a dense, electrolyte- and the gas-impermeable shell
would build up during CVD and the inside would remain an ideal
host for storage of metallic sodium. Such a process is not only
academically interesting, but it could also be at least partially
adapted in practice to tune pore properties and initiate artificial SEI
formation and therefore contribute to efficient sodium storage in
SIB anodes.

4. Conclusion

Hard carbon/polymeric carbon nitride nanocomposite were
prepared by a chemical vapor deposition approach and the impact
of the substrate pore structure on the deposition dynamics and
resulting sodium storage properties in SIB anodes were studied.
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From thermal analysis, SEM images, as well as gas sorption exper-
iments it could be concluded that the amount of p-C3N4 deposited
is strongly dependent on the gas-accessible pore volume of the
carbon substrate, where the reactive species in the CVD gas stream
was deduced to have a diffusivity that can be set in relation to N; at
77 K. Therefore, substrates with larger micropores tend to be filled
with p-C3Ng4 to the greatest extent, whereas samples with a pro-
nounced fraction of ultramicropores adopt a closed porous struc-
ture surrounded by a carbon nitride phase. By means of SAXS,
information about the pore structure, complementary to sorption
data, was obtained. It turns out that externally non-porous Kynol
5092-CC has rather large, internal micropores delineated by thin,
ordered layers of graphene and therefore can store up to 220 mAh
¢! of sodium, with 184 mAh g~! being reversible plateau capacity.
While the C3N4 composites all show reduced first cycle capacities
compared to their pristine carbon counterparts, indicating the
successful formation of an artificial p-C3N4 SEI, the true power of
the presented method is to provide a tool to convert open porosity
into a closed one, enabling sodium storage at constant, low volt-
ages. As the majority of gas-accessible pores is located on the
outward facing layers of the carbon fiber, the smaller, inaccessible
layers in the center remain void and can serve as stabilizing
structures for the formation of quasimetallic sodium clusters.
Optimizing both, the CVD and pre-treatment conditions it is
therefore possible to achieve stable and effective artificial SEIs. By
further designing a tailored substrate, with large hollow structures
in the inside and smaller, tapered micropores on the outward
layers, the reversible formation of metallic sodium domains of
controllable size and therefore high-capacity anodes becomes a
realistic and practically applicable scenario for next generation SIB
anodes.

In order to be able to coat powder-shaped materials, for
example biomass-derived ones, which is rather the standard
appearance of hard carbon anode materials, the CVD coating
method should be extended and investigated using a rotating-tube
CVD furnace.

The investigation of materials with artificially closed pores
should be also studied at higher current densities in the future, as
under conditions of higher loads effects such as polarization could
begin to play a role, leading to an earlier onset of sodium metal
plating. This could be performed already on more optimized ma-
terials. In this respect, in-situ spectroscopic proof of both, the
presence of quasimetallic clusters, as well as the absence of metallic
dendrite is necessary and should be performed in the future [49].
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