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Abstract: Chemical modification improves the performance of the carbon anode in sodium-ion
batteries (SIBs). In this work, porous nitrogen-doped carbon (PNC) was obtained by removing
template nanoparticles from the thermal decomposition products of calcium glutarate and acetonitrile
vapor. The treatment of PNC with a KOH melt led to the etching of the carbon shells at the nitrogen
sites, which caused the replacement of some nitrogen species by hydroxyl groups and the opening of
pores. The attached hydroxyl groups interacted with Br2 molecules, resulting in a higher bromine
content in the brominated pre-activated sample (5 at%) than in the brominated PNC (3 at%). Tests of
the obtained materials in SIBs showed that KOH activation has little effect on the specific capacity of
PNC, while bromination significantly improves the performance. The largest gain was achieved for
brominated KOH-activated PNC, which was able to deliver 234 and 151 mAh g−1 at 0.05 and 1 A g−1,
respectively, and demonstrated stable long-term operation at 0.25 and 0.5 A g−1. The improvement
was related to the separation of graphitic layers due to Br2 intercalation and polarization of the carbon
surface by covalently attached functional groups. Our results suggest a new two-stage modification
strategy to improve the storage and high-rate capability of carbon materials in SIBs.

Keywords: porous carbon; nitrogen doping; KOH activation; bromination; sodium-ion batteries

1. Introduction

Lithium-ion batteries (LIBs) are the most widely used electrochemical energy storage
systems due to their high reversible capacity and excellent rate stability [1,2]. However,
limited lithium resources hinder the widespread use of LIBs, in particular for electric
vehicles. Sodium-ion batteries (SIBs) are currently being extensively investigated as an
alternative to LIBs because sodium is cheap and abundant in nature [3–6]. The development
of suitable anode materials that provide high Na-storage capacity, fast ion diffusion, and
long cycling capability is crucial for the practical application of SIBs.

Graphite, used as an anode material in industrial LIBs, is unsuitable for SIBs due to
the poor intercalation of both bare and solvated Na+ ions into the interlayer space [7–9].
However, disordered carbon materials have high reversible capacity and outstanding
cycling performance for SIBs. For example, for hard and soft carbon and expanded graphite,
the maximum reversible Na capacity of about 300 mAh g−1 has been achieved [10–12];
this value is similar to the theoretical lithium capacity of 372 mAh g−1 for graphite [13].
Vacancy defects and large interlayer distances can enhance the intercalation of Na+ ions
into the interlayer space of graphitic materials [14,15]. However, the main contribution to
the storage capacity is made by the surface adsorption of Na+ at defects and edges [16].

Among various carbon materials, highly porous non-graphitized carbons (for example,
hard and soft carbon) proved to be the most promising for SIBs [17,18]. Sodium ions
and solvated sodium ions can be adsorbed on an ideal graphitic surface via cation-π
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interactions [19], while randomly oriented and short-range ordered graphitic domains,
micro and nanovoids, pores, and defects provide more diverse adsorption sites and facilitate
the diffusion of ions [20]. The meso- and macroporous structures facilitate the rapid
transport of Na+ ions at a high rate, and the micropores provide a large surface area for
the adsorption.

The sodium storage capacity of carbon materials can be improved by doping with
heteroatoms and surface functionalization. For example, nitrogen-doped carbon materials
show improved electrochemical performance in SIBs as compared to undoped materials
since edge nitrogen atoms increase defectiveness, porosity, and reduce the volumetric
expansion of carbon, while substitutional nitrogen atoms enhance the electrical conductivity
of carbon by adding valence electrons [21–23]. An effective approach for obtaining porous
nitrogen-doped carbon (PNC) with a high content of mesopores and a large specific surface
area is the deposition of acetonitrile vapor on the template nanoparticles formed during
the pyrolysis of calcium salts [24,25].

However, little attention has been paid to modifying carbon samples with halogens for
use in SIBs. The strong covalent bonds between carbon and halogen atoms, the polarization
of these bonds, and the high reactivity of halogens to alkali metals make halogenation
an attractive approach for the functionalization of carbon anodes. Kong et al. showed
that fluorine-doped hard carbon obtained by mild fluorination with F2 at 100 ◦C provides
an increased specific capacity (100 mAh g−1 at 50 mA g−1) as compared to the original
carbon [26]. The authors attributed this improvement to the expanded interlayer distance,
which facilitates Na+ intercalation, and to the presence of semi-ionic C–F bonds, which
guarantee the electrical conductivity of the electrode. Hong et al. reported that an increase
in the fluorine content in fluorocarbon produced by carbonization of polyvinylidene flu-
oride causes growth of the specific capacity for both LIBs and SIBs [27]. This result was
explained by the high electronegativity of fluorine, which creates new electrochemically
active sites. The bromination of carbon nanohorns increased their gravimetric capacity
by ~20 mAh g−1 due to the reversible adsorption of Na+ ions near C–Br groups and in-
tercalated bromine molecules [28]. In addition, electron transfer between graphite and
intercalated Br2 molecules can increase the conductivity of the material [29].

Herein, we report the effect of the functionalization of PNC with bromine on its
electrochemical performance in SIBs. Bromination was carried out with Br2 vapor at
room temperature, and to increase the degree of functionalization, PNC was preliminarily
activated with potassium hydroxide at 750 ◦C [30,31]. It was expected that such pre-
activation would increase the porosity of the sample and shorten the diffusion length of
Na+ ions, and the subsequent bromination would create additional sites for the adsorption
of Na+ ions and the polarization of the surface to facilitate ion transport and electrolyte
penetration into the bulk of the material.

2. Results and Discussion

Figure 1a illustrates the synthesis of the materials. The PNC was prepared by the
template-assisted chemical vapor deposition (CVD) method using acetonitrile and calcium
glutarate at 750 ◦C. Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) showed that the PNC material has a sponge-like structure (Figure 1b,c).
Hollow extended carbon nanoparticles consist of thin shells less than 10 nm in size. The
activation of PNC was carried out using KOH at 750 ◦C in an argon atmosphere (Figure 1a).
The resulting sample is referred to as aPNC. The KOH treatment can increase the number of
defects and oxygen-containing functional groups on the surface of carbon materials [31,32]
and open internal pores. Indeed, the N2 adsorption/desorption measurements showed an
increase in specific surface area from 384 m2 g−1 for PNC to 1201 m2 g−1 for aPNC. Accord-
ing to the literature data, this increase is due to the formation of micropores [33,34]. PNC
and a-PNC were brominated with saturated Br2 vapor at room temperature (Figure 1a).
The activation and bromination procedures did not cause visible changes in the spongy
PNC morphology (Figure S1).
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ported by Raman and Fourier transform infrared (FTIR) spectroscopy data, which are dis-
cussed below. The shift of the (002) peak towards smaller 2θ angles, which is especially 
noticeable for the Br-aPNC sample, indicates the expansion of the layers due to Br2 inter-
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Figure 2. (a) XRD patterns, (b) Raman scattering, and (c) FTIR spectra of PNC, aPNC, Br-PNC and 
Br-aPNC. Inset in (b) shows Raman spectrum of Br-PNC in the region of 70–400 cm–1. 

The Raman spectra of all the studied materials contained a G band at 1589 cm−1 and 
a D band at 1351 cm−1 (Figure 2b), which are the attributed to stretching vibrations of C=C 
bonds and disorder in sp2-carbon, respectively [36]. The ratio of the relative intensities of 
these bands (ID/IG) usually characterizes the degree of graphitization of porous carbon. 
The KOH activation of PNC slightly increases the ID/IG ratio from 0.89 to 0.92 due to the 
oxidation of carbon shells. The spectra of Br-PNC and Br-aPNC show lower ID/IG values 

Figure 1. (a) Schematic illustration of PNC synthesis, activation, and bromination; (b) SEM and
(c) TEM images of PNC.

The XRD patterns of the samples showed two broad peaks at 2θ equal to 24◦ and 43◦

(Figure 2a). These peaks correspond to diffraction from the (002) and (100, 101) graphitic-
like planes, respectively [35]. The interlayer distance in PNC and aPNC, determined
from the position of the (002) peak, is about 0.37 nm, and the weak intensity of the peak
indicates a low order of layers along the crystallographic c-axis. The intensity of the (002)
peak increases for brominated samples. The improvement in the ordering of the layers
is provided by their partial defunctionalization under the action of gaseous Br2. This is
supported by Raman and Fourier transform infrared (FTIR) spectroscopy data, which
are discussed below. The shift of the (002) peak towards smaller 2θ angles, which is
especially noticeable for the Br-aPNC sample, indicates the expansion of the layers due to
Br2 intercalation.
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Figure 2. (a) XRD patterns, (b) Raman scattering, and (c) FTIR spectra of PNC, aPNC, Br-PNC and
Br-aPNC. Inset in (b) shows Raman spectrum of Br-PNC in the region of 70–400 cm−1.

The Raman spectra of all the studied materials contained a G band at 1589 cm−1 and a
D band at 1351 cm−1 (Figure 2b), which are the attributed to stretching vibrations of C=C
bonds and disorder in sp2-carbon, respectively [36]. The ratio of the relative intensities of
these bands (ID/IG) usually characterizes the degree of graphitization of porous carbon.
The KOH activation of PNC slightly increases the ID/IG ratio from 0.89 to 0.92 due to the
oxidation of carbon shells. The spectra of Br-PNC and Br-aPNC show lower ID/IG values
of 0.84 and 0.85 compared to those for the starting materials. This fact may be associated
with the removal of amorphous carbon from PNC and some functional groups from a-PNC.
The Br-aPNC spectrum has a peak at 244 cm−1, which corresponds to Br–Br stretching
vibrations in Br2 [28,37–39]. This peak is very weak in the Raman spectrum of Br-PNC
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(inset in Figure 2b), which is due to the low concentration of Br2 molecules in this sample,
as we show below.

FTIR spectroscopy was used to detect functional groups presented in the samples
(Figure 2c). The spectra contain the bands at 3432 cm−1, 3247 cm−1, 2856–2971 cm−1,
1721 cm−1, 1452 cm−1, and 1050–1128 cm−1 from the stretching vibrations of the O–H
bonds, N–H bonds, CHx groups, C=O, C–N, and C–O bonds, respectively [40–43]. The
vibrations of the aromatic C=C and C=N bonds in the basal plane, the bending of O–H
in the carboxyl groups, and C–H in the CHx groups appear at 1627 cm−1, 1401 cm−1,
and 720 cm−1, respectively. A comparison of the FTIR spectra indicates an increase in the
amount of hydrogenated carbon and hydroxyl groups in the activated sample aPNC and a
decrease in the amount of C–O and CHx groups after the bromination of aPNC.

The surface composition and the chemical state of the elements were examined using
X-ray photoelectron spectroscopy (XPS). The survey XPS spectra of the samples (Figure 3a)
show the presence of carbon, nitrogen, and oxygen in all samples and bromine in the
brominated samples. The In 3d line comes from the indium metal substrate. After PNC
activation, the nitrogen content decreases from 4 to 1 at%, but the oxygen content increases
from 4 to 8 at% (aPNC sample). The bromination of PNC and aPNC does not cause
significant changes in the concentration of nitrogen but reduces the oxygen content to 6 at%
in Br-aPNC. Samples Br-PNC and Br-aPNC contain 3 and 5 at% of bromine, respectively.
The energy-dispersive X-ray spectroscopy elemental mapping shows a uniform distribution
of nitrogen and bromine in the Br-aPNC sample (Figure S2).
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Figure 3. XPS (a) survey and (b) C 1s spectra of PNC, Br-PNC, aPNC, and Br-aPNC; (c) XPS Br 3d
spectra of Br-PNC and Br-aPNC.

The only asymmetric peak centered at 284.4 eV represents the C 1s lines of the PNC and
aPNC samples (Figure 3b). Defect states and carbon bound to nitrogen, oxygen, bromine,
and hydrogen affect the asymmetric tail of the C 1s line in the region of 285–289 eV [44], and
their contribution to the spectral profile cannot be unambiguously identified. A downshift
of the C 1s line by ~0.05 for Br-PNC and ~0.1 eV for Br-aPNC compared to the spectra of
PNC and aPNC is due to the phenomenon of electron exchange between carbon matrices
and bromine molecules, and it was observed early for brominated carbon nanotubes [38]
and nanohorns [28].

The Br 3d line of the Br-PNC sample contains two doublets with the 3d5/2 component
located at binding energies of 67.8 and 69.5 eV (Figure 3c). The low-energy doublet can
be assigned to negatively charged Br2 or Br3 species as well as bromine in the form of
physically adsorbed BrH [39,45]. The next intense doublet is associated with covalent C–Br
bonds. The Br 3d5/2 binding energy in such bonds can vary from 70 to 70.5 eV [37,46,47].
The Br 3d spectrum of the Br-aPNC sample exhibits one doublet with the 3d5/2 component
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at 69.1 eV (Figure 3c). Since the Raman spectrum of Br-aPNC has an intense peak from Br2
molecules, and the XPS C 1s line shows the largest shift caused by electron density transfer
between carbon and Br2, the observed Br 3d doublet belongs to Br2 rather than to other
bromine forms. Br2 acts as an electron acceptor during the formation of carbon–Br2 complex
species, and its Br 3d binding energy strongly depends on the chemical environment. The
Br 3d5/2 binding energy of Br2 on carbon surfaces is in the range of 68.4–68.9 eV (67.4 eV
for the complexes of Br2 with carbon black [45], 68.4–68.9 eV for plasma brominated
highly oriented pyrolytic graphite [46], and 68.5 eV for Br2 molecules adsorbed on the
surface of double-walled carbon nanotubes (DWCNTs)) [37]. A downshift of the Br 3d
line by ∼0.8 eV to 69.0 eV was observed for Br2 molecules located near hydroxyl groups
at the edges of pre-sonicated DWCNTs. Density functional theory calculations revealed
that, due to the electron-withdrawing ability, the edge hydroxyl groups are attractive
for Br2 adsorption [37]. The present study confirms this conclusion. The aPNC sample
enriched in vacancy defects and hydroxyl-terminated edges (Figure 2c) incorporates more
Br2 molecules and forms fewer C–Br bonds than the PNC sample.

The evolution of the states of oxygen and nitrogen is traced along the O 1s and N 1s
lines (Figure 4). The O 1s lines are fitted by four components corresponding to oxygen
double-bonded to carbon in the carboxyl groups (COOH at 530.6 eV), in carbonyls and
lactones (C=O at 531.8 eV), oxygen single-bonded to carbon in aromatic rings or in phenols
and ethers (C–O at 533.0 eV), and chemisorbed H2O/O2 (weak component at 535 eV)
(Figure 4a). The first three components have almost the same intensity in the PNC spectrum,
while the relative intensity of the C–O component increases in the aPNC spectrum. This
indicates the enrichment of the aPNC sample with hydroxyl groups in accordance with the
results of the FTIR spectroscopy. A similar conclusion about the presence of the hydroxyl
groups after the activation of carbon materials with KOH was made in [30,48]. Bromination
leads to a decrease in the fraction of hydroxyl groups in Br-PNC and carbonyl and carboxyl
groups in Br-aPNC. This may be due to the reaction of Br2 with –OH groups to form HBrO
or HBr.
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The N 1s lines of the samples contain four components with binding energies of
398.4, 400.4, 401.8, and 404.0 eV (Figure 4b) from two-coordinated pyridinic nitrogen Np,
hydrogenated nitrogen Nh, substitutional graphitic nitrogen Ng and oxygenated nitrogen
No in the ratio of 5:9:2:1 [25]. The first three forms of nitrogen can interact with sodium.
According to a previous study, alkali metals prefer to be attached to pyridinic or hydro-
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genated pyridinic nitrogen, which are located at the edges of atomic vacancies and graphene
planes [49]. However, graphitic nitrogen has an additional π-electron, which increases the
number of electron carriers and the polarization of the carbon surface, positively affecting
the adsorption of alkali metals [50]. Thus, the presence of nitrogen in porous carbon should
have a positive effect on both bromination and sodium adsorption in an electrochemical
cell. After PNC activation, the total surface concentration of nitrogen decreases by a factor
of four, mainly due to the removal of pyridinic and hydrogenated nitrogen. The ratio
Np:Nh:Ng:No becomes 4:6:2:1 in a-PNC. Bromination leads to a decrease in the Np to Nh
ratio from 0.6 to 0.5 for Br-PNC and from 0.7 to 0.5 for Br-aPNC.

The NEXAFS C K-spectra of the samples demonstrate a sharp π*-resonance at 285.4 eV
and a broad σ*-resonance at 292.0 eV due to electron transitions from C 1s levels to π and σ

unoccupied C=C states (Figure 5a). The shape of the spectra is characteristic of graphitic-
like disordered carbon. The peak at about 288.5 eV in the aPNC spectrum corresponds
to the bonding of carbon with oxygen or hydrogen [51]. The spectra of the brominated
samples do not show significant changes in shape as compared to the spectra of the starting
samples. This indicates that the C–Br groups are located at the edges of graphitic domains
without breaking the π (C=C) bonds. The NEXAFS N K-spectra of the samples have a set of
π*-resonances (Figure 5b) corresponding to the Np (398.5 eV), Nh (399.9 eV), Ng (401.9 eV),
and No (403.3 eV) states and a wide σ* resonance around 407.6 eV [25,40,52]. The Nh and
No resonances are sharper in the aPNC spectrum as compared to the PNC spectrum, which
is associated with the interaction of nitrogen present in PNC with KOH. Bromination has
little effect on the chemical state of nitrogen, except for a slight decrease in portions of
hydrogenated and oxidized states. It can be concluded that bromination does not affect the
chemical state of nitrogen in the sample volume, which is important if it is necessary to
maintain the composition during material modification.
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Figure 6 shows the results of the galvanostatic cycling of the carbon electrodes in SIBs.
Upon the first insertion of Na+ ions at a current density of 0.05 A g−1, the discharge curves of
PNC and aPNC show two plateaus at ~1.4 and ~0.6 V (Figure 6a), which are associated with
the formation of a solid electrolyte interphase (SEI) layer on the carbon surface. The plateau
at 1.7 V, which is clearly seen only in the first discharge curves of brominated samples, may
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be due to the irreversible reaction of sodium with bromine-containing functional groups.
A similar effect was found for carbon nanomaterials chemically modified with bromine-,
sulphur-, and oxygen-containing groups [28,53,54], and it can be assumed that both organic
and inorganic reaction products coexist in the SEI layers [55]. The capacity loss in the
first discharge-charge cycle is 85% for PNC, 84% for aPNC, 81% for Br-PNC, and 76% for
Br-aPNC, and the corresponding initial Coulombic efficiency (ICE) is 14, 15, 21, and 24%,
respectively. ICE is highly dependent on many factors, such as the surface composition
and texture of the carbon electrode material, the composition of the electrolyte, and the rate
in the first discharge cycle. The low ICE values in our case may be due to the large surface
area of carbon electrodes and the presence of functional groups leading to the formation
of side products and an extended SEI layer in the initial cycle. Assembling a full cell with
cathode material can compensate for the low ICE of the anode material.
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Figure 6. Discharge-charge curves of PNC, aPNC, Br-PNC and Br-aPNC measured in (a) first and
(b) 60th cycles at 0.05 A g−1; (c) Rate capability of PNC, aPNC, Br-PNC and Br-aPNC at current
densities ranging from 0.05 A g−1 to 1 A g−1; (d) Long-term cycling performance of Br-PNC and
Br-aPNC at 0.25 A g−1 and 0.5 A g−1. Inset in (b) shows the contribution in the electrode capacity
below 0.1 V.

The discharge–charge curves measured at 0.05 A g−1 in the 60th cycle of testing
samples show a sloping region at potentials from 2 to 0.1 V without obvious plateaus
(Figure 6b). Sloping-shaped curves are typical for non-graphitic carbon electrodes and
indicate the surface adsorption behavior of sodium storage [4]. The slope of the curves for
brominated samples appears at higher potentials than for the starting samples. The curves
measured for Br-aPNC have a plateau-like inflection of about 1.4 V. A similar behavior was
observed for brominated nanohorns and associated with the adsorption of Na+ ions near
bromine functionalities [28]. The plateau capacity at potentials below 0.1 V, corresponding
to the insertion of Na+ into the carbon interlayer space and the filling of closed pores, is
insignificant for all samples and does not exceed 30 mAh g−1 (inset in Figure 6b) [16].
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During the first ten cycles at a current density of 0.05 A g−1, the capacity of the
brominated samples decreases more strongly compared to the initial samples (Figure 6c),
which is related to the irreversible interaction of some bromine species with Na+ ions. With
longer cycling, the discharge and charge capacities become reversible with a Coulombic
efficiency of about 100%. The initial sample PNC has a capacity of 87 mA h g−1 at 1 A g−1

at the 50th cycle and 140 mA h g−1 at 0.05 A g−1 at the 60th cycle. The main reason for the
decrease in capacity at high current density is the sluggish kinetics of Na+ ions in porous
carbon electrodes. For aPNC, the corresponding capacity is 97 mA h g−1 at 1 A g−1 and
151 mA h g−1 at 0.05 A g−1. The activation of PNC with KOH does not cause a significant
increase in capacity despite an increase in the specific surface area. The brominated samples
have the highest capacity values. For Br-PNC, the capacity is 126 mA h g−1 at 1 A g−1

and 216 mA h g−1 at 0.05 A g−1, and for Br-aPNC, it is 151 mA h g−1 at 1 A g−1 and
234 mA h g−1 at 0.05 A g−1. Bromination leads to an increase in the Na+-ion storage
capacity by 44–54% for Br-PNC and 77–73% for Br-aPNC. The higher the bromine content,
the higher the gain in capacity. The capacity at 1 A g−1 is 58% for Br-PNC and 62–64% for
Br-aPNC as compared to the capacity value of the sample at 0.05 A g−1. The most rapid
deterioration of capacity with increasing current density for Br-PNC can be explained by
the influence of C–Br groups presented in this sample; namely, the movement of Na+ ions
through pores decorated with bromine can be sterically hindered. However, the highly
developed porous structure of Br-aPNC allows the liquid electrolyte to diffuse easily into
the bulk of the carbon electrode material. Both brominated electrodes retain the ability to
accumulate Na after 255 cycles (Figure 6d).

The cyclic voltammetry (CV) curves measured for Br-PNC and Br-aPNC show intense
peaks at 0.5 and 1.0 V at the first insertion of Na+ ions (Figure 7a). These peaks almost com-
pletely disappear over the next three cycles and therefore correspond to the SEI formation
and the irreversible loss of Na+ ions due to the strong interaction with the lattice defects
and functional groups. Peaks at 1.4 and 2.1 V refer to the interaction of sodium with carbon
sites near C–Br bonds and adsorbed Br2 molecules, respectively [28]. The peak at 2.1 V in
the CV curves of Br-aPNC is larger than that of Br-PNC due to the higher Br2 content in the
pre-activated sample. The origin of the 1.4 V peak in the CV curves of the Br-aPNC sample
is not obvious since the C–Br groups are not observed by XPS (Figure 3a). The formation of
C–Br in the bulk of the sample cannot be ruled out, and in this case, the surface-sensitive
XPS method cannot detect this bromine state. Another reason is the electrochemical dissoci-
ation of Br2 molecules followed by covalent bromine bonding with carbon lattice defects.
Indeed, CV curves measured after 60 repeated discharge-charge cycles show a strong
decrease in the peak at 2.1 V and retention of the peak at 1.4 V (Figure 7b). These curves
also show an increase in the intensity of the peak at 0.1 V, corresponding to the extraction
of Na+ ions from graphitic-like layers. Previously, it was shown that bromination promotes
the sodiation of carbon material [50].

The CV curve measured after the 60th cycle of the initial PNC has an intense peak at
0.1 V and a peak at 0.8 V, indicating that Na storage is provided by adsorption in pores and
on defects (Figure 7c). For a-PNC, the region at high potentials makes a greater contribution
due to the enrichment of the activated sample with defects.

Electrochemical impedance spectroscopy (EIS) measurements were carried out to
further study the surface reactivity of the brominated and initial carbon electrodes. Prior to
these measurements, the cells were cycled 4 or 60 times over a voltage range of 0.01–2.5 V.
Nyquist impedance plots are shown over a frequency range of 10 kHz–10 mHz at 2.5 V,
corresponding to the non-sodiated carbon electrodes (Figure 7d–f). Each Nyquist plot
has a semicircle at high frequencies associated with the charge transfer occurring at the
anode surface and an inclined line at low frequencies related to the diffusion process. The
semicircle magnitude ends at 73 Ohm for Br-PNC and 38 Ohm for Br-aPNC after the 4th
cycle (Figure 7d), and after 60 cycles increases to 134 Ohm for Br-PNC and 56 Ohm for
Br-aPNC, respectively (Figure 7e). The surface charge-transfer resistance of Br-aPNC is
lower than that of Br-PNC, indicating better Na+ ion transport in Br-aPNC as compared
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to Br-PNC. In contrast, the Nyquist plot for aPNC shows an increase in charge-transfer
resistance up to 135 Ohm due to the presence of various functionalities (Figure 7f). The
more vertically inclined line for PNC shows more efficient ion diffusion kinetics.
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first 4 cycles and (b) after 60th cycle; (c) CV curves of PNC and aPNC after 60th cycle at 0.1 mV s−1; 
Nyquist plots after (d) 4th cycle and (e) 60th cycle of Br-PNC and Br-aPNC test and (f) 60th cycles 
of PNC and aPNC test. 
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(a) first 4 cycles and (b) after 60th cycle; (c) CV curves of PNC and aPNC after 60th cycle at 0.1 mV s−1;
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The kinetics of sodium storage processes was studied on the best Br-aPNC sample. CV
curves taken at scan rates from 0.1 to 1.0 mV s−1 have a quasi-rectangular shape with weak
anodic peaks at 1.5 and 2.1 V and cathodic peaks at 0.1 and 0.5 V (Figure 8a). The current
peak intensity (i) depends on the scan rate (v) according to a power law: i = avb [56,57],
where a and b are adjustable coefficients. The value of b is determined from the slope
of the log(i)—log(v) plot (Figure 8b). When b is 0.5, the current is proportional to the
square root of the scan rate, which corresponds to a diffusion-controlled process. The
current is proportional to the scan rate at b equal to 1.0, and this case indicates a capacitive
process. The b-values determined from the CV curves of the Br-aPNC electrode are in
the range of 0.85–0.89 for the O1, O2 oxidation peaks and the R1 reduction peak (table in
Figure 8b). Hence, these peaks at high potentials correspond to capacitive-like processes.
The R2 peak at 0.1 eV has a b value of 0.71, and, therefore, its current is mainly due to a
diffusion-controlled intercalation reaction. The change in the shape of the CV curve with
the scan rate (Figure 8a) indicates the presence of both fast capacitive and slow intercalation
processes in Br-aPNC, which are determined by the electronic conductivity and surface
area of the electrode material as well as the Na+ ion diffusion rate.
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3. Materials and Methods
3.1. Synthesis

Nitrogen-doped porous carbon material was synthesized by the template-assisted
CVD method using the conditions described in detail elsewhere [24]. Calcium glutarate
(CaC5H6O4) was used as a precursor for the template nanoparticles. The thermal de-
composition of calcium glutarate at 750 ◦C for 10 min in an argon atmosphere yielded
carbon-coated CaO nanoparticles. The deposition of acetonitrile (CH3CN) vapors on the
surface of template nanoparticles was carried out at 750 ◦C for 1 h, leading to the formation
of nitrogen-doped graphitic-like shells in the space between the CaO nanoparticles. Then
CaO was removed by treatment with the dilute HCl for 30 min. The product was washed
twice with distilled water to neutral pH and air dried at 100 ◦C overnight. Chemical
activation was performed by mixing PNC and KOH in a mass ratio of 1:3 followed by
heating at 750 ◦C for 2 h in an argon atmosphere. The obtained sample was repeatedly
washed with distilled water until neutral pH. Bromination was carried out in sealed Teflon
reactors using saturated Br2 vapors at 25 ◦C for 4 days. The brominated samples were
purged with N2 to remove excess bromine.

3.2. Characterisation

The SEM images were obtained on a JEOL JSM 6700F microscope equipped with
an EX23000BU energy-dispersive X-ray spectrometer at an accelerating voltage of 15 kV
using a secondary electron detector. TEM analysis was performed on a JEOL 2010 micro-
scope operated at an accelerating voltage of 200 kV. The surface areas were measured by
nitrogen adsorption at 77 K on a «Sorbi-MS» analyzer. The XRD patterns of the samples
were obtained using a Shimadzu XRD-7000 diffractometer (Cu Kα radiation, Ni filter on
a reflected beam). Raman spectra were recorded with a LabRAM HR Evolution (Horiba)
spectrometer using an Ar+ laser (λ = 514 nm). FTIR spectra were obtained on a Fourier spec-
trometer Scimitar FTS 2000 (Digilab, Holliston, MA, USA) in the range of 400–4000 cm−1.
A specimen (~1 mg) was pressed into a KBr tablet. The collected data were processed by
subtracting the nonlinear background arising from optical components and KBr.

XPS and NEXAFS spectroscopy experiments were performed at the Russian–German
Beamline (RGBL) at the BESSY II synchrotron radiation facility, Helmholtz-Zentrum Berlin
für Materialien und Energie (HZB). The powder samples were spread on Cu substrates,
which were fixed on a holder. The pressure in the vacuum chambers was about 10−9 Torr.
The XPS spectra were measured at a photon energy of 830 eV. The chemical composition of
the samples’ surfaces was calculated from the survey XPS spectra, taking into consideration
the photoionization cross-sections. The Au 4f7/2 line at 84 eV measured from the surface of
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a clean gold foil was used to calibrate the binding energy scale. The Shirley background
subtraction procedure was applied to correct the XPS spectra, which were then fitted using
the Gaussian–Lorentzian product. The C K-edge and N K-edge NEXAFS spectra were
measured via the total electron yield.

3.3. Electrochemical Measurements

The electrochemical measurements of the SIBs were carried out using CR2032 coin cells.
The carbon samples were mixed with conductive additive (super P) and polyvinylidene
fluoride at a weight ratio of 8:1:1. N-methyl-2-pyrrolidone was added to the mixture. Then
the slurries were spread on copper foil substrates and dried in a vacuum oven at 80 ◦C for
12 h. The cells were assembled in an Ar-filled glove box (O2 and H2O <0.1 ppm). A piece of
glass fiber separator was inserted between a sodium metal anode and a carbon cathode. As
an electrolyte for each coin cell, 1 M NaClO4 in an equal volume ratio of ethylene carbonate
and dimethyl carbonate was added. Galvanostatic discharge-charge cycling was performed
on NEWARE CT-3008 battery-testing stations at different current densities ranging from
0.05 to 1 A g−1. The potential range was 0.01–2.50 V. A BCS-805 battery cycling system was
used for CV and EIS tests. CV curves were measured in a potential range of 0.01–2.50 V
at a scan rate of 0.1 mV s−1 after 60 cycles and only for the brominated samples for the
first four cycles. To study the sodium storage kinetics, CV tests were performed after five
repeated discharge–charge cycles at 0.1 mV s−1. The EIS data were collected for the cells
after the 60th cycle and for brominated samples after the fourth cycle at a frequency range
of 10 kHz to 10 mHz at an AC amplitude of 5 mV and 2.5 V, respectively.

4. Conclusions

In summary, a porous nitrogen-doped carbon (PNC) material of composition CO0.04N0.04
with a specific surface area of 384 m2 g−1 was synthesized by the thermal decomposition of
acetonitrile on the pyrolysis-product of calcium glutarate. The thermal activation of PNC
in the presence of potassium hydroxide at 750 ◦C led to a decrease in the nitrogen content
to 1 at% and an increase in the oxygen content up to 8 at%. The etching of carbon shells
resulted in the attachment of –OH and –CHx groups to the edges of the a-PNC sample
and growth of its specific surface area to 1201 m2 g−1. The bromination of the PNC and
a-PNC samples was performed with Br2 vapor at room temperature. Covalently bonded
to carbon and molecular bromine was found in Br-PNC with a total bromine content of
3 at%. While in Br-aPNC with a bromine concentration of 5 at%, only the last form of
bromine was found since the edge states in the KOH-activated sample were occupied by
oxygen-containing groups. The nitrogen doping atoms retained their chemical state after
the interaction of the sample with bromine. The electrochemical tests at current densities
of 1.00–0.05 A g−1 determined the specific sodium storage capacity of 87–140 mA h g−1

for the initial PNC sample and almost the same capacity for the KOH-activated a-PNC
sample. After bromination, the capacity increased to 126–216 mA h g−1 for Br-PNC and to
151–234 mA h g−1 for Br-aPNC. The double modification of PNC by KOH and Br2 led to
the maximum capacity gain of 77−73%. The peaks observed in the CV curves of Br-PNC
and Br-aPNC at 1.4 and 2.1 V are explained by the adsorption of Na+ ions near the C–Br
groups and intercalated bromine molecules. The Br2 molecules increased the separation
of graphitic layers in carbon materials and changed the conductivity, while the polarized
C–Br bonds created new Na storage sites. As a result, the brominated samples showed
significantly improved performance in SIBs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries8090114/s1, Figure S1: Scanning electron mi-
croscopy images of PNC, aPNC, Br-PNC and Br-aPNC.; Figure S2: SEM image and energy-dispersive
X-ray spectroscopy elemental mapping showing distribution of carbon, nitrogen and bromine
in Br-aPNC.
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