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Sodium, one of the most widespread metals in the earth's crust, can be mined virtually everywhere and
holds great promise as an electroactive material batteries to compete with commercial lithium-ion
batteries in terms of price and availability. However, sodium, unlike lithium, cannot be intercalated in
graphite and therefore there is a need to develop sodium anodes from alternative abundant and low-
cost materials. Here we show that one-step carbonisation of melamine—terephthalaldehyde mixtures,
both low-cost chemicals available on an industrial scale, yields carbons with promising properties as
anodes for sodium-ion batteries. The produced materials apparently contain a large number of small
pores, unreachable to gas molecules, which can store sodium (in a quasi-metallic state) as Na(0). The

carbon shows plateau behaviour above and below 0 V vs. Na/Na*, with a capacity of up to 170 mA h g~*
Receivea 10th November 2020 til bulk sodium plati Additionally, for 60 cycles the carbon shows high stability, exhibiti
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low degradation and efficiencies close to 100%. This report is a first step towards the use of nitrogen-

DOI: 10.1039/d0ta10960f doped carbon materials from low-cost, industrially widespread precursors as anodes for sodium-ion
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1. Introduction

In the last few decades, portable electronic devices such as
mobile phones, laptops, or tablets became widespread and
affordable to the public. At the same time, these devices became
more and more powerful causing the surge of their energy
consumption. Partially, this progress was made possible by the
development of lithium-ion battery technology that allowed
high energy density at relatively low prices." Testimony to their
importance is The Nobel Prize in Chemistry 2019 awarded to
Goodenough, Whittingham and Yoshino “for the development
of lithium-ion batteries”. However, the natural scarcity of
lithium, as compared to other metals, inspired scientists to
develop alternative metal-ion batteries. A metal that holds great
promise is sodium - one of the most abundant metals on Earth
which can be mined virtually everywhere.

Just like lithium, metallic sodium is unfortunately not
a suitable anode material for batteries as such, due to limited
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cyclability. Unlike lithiation, the sodiation of graphite is not yet
an attractive option as an electrochemical process on the anode
side of sodium batteries due to weaker covalent interactions
between sodium and graphite.” This led to the exploration of
alternative anode materials, especially non-graphitisable
carbons, so-called “hard carbons”.* The structure of these
carbons can be described by the “Falling Cards Model”,* where
cards represent graphitic sheets that upon “falling” do not
perfectly stack on top of each other. This random orientation
can lead to the formation of very small pore systems that remain
inaccessible for most fluids. This restricted access can have
a strong influence on most of the conventional experiments
such as gas physisorption or electrochemical measurements.
Some common examples of hard carbons are porogen-free
cellulose-derived carbons. These carbons are characterised by
a low surface area formed during carbonisation. Upon
increasing the carbonisation temperature to 1000 °C or higher,
the surface area as determined by gas sorption experiments
tends to decrease even further as pores close and become
inaccessible to the probing gases.>”

With decreasing potential versus Na/Na', the sodiation of
hard carbons usually occurs gradually in different steps that can
be distinguished by the mechanism of sodium storage.*™® At
higher potential, sodium ions are first bonded to high energy
stabilization sites followed by storage in small pores and
slightly expanded graphite-like layers. This mechanism causes
constantly changing potential because full reduction of sodium
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ions does not take place, and the repulsive forces between the
electrons localized in the carbon and the positively charged
sodium ions are constantly increasing. For this reason, this
region of the sodiation curve is known as the “sloping region”. A
subsequent step may occur as a result of adsorption and
reduction of sodium in possibly present very small, “closed”
pores (i.e. pores that remain undetected by classical gas phys-
isorption techniques). During this process, zero-valent sodium
as atoms and clusters can be formed."" This step occurs close to
0 V and is characterised by only a weak change in potential,
making this step of sodium storage most suitable for battery
applications. The plateau, coupled with a cathode with
a defined plateau, can set the base for a battery with high
capacity at a stable potential. The chemical state of sodium ions
during sloping was proved by in situ'?> and ex situ'* powder X-ray
diffraction, and the formation of quasi-metallic clusters in the
plateau region was proved by in situ SAXS™ and in operando
NMR.™ Nevertheless, it is worth mentioning that there is an
ongoing scientific debate whether closed pores are responsible
for low-voltage plateaus observed in hard carbons.*>*®

The particular role of nitrogen heteroatoms in sodium
storage is intensely investigated as well.”” For instance, an
almost 40% improvement of sodium storage capacity was re-
ported after nitrogen-doping of hard carbon nanospheres. This
could be explained by an increase of the number of active
storage sites due to enhanced defects and porosity, with the
increase of electric conductivity and with the reduction of
volume expansion during sodiation.'® Furthermore, nitrogen
atoms can affect sodium transport and also influence the
formation of the solid-electrolyte interphase (SEI) and by that
the irreversible capacity loss in the 1% cycle.’ The particular
effect of heteroatom doping on the electrochemical properties
is still difficult to understand and depends to a large extent on
the structure of the chemical bonds between the heteroatoms
and the carbon framework. For that reason, the investigation of
sodium storage in defined model materials is a suitable method
to get valuable insights into the underlying mechanisms under
experimental conditions.”*”® For practical applications,
however, such compounds are often unsuitable because they
are mainly derived from expensive precursors with multi-step
and complicated synthesis protocols.

A simple way for the synthesis of nitrogen-doped carbon
materials is presented here, namely the fabrication of mela-
mine-terephthalaldehyde polymer networks, followed by
subsequent carbonization. Melamine and terephthalaldehyde
are both inexpensive materials.>*** It has been shown that such
carbons have hard-carbon-like properties, that is, they close the
pores at high carbonization temperatures but their perfor-
mance as anodes for sodium storage was not previously
assessed.*

Melamine-based microporous polymer networks were firstly
prepared solvothermally from melamine and tereph-
thalaldehyde in dimethyl sulfoxide. This simple catalyst-free
reaction generates microporous polymers with surface areas
higher than 1000 m? g~". Initially, the condensation of amine
and aldehyde groups to imines was proposed as a scaffold-
forming mechanism but no imine could be detected in the
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formed microporous polymer network.” A related class of
materials, melamine-based conjugated polymers,
produced from the same reactants without the addition of
external solvent by heating melamine and terephthalaldehyde
above the melting point of terephthalaldehyde of around
115 °C. Non-porous, conjugated polymers with aromatic centres
connected by imine bonds were obtained.”® Melamine-based
microporous polymer networks and conjugated polymers both
proved to be interesting precursors for carbons, forming
materials with excellent properties as supercapacitors,>*>°-?
electrocatalysts®® and anodes for lithium-ion batteries.**

In this work, the synthesis and subsequent carbonization of
a melamine-based conjugated polymer are described. The
characterization of the carbons by nitrogen/carbon dioxide
physisorption and small-angle X-ray scattering indicates that
the variation of the carbonisation temperature leads to a of
different porosities. It can be observed that the internal volume
that remains inaccessible for the physisorption of nitrogen but
may still be accessible for sodium storage (in the following
referred to as “closed pores”) increases at higher temperature. A
clear correlation between the presence of closed pores and the
properties of the materials in sodium storage is observed. The
carbon formed at 1000 °C, with the largest number of closed
pores among all samples, shows the most attractive properties
as an anode material with the charging plateau capacity around
84 mA h g~ " at C/20 current density.

were

2. Materials and methods
2.1 Materials

Melamine (99%), terephthalaldehyde (99%), ethylene carbonate
(99%), diethyl carbonate (99+, %), metallic sodium (99.9%),
absolute ethanol (99.8+, %) and polytetrafluoroethylene prepa-
ration (60 wt% in water) were bought from Sigma Aldrich. N-
Methyl-2-pyrrolidone (99+, %), copper foil (annealed, uncoated
99.8%, thickness 0.025 mm) and sodium hexafluorophosphate
(99+, %) were bought from Alfa Aesar and polyvinylidene fluo-
ride (PVDF, 99.5+, %) was bought from MPI Corporation. All the
chemicals were used without further modification.

2.2 Synthesis of MT-X

Melamine (2.0 g, 15.9 mmol) and terephthalaldehyde (3.2 g,
23.9 mmol) were mixed in an agate mortar with a pestle until
a homogeneous powder was obtained. The powder was trans-
ferred to a porcelain boat and placed in a quartz glass tube in
a tubular oven. The tube was purged with an argon flow and
heated (4 K min™") firstly to 150 °C for 3 h and subsequently (4
K min ) to temperature X (600, 800 or 1000 °C) for 1 h. After the
oven cooled down, the sample was removed, ground with
a mortar and pestle, and activated in a vacuum oven at 150 °C
for 4 h. The obtained samples are labelled MT-X. The sample
MT-150 was prepared by heating at 150 °C for 3 h, without
subsequent heating or activation.

This journal is © The Royal Society of Chemistry 2021
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2.3 Characterization

Thermogravimetric analysis (TGA) measurements were per-
formed by using a NETZSCH TG 209F1 Libra machine under
a N, atmosphere at a heating rate of 10 K min~—t. Combustive
elemental analysis was performed by using an Avario Micro
CHNOS machine. Powder X-ray diffraction (PXRD) measure-
ments were performed on a Bruker D8 diffractometer with a Cu-
Ka (A = 0.154 nm) X-ray source equipped with a scintillation
counter-Scinti-Detector. Diffraction data were recorded in the
20 range between 3 and 70° with an angular resolution of 0.03°.
The morphology of the carbon and electrodes was investigated
by scanning electron microscopy (SEM) on a Zeiss Leo Gemini
1550. An acceleration voltage of 3.00 kV was used. The atomic
distribution of C, O, and N was mapped by energy-dispersive X-
ray spectroscopy (EDX, X-Max, Oxford instruments). Trans-
mission electron microscopy (TEM) images were acquired using
a Zeiss TEM 912 Omega with an acceleration voltage of 120 kv.
The electrode that was investigated by TEM after cycling was
firstly immersed in absolute ethanol for two days (ethanol was
exchanged after a day) and dried in a vacuum oven at 120 °C for
2 h. Gas physisorption measurements were carried out on
a Vapor200C gas sorption analyzer (3P Instruments). N, at
—196 °C and CO, at 0 °C were used as probe gases. The samples
were degassed in a vacuum at 150 °C for at least 20 h before each
measurement. The specific surface areas (SSAs) of the materials
are calculated by using the multipoint Brunauer-Emmett-Teller
(BET) model in the relative pressure range 0.05-0.2. The total
pore volumes for nitrogen physisorption (V;) were determined at
P Po ' = 0.99. Small-angle X-ray scattering (SAXS) experiments
were performed on a Bruker Nanostar 2 device using Cu-Ka
radiation in transmission geometry with a 278 mm distance
between the sample and detector. Fourier-transform infrared
spectroscopy was performed by putting a small amount of
carbon powder on a Nicolet iS 5FTIR spectrometer (Thermo
Fisher Scientific). Raman spectroscopy was performed by
putting a small amount of carbon sample on a Confocal Raman
Microscope Alpha 300 and measuring it at 0.5 mW with an
integral time of 1 s 60 times.

2.4 Conductivity measurements

The samples were prepared by mixing 50 mg of the respective
carbon with 10 uL of PTFE dispersion (60 wt% in water). It was
homogenised using a mortar and pestle. The pallet was
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prepared using a manual hydraulic press P/N. 15.011 (Graseby
Specac) by holding the formed mixture at 5 tons for one minute.
The formed pallet was dried for 2 h in a vacuum oven (70 °C)
before it was cut in a circle of 1 cm diameter. The leftover of the
pallet was used for the thickness measurements with the
following results: MT-600 - 0.46 mm, MT-800 - 0.35 mm and
MT-1000 - 0.34 mm. The conductivity was measured on an
Ossila's Four-Point Probe System.

2.5 Electrochemical measurements

All electrochemical measurements were carried out using an
MPG2 potentiostat/galvanostat (BioLogic Instruments). Anodes
were prepared by grinding the prepared carbon (40 mg) and
super P conductive additive (5 mg) in an agate mortar with
a pestle. Subsequently, the mixture was dispersed in PVDF
containing NMP (1 mL; 5 mg mL ‘). The formed slurry was
coated on circular copper foil (11 mm), which was priorly
roughened with sandpaper, cleaned with acetone and ethanol,
and dried at 60 °C. Swagelok-type cells were used for all the
electrochemical experiments. Sodium metal was used as the
anode (a circular piece with a diameter of 12 mm), the synthe-
sized material served as the cathode, and 200 pL of 1.0 M NaPF,
dissolved in 40 : 60 (v/v) ethylene carbonate/diethyl carbonate
(EC/DEC) was used as the electrolyte. A circular piece of a Cytiva
Whatman Grade GF/C Glass Microfibre filter with a diameter of
13 mm was used as a separator. Electrochemical impedance
spectroscopy (EIS) spectra were recorded at an open-circuit
voltage from 10 mHz to 20 kHz. Series resistance (R;) and
charge transfer resistance (R.) were evaluated based on the
Nyquist plot. Error bars indicate the standard deviation of every
experiment as calculated from 3 measurements. Whenever the
C value is used, 1C is defined as 372 mA g . Efficiency is
defined as the ratio of desodiation to sodiation capacity within
one and the same cycle.

3. Results and discussion

Melamine-based conjugated polymers with terephthalaldehyde
and isophthalaldehyde were previously carbonised in tubular
ovens. However, the condensation step needed for the forma-
tion of a conjugated polymer was performed at 250 °C. This is
above the boiling point of both terephthalaldehyde and iso-
phthalaldehyde,*-* which raises the concern that the aldehydes
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Scheme 1 Synthesis of nitrogen-doped carbons by the carbonization of a partially condensed polymer from melamine and terephthaldehyde.
N-doped carbon is represented by a SEM image of MT-1000 with the scale bar corresponding to 10 pm.

This journal is © The Royal Society of Chemistry 2021
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might not react fast enough with melamine and they might
evaporate as the tubular oven is an open system. Therefore, in
this work, the condensation step was performed at lower
temperature, namely 150 °C (Scheme 1). Previous reports have
confirmed partial condensation at this temperature.>®

The carbonization of such melamine-based networks in the
chosen temperature range typically leads to nitrogen-rich
carbon materials.>® Elemental analysis gives insights into the
condensation process (Fig. 1a and Table S1f). MT-150 has
a higher nitrogen content than the fully condensed MT polymer
and a lower carbon content than the pure MT mixture. This
leads to the conclusion that the argon flow facilitates the
evaporation of melted terephthalaldehyde resulting in a partial
removal of terephthalaldehyde from the mixture. However,
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Fig. 1 (a) Elemental analysis, (b) powder X-ray diffraction (PXRD) and
(c) conductivity measurements of MT-X materials. The dotted line in (b)
represents the intensity maximum of MT-800 at 25.5° 2 theta.
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excess melamine gets condensed at higher temperatures
forming first a polymer and a nitrogen-rich carbon compound
after subsequent heating that eventually decomposes at
temperatures above 720 °C.** The high nitrogen content
remains upon carbonisation at 600 °C but drops significantly at
800 °C and even more at 1000 °C. This behaviour, along with the
rising carbon contents, confirms the progression of carbon-
isation with the temperature. An almost constant oxygen level in
all the carbonised samples indifferent of the temperature points
to the introduction of oxygen upon exposing carbonised
samples to air rather than from the precursors.

The progress of the carbonisation with the temperature is
also confirmed by PXRD (Fig. 1b). All samples show PXRD
patterns that are typical of predominantly amorphous materials
without a long-range order. M-600 shows several broad reflec-
tions. Two reflections around 13° and 27° 2 theta can be
ascribed to the ordered stacking of units formed during
condensation.”” The one at a lower angle is typical of ordered
channel-like structures as typically present in graphitic carbon
nitrides.*” It is of low intensity and disappears for MT-800 and
MT-1000 suggesting the expected disappearance of such struc-
tural motifs after heating at higher temperature where such
nitrogen-rich materials become unstable. The reflection around
26° 2 theta corresponds to the stacking of graphene- or
nitrogen-rich carbon layers.*® It increases in intensity and
decreases in width for MT-800 and MT-1000 as compared to MT-
600 with the maximum shifting to lower values, indicating the
expansion of graphitic sheets with temperature. Such a trend
was also observed for comparable highly N-doped carbons,***
in contrast to the compression of graphitic sheets as observed
for cellulose derived hard carbons.** Together with the
appearance of a peak at 44° and the elemental analysis, this
indicates a higher concentration of nano-sized graphitic
domains with increasing temperature, each of them repre-
senting one “Card” if the formation of hard carbons is modelled
with the above-mentioned “Falling Cards Model”. The high
intensity of inelastic scattering for MT-1000 at low angle points
to the abundance of closed pores, as will be discussed later.

Conductivity measurements, carried out via a four-probe
device, further confirm progressive graphitisation with
increasing temperature (Fig. 1c). MT-600 has a conductivity
even below the detection limit of the instrument. Furthermore,
the conductivity of MT-1000 is approximately two orders of
magnitude higher than the conductivity of MT-800. This can be
ascribed to the much lower nitrogen content of the former.
Furthermore, after heating at such high temperature, nitrogen
is typically bonded to the carbon framework in a rather oxidized
state, ie. as graphitic nitrogen which increases the electron
density in the surrounding carbon atoms.*™** In contrast,
doping with a larger amount of electron-rich nitrogen like as
typically present after treatment at lower temperatures creates
defects in graphene sheets and decreases the electron density of
the surrounding carbon atoms, which reduces conductivity. The
general trend that a small amount of nitrogen doping increases
conductivity but high amounts tend to decrease it has been
reported several times.*® These significant differences are also
indirectly showing that a potential gradient throughout the

This journal is © The Royal Society of Chemistry 2021
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electrode can be expected for the less conductive MT-600,
whereas a more homogeneous electric potential close to the
one applied to the current collector is expected for MT-1000. We
would like to mention here that the expression “doping” in our
case includes the substitution of carbon atoms from graphene-
like domains by nitrogen atoms or the introduction of terminal
nitrogen-containing groups at edges and defects. Nitrogen
contents as high as those in the materials described here are far
higher as in typical doping experiments in crystalline inorganic
materials. In further contrast to the general understanding of
“doping” examples as known from inorganic chemistry, the
nitrogen is here inserted by the precursor already and not
inserted post-synthetically.

The morphology of the samples investigated via scanning
electron microscopy (SEM) is of similar appearance for all the
samples (Fig. 2a-c). The samples consist predominantly of
carbon particles with the size range of several micrometers
along with smaller particles with the sizes of several hundred
nanometers. Energy-dispersive X-ray spectroscopy (EDX) shows
a similar C/N ratio to elemental analysis (Table S1 and Fig. S17).
This confirms that nitrogen atoms in the samples are indeed
covalently bonded to the carbon framework instead of being
just physically adsorbed. The significant difference in the
oxygen content determined by both methods can be explained
by the fact that EDX is performed under high vacuum, which
leads to the desorption of oxygen-containing impurities from
the carbon surface such as water, carbon dioxide and oxygen
gas. Therefore, the high oxygen content in the elemental anal-
ysis may be caused by species physically adsorbed on the
surface of the carbon instead of covalently bonded oxygen.
Indeed, thermogravimetric analysis (Fig. S27) confirms this as
there is a significant mass loss at temperatures below 100 °C.
The highest water content can be ascribed to MT-800, followed
by MT-600 and MT-1000, which is in agreement with the
differences between the oxygen contents of these samples
determined by combustive elemental analysis and EDX. The

View Article Online
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possibility that physisorbed water can make a significant
contribution to the oxygen content was recently reported for
other nitrogen-rich carbon materials.*® Additionally, the pres-
ence of adsorbed water is indicated by infrared spectroscopy
(Fig. S37), which shows absorption above 3000 cm™", charac-
teristic of O-H groups as present in water molecules. However,
there is no possibility to determine if this signal comes from
water molecules or surface oxygen functionalities or to make
any quantitative analysis from this measurement. Transmission
electron microscopy (TEM) reveals that all three carbons are
predominantly amorphous without any significant long-range
order (Fig. 2d-f), confirming the previous observations from
powder XRD. The Raman spectra of the samples (Fig. S47)
confirm the typical disordered character of the materials
without sharply separated p- and c-bands. The fitting of the
spectra with a four-band model shows Ip/I; ratios in the range
from 1.09 to 1.44 as widely observed for amorphous carbon
materials without distinct graphitization.

The porosity of the prepared carbons was assessed using gas
physisorption and small-angle X-ray scattering (SAXS). Nitrogen
physisorption isotherms at 77 K (Fig. 3a) show modest nitrogen
uptakes for all three carbons and therefore all samples are
characterised by rather low porosity when determined with
nitrogen as the probe gas at 77 K. From this method, it is sug-
gested that MT-600 exhibits the lowest specific surface area and
pore volume (Table S2+). Upon carbonisation at 800 °C, a larger
volume of accessible pores is present while further increase of
carbonisation temperature to 1000 °C reduces the number of
pores that can be detected by nitrogen gas. Carbon dioxide
physisorption isotherms at 273 K (Fig. 3b) do not follow the
same trend. Although the highest uptake of carbon dioxide is
observed for MT-800 it is followed by MT-600 while MT-1000 has
the lowest uptake of this probe gas. This difference can be
ascribed to the higher quadrupole moment exhibited by the
carbon dioxide, its smaller kinetic diameter and the higher
measurement temperature (i.e., faster diffusion of the probe

Fig. 2
50 nm (d-f).

This journal is © The Royal Society of Chemistry 2021

(a—c) SEM and (d—f) TEM images of (a and d) MT-600, (b and e€) MT-800, and (c and f) MT-1000. The scale bar represents 5 um (a—c) and
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Fig. 3 (a) Nitrogen physisorption isotherms at 77 K, (b) carbon dioxide

physisorption isotherms at 273 K, and (c) small-angle X-ray scattering
(SAXS) curves with the calculated B’ coefficient of MT-600, MT-800,
and MT-1000.

gas). These differences can lead to the detection of pores with
carbon dioxide that remain inaccessible for nitrogen but can
still be suitable for sodium storage. This is of particular
importance for materials with highly polar surfaces and very
narrow pores, such as those discussed here.*” Especially the not
fully equilibrated isotherm of MT-1000 exhibits hysteresis sug-
gesting restricted access of CO, to part of the internal surface
area of this sample thus indicating closed pores.

Small-angle X-ray scattering (SAXS) is able to detect inho-
mogeneities in the electron local density in the samples on
a scale that is relevant for nanopores, as a result of a different
scattering power of the empty pore and the pore walls.

8716 | J Mater. Chem. A, 2021, 9, 8711-8720
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Previously, this method was successfully applied to study the
porosity of different carbons.'** Unlike gas physisorption
techniques, SAXS is not limited to open pores as no fluid needs
to reach the interior of the pore enabling SAXS to detect the
closed pores, along with the open pores and helps the full
assessment of the porosity of the material. SAXS curves can be
described by pore-matrix approximation represented by
a function:

A B’a14

I(g)= 5+——-—5+D
@ q* (l—i—aﬂqz)2

where q is a wavevector, A is proportional to the surface area of
large pores and B’ of the small pores, D is a constant back-
ground term and a, is the pore size. Upon fitting the obtained
SAXS curves to the formula (Figure S51), B’ can be calculated
and based on the comparison of this factor the relative contri-
bution of pores in the area of micro- and small mesopores in the
materials can be assessed (Fig. 3c).

MT-800 has the largest number of pores, in agreement with
data obtained from gas physisorption. However, while MT-1000
has somewhat lower porosity, MT-600 has a significantly lower
porosity than both. This conclusion could not be drawn from
the gas physisorption data, which can only assess open pores.
Therefore, MT-600 apparently has a very low contribution of
closed porosity. However, MT-800 has an overall high porosity,
probably due to the high amount of gases that are formed and
leave the sample upon carbonisation at this temperature. SAXS
and carbon dioxide measurements agree on this point. Further
heating decreases the number of open pores and MT-1000 is
finally characterised by a relatively large number of closed
pores.

Galvanostatic charge-discharge measurements at a current
density of C/20 were used to compare the carbons electro-
chemically (Fig. 4). All the carbons exhibit high first sodiation
and significantly lower desodiation capacity (Fig. 4a and b). This
occurs due to the irreversible reactions of the electrolyte with
reactive sites (such as nucleophilic nitrogen atoms or defect
sites on the edges of graphitic sheets) on the carbon surface
during the first sodiation forming a solid-electrolyte interphase
(SEI). Therefore, efficiency, here defined as the ratio of the
second and the first capacity of sodiation, decreases with the
increase in the surface area.”** Indeed, MT-800 has the lowest
efficiency, followed by MT-600, while MT-1000 exhibits the
highest efficiency of 40%. Such values are also typically
observed for heteroatom-rich carbon materials with a high
volume of open pores. It can thus be concluded that defect sites
and heteroatoms contribute to a decrease of efficiency even
when they are located into "closed pores”. The notably higher
efficiency of MT-1000, as compared to MT-600, can be ascribed
to the smaller number of heteroatoms, fewer defects and
possibly also a certain volume of closed pores that might not
come into contact with the electrolyte solvent and therefore no
irreversible reactions may take in the closed pores. Notably,
even the initial efficiency of MT-1000 does not still reach
a commercially relevant level. It could be further increased by
the reduction of open porosity and by the use of artificial SEIs or

This journal is © The Royal Society of Chemistry 2021
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solvent-free electrolytes.**® In the context of this and many
other studies, it must be stressed out that the irreversible
processes occurring during SEI formation are likely to have
a significant impact on the pore structure and chemical prop-
erties of the electrode materials. It is therefore more reasonable
to conclude directly on the structure-property relationships of
a material for SEI formation in the first cycle rather than on the
electrochemical signature in the subsequent cycles. Cyclic vol-
tammograms (CVs) recorded during the sodiation in the first
cycle (Fig. S61) all have a rather capacitor-like shape at high
voltages vs. Na/Na'. Subsequently, an irreversible peak is
observed around 0.4 V vs. Na/Na" in all three materials which is
caused by irreversible processes during SEI formation. Another
corresponding peak is visible at 2.2 V vs. Na/Na" for MT-800,
which is shifted to a much lower potential for MT-600. All
three samples exhibit the beginning of a peak approaching
2 mV and the desodiation peak is better visible around 0.2 V for
all three samples in both the first and the second cycle (Fig. 4f).
This peak system is well described for other materials that
exhibit a plateau due to closed pores.® In accordance to its
highest first cycle efficiency in charge-discharge measure-
ments, MT-1000 still shows a notable but overall the smallest
contribution of irreversible electrochemical processes in CV
measurements.

The charge-discharge curves of MT-600 show an insignifi-
cant plateau, while MT-800 shows a much shorter plateau than
MT-1000 indicating that the closing of the pores occurs to some
degree already at 800 °C but to a much higher degree at 1000 °C
and therefore the sample MT-1000 shows the largest plateau
below 2 mV (Fig. 4c). Sodiation up to 2 mV can underestimate
possible additional sodium storage capacity within the plateau

This journal is © The Royal Society of Chemistry 2021

of the material.*"**> Therefore, sodiation with capacity instead of
the voltage limit was performed to determine the additional
sodiation capacity of the samples below 2 mV (Fig. 4d, S7 and
S8t) and it is indeed shown that the capacity of all three carbons
was underestimated as they all show a significant additional
capacity before sodium plating occurs. The plateau is defined as
a part of the sodiation curves with a constant slope, between the
sloping and onset of electroplating. The slope of the curve as
a function of capacity was determined from the numerical
derivation of the sodiation curves (Fig. S87). As total capacity,
the plateau capacity also rises with the carbonisation tempera-
ture (Fig. 4e). Additionally, the ratio of the plateau to total
capacity also increases with temperature. Therefore, MT-1000 is
the material with the highest plateau capacity, which can be
ascribed to the significant volume of closed pores. Similar
tendencies have recently been observed for glucose-derived
hard carbon materials.*

The sample with the highest plateau capacity, MT-1000, was
investigated at different current densities (Fig. 5). To ensure
comparable SEIs, all the samples were cycled at C/20 for 5
sodiation-desodiation cycles before sodiation at different
current densities. The measurement at each current density was
performed with a separate triplet of cells. As expected, the
highest capacity is achieved at the lowest current density of C/
20, while the capacity fades with increasing current density
(Fig. 5a, S97). The potential at which electroplating occurs varies
depending on the current density, getting reduced at higher
current densities, as overpotential increases at higher currents.
The plateau capacity (Fig. S107) also varies, decreasing with
increasing current density (Fig. 5b).
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The stability of MT-1000 upon cycling was assessed at
a current density of C/5 for 60 cycles (Fig. 6a). The cells were
sodiated up to 139 mA h g ' (85% of the total capacity of MT-
1000 as determined during dipping) and subsequently des-
odiated up to 2.5 V. Desodiation capacity is rather stable with
few deviations, where efficiency goes above 100% can be
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Paper

ascribed to the unstable SEI and therefore further efforts should
be made to stabilise the SEI. During all 60 cycles the efficiency
stays close to 100%, confirming that full desodiation occurs and
possible sodium electroplating that would inevitably form
dendrites and therefore full desodiation would be minimized.
Comparable findings have recently been published for lithium
anodes and first examples for sodium also exist.****

The plateau of desodiation was determined in selected cycles
(Fig. S117) and it exhibits rather stable values with a capacity of
around 65 mA h g *. The shape of the 5™ sodiation-desodiation
cycle (Fig. 6b) confirms that the plateau forms a large part of
both sodiation and desodiation curves and that it is more
reasonable to choose a capacity limit than a voltage limit for
cycling because then the significant contribution of reversible
sodium storage capacity below 0 V can be utilized.

EIS was employed to characterise the cells used for long term
cycling. The Nyquist plot in Fig. S127 shows a classic semicircle
and an upward line. The diameter of the semicircle is propor-
tional to the resistivity of the cell, while the slope of the line
correlates with the kinetics of the redox reaction. Before cycling
the cell shows a large semicircle that gets significantly reduced
after 5 cycles at a current density of C/20 indicating the stabi-
lisation of the cell upon cycling. Prolonged cycling for 60 cycles
at a current density of C/5 does not change the shape or
diameter of the semicircle indicating no degradation of the cell
during further cycling. All the upward lines seem to have
a comparable slope, indicating no significant change in the
kinetics of the battery during cycling. Unlike the last line, the
line after 5 cycles at a current density of C/20 shows rather
scattered points at the end indicating that prolonged cycling
contributes to the stabilization of the cell.

The morphology of the electrode before and after long-term
cycling was assessed by SEM (Fig. S13t). Before cycling, the
electrode consists of a grainy material (MT-1000) along with
bigger pieces of carbon with sizes around 10 pm, which are
likely the conductive additive. After cycling there are no signif-
icant changes in the morphology confirming the stability of the
electrodes. The fibers found on the top of the electrode probably
come from the separator that has a fibrous structure.
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Fig. 6 Long-term cycling of MT-1000 at a current density of C/5 with a sodiation limit of 139 mA h g~ and desodiation limit of 2.5 V. Before
sodiation at any current density the cells were cycled for 5 sodiation—desodiation cycles at a current density of C/20. (a) Desodiation capacity,
desodiation plateau in selected cycles and efficiency. The dotted line represents 139 mA h g~* sodiation capacity. (b) 5™ sodiation—desodiation

cycle.

8718 | J Mater. Chem. A, 2021, 9, 8711-8720

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta10960f

Open Access Article. Published on 26 February 2021. Downloaded on 1/19/2026 8:35:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

4. Conclusions

A series of nitrogen-doped carbons were prepared by the car-
bonisation of a melamine-terephthalaldehyde mixture at
various temperatures. The porosity of the prepared carbons was
assessed with a combination of physisorption experiments and
small-angle X-ray scattering. The carbons exhibit different
heteroatom contents and porosities with variable contributions
of open and closed pores due to the differences in the carbon-
isation temperature. During carbonisation, open pores are
formed up to a point where pores close due to the rearrange-
ment of the carbon walls, making them unreachable for fluids
established for pore characterization. Although electrolyte
solvent might not reach some of the closed pores, sodium ions
do and upon reduction at low potential they fill the closed pores
with quasi-metallic sodium, making materials rich in closed
pores interesting for use as sodium anodes. Indeed, the carbon
with the highest volume of closed pores proved as an interesting
candidate for sodium anodes, reaching capacities higher than
170 mA h g, with storage in closed pores contributing to
around 80 mA h g~ " at a current density of C/20. Additionally,
the carbon can be cycled without significant degradation for 60
cycles. This is not a cycle number relevant for real battery
applications but shows that capacity-limited sodium storage
can be reversible even below 0 V vs. Na/Na’. Promising elec-
trochemical behaviour, along with the low-priced precursors,
makes the synthesised carbon a promising material for
commercial sodium anodes. There is still room for optimization
regarding the materials design for sodium storage under such
unconventional conditions and the cycling stability along with
reasons for possible capacity loss needs to be investigated in
more detail. Finally, future studies will investigate the influ-
ences of the structural changes of the materials at carbonization
temperatures even higher than 1000 °C.
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