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Hard carbons are the most promising negative active materials for sodium ion storage. In this work, a
simple synthesis approach is proposed to produce hard carbon microspheres (CMSs) (with a mean
diameter of ~1.3 mm) from resorcinol-formaldehyde precursors produced via acid-catalyzed poly-
condensation reaction. Samples prepared at 1200, 1400, and 1500 oC showed different electrochemical
behavior in terms of reversible capacity, initial coulombic efficiency (iCE), and the mechanism of sodium
ion storage. The specific capacity contributions from the flat voltage profile (<0.1 V) and the sloping
voltage region (0.1e1 V) showed strong correlation to the local structure (and carbonization tempera-
ture) determined by the interlayer spacing (d002) and the Raman ID/IG ratio of the hard carbons (HCs) and
the rate of cycling. Electrochemical tests indicated that the HC synthesized at 1500 oC performed best
with an iCE of 85e89% and a reversible capacity of 300e340 mAh g�1 at 10 mA g�1, with the majority of
charge stored below 0.1 V. The d002 and the ID/IG ratio for the sample were ~3.7 Å and ~1.27, respectively,
parameters indicative of the ideal local structure in HCs required for optimum performance in sodium-
ion cells. In addition, galvanostatic tests on three-electrode half-cells cells revealed that sodium metal
plating occurred as cycling rates were increased beyond 80 mA g�1 leading to considerably high capacity
and poor coulombic efficiency, a point that must be considered in full-cell batteries. Pairing the hard CMS
electrodes with Prussian white positive electrode, a proof-of-concept cell could provide a specific ca-
pacity of almost 100 mAh g�1 maintained for more than 50 cycles with a nominal voltage of 3 V.
© 2020 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

Prospects of buildingmore sustainable society that is less reliant
on fossil fuels have inspired research into a wide range of energy
storage systems. Lithium-ion batteries (LIBs) are by far the most
mature technology in current use. The scale of utilization of LIBs in
the future may be hampered by the scarcity of lithium-containing
minerals, unless extensive recycling efforts are pursued [1]. To
complement LIBs, alternative battery systems based on sodium,
potassium, and multivalent cations should be developed [2]. In this
context, sodium-ion batteries (SIBs) have emerged as the most
promising alternative energy storage systems due to the abundance
and widespread distribution of sodium-bearing minerals in the
.D. Asfaw).
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globe [3,4]. Research on SIBs has, to date, focused on the develop-
ment of active materials and electrolytes that meet the re-
quirements for safety, low environmental impact, sustainability
and abundance, long cycle life, and high energy and power den-
sities. One of the bottlenecks for commercial success of SIBs is the
lack of negative electrode materials that can deliver stable perfor-
mance in full-cell batteries with extended lifetime [5e7]. Unlike its
success in LIBs, graphite does not form thermodynamically stable
intercalation compounds with sodium due to the weak sodium-
carbon interactions leading to unfavorable energetics [8e10]. Un-
less assisted by high pressure or solvent cointercalation, sodium
intercalated graphite provides around 35 mAh g�1 corresponding
to the formation of NaC64 composition, as opposed to LiC6 and KC8
compositions for lithium and potassium ion intercalation, respec-
tively [11e13]. The formation of ternary graphite intercalation
compounds (GICs) as a result of solvent cointercalation, particularly
in electrolytes based on ethers and dimethyl sulfoxide, has been
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:habtom.desta.asfaw@kemi.uu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtener.2020.100505&domain=pdf
www.sciencedirect.com/science/journal/24686069
http://www.journals.elsevier.com/materials-today-energy/
https://doi.org/10.1016/j.mtener.2020.100505
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mtener.2020.100505


H.D. Asfaw et al. / Materials Today Energy 18 (2020) 1005052
exploited to increase the capacity to above 100 mAh g�1 [14e20].
However, the low capacity and poor coulombic efficiency make
ternary sodium GICs less attractive [7]. In addition, the solvent
molecules trapped within the graphite structure are prone to
reductive decomposition and can cause severe graphite exfoliation
during long-term cycling [11].

Non-graphitizable carbon materials, variously known as hard
carbons (HCs), are structurally suited for storing more sodium ions
than graphite and are hence promising for use in future SIBs
[21e23]. Hard carbons are characterized by atomic structures
consisting of stacks of graphene layers with interlayer spacings
ranging from 3.4 to 4 Å, large enough to accommodate sodium ions
[23e27]. The fragments of crystallites are usually < 50 Å in lateral
size [21,23,24] and randomly oriented giving rise to nanopores that
are rich in defects such as sp3 and localized sp2 hybridized carbons
which likely act as sodium trapping sites [28]. Electrochemical
performance of HCs is further influenced by particle morphology,
surface area, pore microstructures, degree of graphitization, and
heteroatom defects [24,29e33]. These characteristics affect the
capacity and mechanism of Naþ storage in HCs and are dependent
on the materials used as carbon precursors [26]. Cross-linked aro-
matic polymers with low oxygen content are potentially attractive
to prepare HCs with low surface areas and spherical morphologies
[34,35,35e41]. Notably, polyphenols synthesized via condensation
reactions of phenols with aldehydes in alkaline media can be
carbonized to obtain carbon microspheres (CMSs) in quantitative
amounts. [42,43,44], Other methods used to synthesize carbon
spheres include chemical vapor deposition, arc discharge, laser
ablation, and hydrothermal carbonization of biomass
[35,38,41,44e50]. It should, however, be noted that most of these
synthesis approaches are not suited for large-scale and cost-
effective production of hard CMS for use in commercial batteries.

In this article, acid-catalyzed sol-gel process is pursued to pro-
duce resorcinol-formaldehyde (RF) polymer precursors for CMSs.
The synthesis approach is considerably faster than the extended
St€ober method [42] conventionally used to prepare spherical car-
bon particles and is scalable. Pyrolysis of the polymeric precursors
was carried out at 1200e1500 oC in Ar atmosphere to produce hard
CMSs. The choice of temperature was driven by data gleaned from
publications. Accordingly, the optimum carbonization temperature
for high specific capacity and initial coulombic efficiency (iCE)
ranges from 1200 to 1600 oC as shown in Fig. 1. A suite of tools
including electron microscopy, spectroscopy, and gas adsorption is
used to gain insight into the microstructures and atomic structure
of the HCs before electrochemical testing. Prototype pouch cells
were used to investigate the electrochemical characteristics in both
half- and full-cell configurations.
Fig. 1. A literature summary showing the dependence of (a) specific capacity and (b) initial
the preparation of these plots are provided in the supporting information. The green circles
the corresponding standard deviations.
Based on electrochemical data from 3-electrode measurements
and electrochemical impedance analysis, efforts are made to assess
the true kinetics of sodium ion insertion in spherical HCs. Two
types of three-electrode cell designs were investigated for in-depth
understanding of ion insertion kinetics and metal plating at high
rate cycling. In the first instance, cell impedancewasmeasured on a
cell consisting of a working electrode based on Prussianwhite (PW)
cathode, HC as the counter electrode, and a sodium metal disk
serving as the reference electrode. By measuring the impedance for
different combinations of electrode, the impedance contribution of
the HC electrode can be assessed in isolation from the others. This
systematic study is particularly essential in full-cell SIBs in which
HC materials are used in the negative electrode. Second, a three-
electrode cell, with HC acting as a working electrode and two so-
dium metal electrodes acting as separate counter and reference
electrodes, was used to evaluate the rate of Naþ insertion without
the significant contribution from ohmic drop due to the resistive
sodium metal counter electrode. Finally, a preliminary investiga-
tion into the potential application of the hard CMSs in SIBs is per-
formed in association with PW positive electrodes, which are
considered attractive for use in commercial cells [51,52].
2. Experimental section

2.1. Materials and synthesis

All chemicals were used as received. To synthesize the poly-
meric precursor, resorcinol and formaldehyde were reacted in the
presence of concentrated HCl catalyst. In a typical synthesis, 2.2 g
(20 mmol) of resorcinol (Fluka®) and 3 mL (40 mmol) of 37%
formaldehyde (Sigma-Aldrich®) were mixed thoroughly in 10 mL
of deionized water at room temperature. Then, 3 mL of concen-
trated HCl (Sigma-Aldrich®) was added dropwise and carefully
while stirring. The reaction is highly exothermic, and extreme
precautions are advised. Upon completion of the reaction, about
40 mL of deionized water was added, and the resulting pink pre-
cipitate was allowed to settle down. A synopsis of the reaction is
provided in Scheme 1 together with a proposed reaction mecha-
nism. Then, the supernatant solution was removed, and the pre-
cipitate was repeatedly washed with deionized water and finally
dried at 80 oC. A sample of the RF polymer powder was placed in an
alumina crucible and carbonized in a tube furnace (Entech® with
Eurotherm® controller) at 1200, 1400, and 1500 oC for 1 h under a
continuous flow of Ar gas to obtain hard CMSs, which will hence-
forth be referred to CMS-1200, CMS-1400, and CMS-1500,
respectively.
coulombic efficiency on carbonization temperature of hard carbons. References used in
represent the literature data, while the red circles are average values given along with



Scheme 1. Suggested mechanism for the reaction between resorcinol (examples of the resonance structures of resorcinol are shown) and formaldehyde in acidic medium to yield
highly cross-linked resorcinol-formaldehyde (RF) particles. The pictures display visual changes in the course of the polymerization reaction: upon adding concentrated HCl to a
solution of resorcinol and formaldehyde, a pink precipitate formed.
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2.2. Characterization techniques

2.2.1. Fourier transform infrared spectroscopy
Attenuated total reflectance Fourier transform infrared spec-

troscopy (FTIR) spectrometer (PerkinElmer®) was used to identify
structural features of the polymer precursor and the HC derived
therefrom.

2.2.2. Thermogravimetric analysis
Pyrolysis and carbonization of the RF polymers were investi-

gated under nitrogen gas using Q500 TGA1000 oC (TA Instruments).
About 4.5 mg of the polymer powder was placed in an alumina
crucible and heated to 1000 oC at a rate of 5 oC min�1.

2.2.3. Scanning electron microscopy
The powder was spread on a carbon tape (Agar Scientific®)

which was mounted on an aluminum stub. To get rid of loosely
attached particles, nitrogen gas was carefully blown over the
sample. The microstructures and morphologies of the CMSs were
studied using Zeiss® Merlin scanning electron microscopy (SEM)
instrument. All imaging was carried out at a working distance of
7 mm using a 5 keV electron beam, a probe current of 100 pA and
collecting secondary electrons with the InLens and the HE-SE2
detectors.

2.2.4. Transmission electron microscopy
A powder sample was dispersed in ethanol and sonicated in

preparation for transmission electron microscopy (TEM) analysis. A
drop of the dispersion was placed on the TEM grid and dried. TEM
imaging and electron energy-loss spectroscopy (EELS) were carried
out in the 200 kV field emission JEOL® 2100F microscope. The
selected-area electron diffraction (SAED) and TEM images were
recorded by a Gatan Orius 200D and Ultrascan 1000 XP camera,
respectively. The EELS spectra were taken in TEM image mode by
Gatan Imaging Filter (GIF Tridiem 863). Deconvolution of the low-
loss features and power law model background subtraction were
applied to extract the EELS edges in the spectra. Reference spectra
of graphite were obtained from the EELS database https://eelsdb.
eu/spectra/graphite/ [53].
2.2.5. X-ray photoelectron spectroscopy
The X-ray photoelectron spectroscopy (XPS) measurements

were performed on a PHI® 5500 spectrometer equipped with a
monochromatic Al Ka radiation (1487 eV) emitted at an angle of
45�. A sample of the powder was placed on a copper tape and
blown over with nitrogen gas to remove loose particles.
2.2.6. Raman spectroscopy
The Raman spectrum of CMSs was collected on a Raman spec-

trometer (Renishaw InVia Raman Microscope) using a 50 mW 532-
nm solid-state laser operated at 0.5% power. Peak fitting was per-
formed using pseudo-Voigt functions based on the RamPy Python
library developed by Losq [54].
2.2.7. Specific surface area analysis by N2-gas physisorption
Evaluation of the porosity and the Brunnauer-Emmett-Teller

(BET) specific surface areas (SSA) of the carbon sample was con-
ducted using N2-gas physisorption at 77 K using an ASAP2020
analyzer (Micromeritics®). The sample (about 0.14e0.2 g powder)
was degassed at 80 oC under 20 mmHg for about 4 h and at 250 oC
under 20 mmHg for 6 h before analysis.

https://eelsdb.eu/spectra/graphite/
https://eelsdb.eu/spectra/graphite/
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2.2.8. Electrode fabrication and electrochemical testing
To fabricate the electrodes, a slurry was prepared by mixing 94%

by weight of CMS powder and 6% of CMC binder (Leclanch�e®) in a
mixture of deionized water and absolute ethanol in a 9:1 ratio by
volume. The mixture was homogenized to a slurry consistency on a
vortex homogenizer (Vortex® Genie2 from Scientific Industries)
and then cast onto a carbon-coated aluminum foil using a bar
coater (RK Control Coater) and a doctor blade applicator (ZFR 2040,
Zehntner® testing instruments) to set the thickness to 50 mm. The
coating was dried at ambient conditions, and 13-mm disk elec-
trodes were punched out using a perforator (Hohsen® electrode
puncher). All electrodes were dried before use in electrochemical
cells at 120 oC for 12 h in a vacuum oven (Büchi® Glass Oven B-585)
and stored in a glovebox (GS® Glovebox Systemtechnik) with both
O2 and H2O levels maintained at about 0.2 ppm. The PWelectrodes
(supplied by Altris® AB) were prepared in the same way, except
that the compositionwas 85% PW,10% Super P (Alfa Aesar®) carbon
additive, and 5% CMC (Leclanch�e®) binder. Pouch cells were then
assembled using these electrodes and sodium metal disks in two-
and three-electrode half-cell configurations. For impedance mea-
surements, three-electrode full-cells were constructed using the
hard CMSs as electrodes and PWpositive electrodes together with a
sodium metal disk acting as a dedicated reference. In all the cells,
glass fiber separators (240 mm in thickness, Whatman®) impreg-
nated with 100e200 mL electrolyte composed of 1 M NaPF6 (Stella
Chemifa®) in 1:1 volume ratio of ethylene carbonate and diethyl
carbonate solvents (Gotion®) were used. The cells were allowed to
relax at open circuit voltage (OCV) for 12 h before starting the
actual electrochemical testing. Cyclic voltammetry (CV) and gal-
vanostatic tests were conducted on Bio-Logic®MPG2 potentiostats
and Arbin BTS cyclers in the voltage ranges from 0.005 (or 0) V to 2
(or 2.5) V for HC and 1.0e3.8 V vs. Naþ/Na for PW. In the galvano-
static tests, specific currents (applied current normalized to the
mass of the HC in half-cells and the mass of PW in full-cells) were
applied. In constant current-constant voltage (CC-CV) measure-
ments, half-cells were cycled at 10 mA g�1 between 0 and 2.5 V vs.
Naþ/Na, with the voltage held at the cutoff values, that is 0 and
2.5 V. The total experiment duration was limited to a maximum of
64 h. In addition, electrochemical impedance spectroscopy (EIS)
measurements were conducted using a Bio-Logic MPG2-128
potentiostat on a 2-electrode half-cell (composed of HC working
electrode and Na metal electrode doubling as a counter and refer-
ence electrode) and a 3-electrode full-cell (composed of PW
working electrode, HC counter electrode, and Na metal reference
electrode) before and after cycling. A sinusoidal signal with a
voltage amplitude of 3 mV and a frequency range of 20 kHz to
10 mHz was applied on the cells relaxed to stable (OCV. The elec-
trode configurations used in the measurement are displayed in
Fig. S11. For full-cell tests, the mass loading of the HC on 13-mm
electrodes was on average 1.34 mg or 1 mg cm�2, and the
PWelectrodes typically weighed 2.62 mg or 1.93 mg cm�2. In other
words, the mass ratio of PW to HC was around 1.93 amounting to a
charge ratio of 0.997 (i.e., charge(PW)/charge(HC) ¼ (309 mAh
cm�2)/(310 mAh cm�2)), with the assumption that the average ca-
pacity of HC was 310 mAh g�1 and that of PW was 160 mAh g�1

based on half-cell tests. Details are summarized in Tables S2 and S3.

3. Results and discussion

3.1. Synthesis and structure analyses

Polymeric materials composed of significant proportions of
cross-linked aromatic groups are considered suitable precursors for
HCs. A particularly attractive group of materials in this regard is
polyphenols such as RF polymers investigated in this article. As
described in Scheme 1, reactions of formaldehyde with resorcinol,
in the presence of concentrated HCl, proceed via chloromethylation
of resorcinol resulting in highly activated aromatic intermediates
which further undergo polycondensation reactions [55]. The major
products are hypercross-linked aromatic polyphenols, usually
known as RF resins. The identification of the chemical nature of the
polymer precursor and CMS-1500 is given in the FTIR spectra in
Fig. 2 (a). The broad band due to symmetric stretching vibrations of
the eOH functional groups on resorcinol appears at around
n � 3248 cm�1. The bands, due to out-of-plane aromatic eCeH
deformation vibrations, in the region 900 to 600 cm�1 are sensitive
to the number of substituents on the benzene ring, and in this
precursor, the band at n � 844cm�1 is characteristic of tetra- and
penta-substituted aromatic rings, in agreement with the structure
proposed in Scheme 1. In addition, the extensive substitution on
resorcinol is evident in the extremely weak band of the aromatic
CeH stretching vibration at n � 3026 cm�1. Typical of aromatic
compounds, the band at approximately n � 1600cm�1 is attributed
to the stretching vibrations of the eC¼C� bonds in the aromatic
rings. There are extremely weak bands in the range 2950 to
2890 cm�1 due to asymmetric and symmetric stretching vibrations
of methylene groups. In the range 1475 to 1440 cm�1, there are two
bands which can be assigned to methylene deformation vibrations
in the eOCH2e bridges. The weak features in the region from 1400
to 1300 cm�1 may be due to a combination of the OeH deformation
and CeOH bending stretching vibrations. The relatively strong band
at about ~1210 cm�1 due to ¼ CeO stretching and eCeOeCe
asymmetric vibration and the band at ~1085 cm�1 due to the
eCeOeCe vibration are characteristic of a benzyl ether functional
group. In addition, the band around 1170 cm�1 can be assigned to
OeH in-plane deformation vibration of phenols, while the out-of-
plane deformation vibration mode usually appears in the region
from 840 to 740 cm�1 [56,57]. These group frequencies are char-
acteristic of RF whose structure is depicted in Scheme 1. In contrast,
the CMS-1500 exhibits nomeaningful features in the FTIR spectrum
as anticipated for pure sp2-hybridized carbon materials. Based on
thermogravimetric analysis (TGA) given in Fig. 2 (b), pyrolysis of the
polymeric precursor at 1000 oC results in a residual yield of about
44%, which is much higher than what most polymers and biomass
resources can provide.

The SEM images provided in Fig. 3 (a) and (b) and Fig. S1 reveal
the spherical morphology of the hard CMSs, regardless of differ-
ences in carbonization temperature. On average, the microspheres
measure up to 1.3 mm in diameter (Fig. 3 (c)) with some agglom-
eration to form necking structures as observed in the TEM images
in Fig. S2 to S4 (a). Other parameters often used to delineate in-
ternal microstructure of carbon materials include BET specific
surface areas and pore size distributions, which are assessed based
on nitrogen gas physisorption measurements. From the isotherm
data in Fig. S5 and summarized in Table 1, increasing carbonization
temperature from 1200 to 1500 oC caused the BET specific surface
area to decrease from ~590 to 144 m2 g�1. The cumulative pore
volume ranged from ~0.02 to 0.05 cm3 g�1 with major contribu-
tions originating from pores smaller than 10 nm. Apart from par-
ticle morphology and pore microstructures, electrochemical
behavior of HCs can be influenced by the presence of sp3-hybrid-
ized carbon bonds, the size of delocalized sp2-hybridized carbon
clusters, the proportion of localized sp2 carbon bonds, the presence
of heteroatoms such as oxygen, nitrogen, and sulfur, and other
defects. Even the mechanism of ion storage is affected by the
presence of heteroatom defects [33]. With a view to gaining further
understanding of the local structure in the CMS samples, a high-
resolution transmission electron microscopy (HRTEM) study was
performed.



Fig. 2. Synthesis and characterization of hard carbon microspheres. (a) Typical FTIR spectra of resorcinol-formaldehyde polymer synthesized via acid-catalyzed polycondensation of
resorcinol and formaldehyde and the hard carbon obtained at 1500 oC. (b) Thermogravimetric curve showing the carbonization of RF polymer precursor: Inset: images showing the
reddish RF precursor and its carbonization to produce hard carbon powder. FTIR, Fourier transform infrared spectroscopy; RF, resorcinol-formaldehyde.
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An essential measure of the potential to store sodium ions relies
on how further apart the graphene layers, namely the interlayer
spacing (d002), are in the bulk structure of HCs. The d002 spacing
was determined from the HRTEM images in Fig. 3 (d)e(f) and the
selected area electron diffraction (SAED) patterns provided in Fig. 3
(g)e(i). As can be seen in the profile intensity plots (Fig. S2 (d) to
Fig. S4 (d)) generated in ImageJ [58] from the HRTEM images, the
d002 spacing in the CMS samples varies on average from 3.9 to 3.7 Å
as the carbonization temperature increased from 1200 to 1500 oC,
in agreement with values reported in previous works [23,24,27,59].
Same results were obtained from calculations based on the 002
diffraction rings in the SAED patterns of CMS-1200, CMS-1400, and
CMS-1500. A d002 spacing that is much larger than 3.35 Å (in
graphite) is generally thought to be favorable for Naþ insertion in
HCs [59], and thus, the ability to precisely fine-tune this parameter
will determine the practical use of HCs in commercial applications.
In addition, the SAED rings 100 and 110 indicate that the lattice
parameter a is between 2.46 and 2.47 Å, which is viewed as a
characteristic of sp2-hybridized carbon materials. An estimate of
the CeC bond distance, d(CeC), can be calculated from a to be
1.42 Å using the geometric relationship given by d(CeC) ¼ a/
2sin60� as illustrated in Fig. S6. The three CMS carbons are as such
composed of carbon atoms predominately of sp2 character despite
having different d002 spacing and possibly the lateral extent (la) of
coherently scattering sp2-hybridized carbon domains.

Further structural and chemical information was obtained by
studying the electron energy absorption characteristics of the car-
bon atoms as the incident electron beam passes through the bulk of
the specimens. The analysis of the energy distribution of electrons
that have interacted elastically and inelastically with the carbon
specimen is usually shown as the electron energy loss spectra and
can be used to obtain electronic structure, chemical nature of the
bonds, and the distribution of bond distances around the excited
atoms, which are related to the physical properties of the materials
[60e62]. The EEL spectra shown in Fig. 4 (a) and (b) display the
most common energy loss processes including the zero-loss peak
(ZLP), phonon excitation, interband and intraband transitions,
plasmon excitations, and inner shell (core level) ionizations.
Superimposed on the tailing of the ZLP, there is a feature at around
6.5 eV which is attributed to interband p / p* transitions char-
acteristic of delocalized bonds, such as those in graphite [60]. The
progressive shift of these features from 5.4 eV to 6.3 eV (Table 1) as
the carbonization temperature increased from 1200 to 1500 oC is
evidence for an increasing order and a decreasing sp3/sp2 carbon
ratio in the CMS samples. In contrast, the spectrum of the amor-
phous carbon film on the TEM grid, used as a reference here, has no
similar feature probably due to presence of a significant proportion
of tetrahedrally bonded sp3 carbon atoms which disrupt delocal-
ization of the sp2 carbon bonds. A good measure of the degree of
graphitization and order by extension is the plasmon peak position
in the EELS spectra. The plasmon peaks arising from the collective
oscillation of the (sþp) valence electrons [60e63] appear in the
range 25e26 eV for the CMS samples, as opposed to 26.8 eV for
pristine graphite, and indicate that CMS-1500 is the most graphi-
tized HC. Insight into the chemical nature of the bonds can be ob-
tained from the core-loss features C K-edges which originate from
excitations of electrons from 1s to p* and s* states occurring in the
range 285e287 eV, and 293e294 eV, respectively, with the lower
limit being for graphite. These featuresmay point to the presence of
sp2 and some sp3 hybridized carbon bonds as expected for non-
graphitizing carbons which lack long-range order and have
commonly been used to determine the sp3/sp2 carbon contents
[60,63]. In contrast to the amorphous carbon reference, the CMS
specimens exhibited more defined and sharper edges due to 1s /
p* transition indicative of the higher proportion of delocalized sp2

carbon structures. Besides, a broad peak due to multiple scattering
resonance (MSR) is observed in the 325e330 eV range for graphite
and CMS-1500, a feature that is part of the extended energy loss
fine structure and is characteristic of the radial distribution of back-
scattering atoms around the excited carbon atom. The MSR peak



Fig. 3. The SEM images in (a) and (b) taken at different magnifications show the typical spherical morphology of the hard carbon. (c) The size distribution histograms show that the
hard carbon microspheres measure about 1.3 mm in diameter on average. High-resolution transmission electron microscopy (HRTEM) images of the CMS prepared at (d) 1200 oC, (e)
1400 oC, and (f) 1500 oC reveal the short-range (local) structure. The inset picture in (f) displays the spherical morphologies of the particles. The SAED patterns show the diffraction
rings 002, 100, and 110 typical of disordered carbon materials for samples obtained at (g) 1200 oC, (h) 1400 oC, and (i) 1500 oC.
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(EMSR) can be used to estimate the CeC bond distance, d(CeC) (see
Fig. S6), based on the following empirical formulation [60]:

dðC�CÞ¼25:7�A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eV=EMSR

p
(1)

with MSR being around 328 eV for CMS-1500, d(CeC) is roughly
about 1.42 Å as expected for sp2 carbon bonds, and in good
agreement to the values obtained from the electron diffraction
pattern. The surface composition of CMS samples was character-
ized using XPS. The C 1s and O 1s spectra, given in Fig. 4 (c) and (d)
and thewide-scan survey spectra in Fig. S7, indicate that the surface
was predominantly composed of carbon atoms of sp2 type (at a
binding energy of 284 eV) along with some oxygen atoms probably
bonded to carbon atoms to form carbonyl or ether functional
groups (~532.5 eV) or simply physisorbed on the carbon surface.
Table 1
A summary of some characteristics of the hard carbon microspheres and reference mate

Temperature/
material

d002

(Å)
d(C
eC)
(Å)

BET SSA (m2

g�1)
Pore volume (cm3

g�1)
ID/IG intens
ratio

Amorphous carbon
film

e e e e e

1200 3.87 1.42 595 0.01 1.03
1400 3.78 1.42 520 0.05 1.07
1500 3.70 1.426 144 0.02 1.27
Graphite 3.35 1.42 e e 0.11

BET, Brunnauer-Emmett-Teller.
Finally, Raman scattering of a 532-nm-wavelength excitation
laser was conducted to gain insight into the overall structure, type,
and clustering of carbon bonds in the three CMS samples. In the
Raman spectra provided in Fig. 5, the two most prominent features
appearing at ~1340 cm�1 for the D (defect) band and ~1585 cm�1

for the G (graphitic) band are characteristic of disordered carbon
materials [64e66]. The fitting of the spectra was performed using
pseudo-Voigt functions for the peaks (Fig. 5 (b)). The G-band is
attributed to in-plane stretching vibrational mode of sp2 carbon
bonds with E2g symmetry (~1580 cm�1 in graphite), while the D-
band is attributed to breathing mode of vibration of hexagonal sp2

carbon rings with A1g symmetry. As carbonization temperature
increased from 1200 to 1500 oC, the D-bands got narrower with the
full-width-at-half-maximum (FWHM) being 133,117, and 101 cm�1

for CMS-1200, CMS-1400, and CMS-1500, respectively. Such a trend
rials.

ity ID/IG integrated area
ratio

p/p*
(eV)

(sþp)
(eV)

1s/p* peak
(eV)

1s/s* peak
(eV)

e e 23 286 294

2.43 5.4 25 286.6 294
2.06 5.7 25 286.5 294
2.20 6.3 26 286.3 294
0.26 6.5 26.8 285 293



Fig. 4. Local structure and chemical composition of hard carbon microspheres in the bulk and on the surface: (a) Low-loss EELS features in the hard carbon samples, amorphous
carbon, and graphite references. (b) The EEL spectra showing core-level excitation features for both the hard carbon and the reference materials. (c) C 1s XPS spectra and (d) O 1s
XPS spectra of the hard carbon microspheres showing the presence of mainly carbon and some oxygen atoms on the surface. XPS, -ray photoelectron spectroscopy.
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is indicative of the increasing order in the HC local structure with
increasing temperature (FWHM for the D-band in graphite is
60 cm�1). In addition, characteristic bands arising from double
resonance Raman scattering could be seen between 2400 and
3000 cm�1, particularly in the spectra of graphite and CMS-1500.
Other first-order bands designated by D2, D3, and D’ centered, at
~1200 cm�1, ~1500 cm�1, and 1620 cm�1, respectively, arise from
the dispersion of the D- and G-bands as a result of bond distance
disorder and distribution and the presence of sp3-hybridized car-
bons and other defects. The ratio of the intensities of the D- and G-
bands, (ID/IG), is commonly considered as a measure of the disorder
and is correlated to the lateral size of scattering domains (la) as ID/IG
¼C(l)la [65,67,68]. The ID/IG parameter for CMS-1200, CMS-1400,
and CMS-1500 was determined to be 1.03, 1.07, and 1.27 (Table 1),
respectively, a trend that is indicative of a progressive increase in la
or a decrease in concentration of defects. For the CMS-1500, for
example, an la of 15 Å can be estimated based on the Ferrari-
Robertson relation devised to describe empirical Raman scat-
tering data for disordered carbon materials of various sizes [64,65].
Fig. 5. Analyses of hard carbon microspheres using Raman scattering of 532-nm excitation l
(2300e3000 cm�1) scattering bands in the hard carbon and graphite samples. (b) Peak fi

deconvolute the contributions from various CeC bond types and vibrational modes.
3.2. Electrochemical characterization

3.2.1. The impact of local structure on sodium ion storage in HCs
The galvanostatic tests performed at 20 mA g�1 on the HC

samples are given in Fig. 6 (a) for the first two cycles. The initial
discharge/charge capacities of the CMS-1200, CMS-1400, and CMS-
1500 samples were 296.1/204.7, 299.5/232.6, and 332.8/281.7 mAh
g�1 amounting to iCE of 69, 78, and 85%, respectively. The Naþ

insertion (discharge) process during the first cycle is characterized
by reductive breakdown of electrolytes forming the solid electro-
lyte interphase (SEI) layer [69]. The lower iCE of CMS-1200 and
CMS-1400 electrodes can, therefore, be attributed to their higher
surface areas leading to more electrolyte decomposition during the
discharge process. Based on data gleaned from publications (Fig. S8
(c)), the iCE tends, in general, to decrease with increasing BET
specific surface areas of HCs, in agreement with the trend observed
for the CMS electrodes. In the second cycle, the coulombic effi-
ciencies increase to just above 99%, which was likely due to the
formation of the SEI layer that passivated the carbon surface, as
aser: (a) Raman spectra showing both first-order (1000e1700 cm�1) and second-order
tting of the first-order bands in the Raman spectra using pseudo-Voigt functions to



Fig. 6. Dependence of sodium ion storage capacity in hard carbons on the local structure: (a) voltage-capacity curves summarizing galvanostatic test results obtained at 20 mA g�1

in the range from 0.005 to 2.5 V Naþ/Na. The first two cycles are shown. (b) Top: A plot of reversible capacity as a function of synthesis temperature for the three CMS samples (green
full circles connected by solid lines) and data from published works (empty symbols with error bars). Bottom: Plots show the dependence of ID/IG intensity ratio and the d002 spacing
on carbonization temperature of hard carbons studied in this work, indicated by full symbols in blue, and that reported in the literature (orange empty symbols with error bars).
Plots showing how the capacity contributions from the sloping and plateau regions in the galvanostatic curves vary with the (c) d002 interlayer spacing and (d) ID/IG intensity ratio
during the first discharge (bottom graph) and charge (top graph) cycle for the three hard carbon samples (full symbols in green and purple) and data from the literature (empty
symbols in blue and orange given along with error bars).
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anticipated in electrolytes containing NaPF6 in carbonate solvents
[77]. Galvanostatic cycling of CMS-1500 at 10mA g�1 gave a slightly
improved performance with an iCE of 89% and a reversible capacity
of 300 mAh g�1 (Fig. S9), hinting at the role of kinetics on the
performance of the HCs. Further characterization based on the CC-
CV approach (Fig. S10) was conducted to assess the full sodium ion
storage and delivery capacity of CMS electrodes.

In a typical CC-CV measurement on half-cells, the CMS-1500
electrodes were subjected to galvanostatic steps of 10 mA g�1 un-
til the cutoff voltages of 0 and 2.5 V on discharge and charge were
attained, at which the cells were held until the current magnitudes
decreased to less than 0.2 mA (Fig. S10 (a)). The initial cycle was
characterized by a coulombic efficiency of nearly 89% for which the
discharge/charge specific capacities were 383.6/341 mAh g�1

(Fig. S10 (b)). The reversible capacity on the third cycle was about
336 mAh g�1 with a coulombic efficiency of 99.7%. All in all, the
hard CMSs performed considerably well as compared with other
spherical HCs with similar physical characteristics reported in the
literature, as presented in Table S1, and can potentially be used in
practical SIBs.

A detailed discussion of the impact of temperature on the per-
formance of the CMS electrodes can be made in terms of the d002
spacing and the ID/IG ratio describing the degree of order in the HC
samples. In addition, extensive analysis of literature data is per-
formed (Fig. 6 (b)e(d), and Fig. S8) to uncover whether the elec-
trochemical behavior of HCs, in general, and the CMS samples, in
particular, follows a predictable trend as a function of temperature
and material characteristics. A list of references from which the
data was retrieved can be found in the Supporting Information.
Accordingly, the average reversible capacity increases continuously
up until 1500 oC (reaching ~297 mAh g�1), a trend followed by the
CMS samples investigated in this work. At the same time, the d002
decreases from 4.2 Å at 500 oC to 3.7 Å at 1500 oC, which indicates
the increase in ordering (also supported by the increase in ID/IG
ratio) and can be considered optimum for sodium ion storage in
HCs [59]. A typical galvanostatic curve of HCs shows two distinct
features: a monotonous voltage change in the range from 1 to 0.1 V
and a nearly flat plateau below 0.1 V, which appear at slightly
higher voltage on charge. The respective contributions of these
regimes to the overall capacity are strongly dependent on the
temperature at which the HCs are produced, that is, they are
affected by the local structure. Hard carbons prepared at < 1200 oC
seemed to exhibit high discharge capacity with sloping voltage
profile (see Fig. S8 (a) and (b)), in which the mechanism of charge
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storage is attributed to surface adsorption and reactions with de-
fects. Electrolyte decomposition starts in this region contributing to
the overall irreversible capacity during the initial discharge step.
The trend in charge capacity with temperature also shows
conclusively that HCs obtained below 1000 oC have mainly sloping
voltage-capacity profiles and are not suitable for use in high-energy
SIBs. In Fig. 6 (c) and (d), the variations with d002 spacing and ID/IG
of capacity contributions (given as a percentage of the total ca-
pacity) from the sloping and flat voltage profiles of the first cycle
galvanostatic curves of CMS-1200, CMS-1400, and CMS-1500 are
provided along with literature data. In general, HCs synthesized
below 1200 oC (associated with d002 of 3.86 Å and an ID/IG ratio of
1.07) are characterized by higher capacity contributions from the
sloping region of the galvanostatic curves during discharge and
charge processes. Given that most of the irreversible capacity loss
during the first discharge occurs in this region, it is imperative to
decrease the contributions of charge storage from the sloping
voltage profile by optimizing synthesis conditions in interest of
increasing the iCE. In this work, further studies are continued with
CMS-1500 for which better performance was achieved.

3.2.2. Interfacial kinetics in 2- and 3-electrode half-cells
In Fig. 7 (a) and (c), the galvanostatic curves of the first 10 cycles

for the hard CMSs cycled in 2-electrode and 3-electrode half-cell
configurations are obtained at a specific current of 20 mA g�1. In
the 3-electrode half-cells, a separate sodium metal foil is used as a
reference electrode (Fig. S11 (a)). Perhaps, a striking difference
between the two cells is the magnitude of voltage hysteresis, which
at 200 mAh g�1 is around 43 mV and 28 mV for the 2- and 3-
electrode cells, respectively. The increased overpotential in the
former case can be attributed to the plating and stripping over-
potential of the sodium metal, demonstrating that using it as a
combined counter and reference electrode is not viable. Similar
observations can be deduced from the differential capacity plots
shown in Fig. 7 (b) and (d) for the corresponding galvanostatic
curves. In 2-electrode half-cells, the peak-to-peak voltage differ-
ence for sodium insertion and removal is 57 mV during the first
cycle and 54mV for the subsequent 9 cycles. However, in the case of
the 3-electrode HC-Na cell, the first cycle exhibits a voltage hys-
teresis of 33 mV, while in the subsequent cycles, it decreased to
31 mV. The difference is attributed to the overpotential of sodium
plating and stripping on the counter electrode as shown in Fig. S12.
Fig. 7. Galvanostatic cycling and electrochemical impedance spectroscopy: Galvanostatic
represented in (a) and (b) for 2-electrode half-cell and in (c) and (d) for 3-electrode half-cell
(e) before cycling and (f) after 2 cycles of sodium insertion removal in the hard carbon electr
voltage.
Sodium metal reacts aggressively in carbonate-based electro-
lytes causing a buildup of decomposition products at the interface
which give rise to the SEI layer, and the interfacial resistance in-
creases as a consequence [78]. The cell resistance measured in HC-
Na half-cells is essentially dominated by the interfacial resistance at
the sodium metal electrode. To better assess the interfacial resis-
tance at the HC electrodes, EIS tests were performed at OCV on a 3-
electrode full-cell consisting of PW working electrode, HC counter
electrode, and Na metal reference electrode before cycling (Fig. 7
(e)) and after cycling (Fig. 7 (f)). The measurements were carried
out for the PW vs. Na, HC vs. Na, and PW vs. HC electrode combi-
nations (Fig. S11 (b)). Accordingly, the impedance data measured
for the PW vs. HC electrodes indicate largely capacitive behavior
typical of porous carbon electrodes. This is indicated in the Nyquist
diagram in Fig. 7 (e) by the straight line tilted at ~45� owing to
diffusion-controlled adsorption of ions in the pores at higher fre-
quencies (20 kHze50 Hz) and the more vertical line due to inter-
facial double layer charging at lower frequencies. In contrast, the
impedance data on the PW-Na and HC-Na half-cells exhibited
depressed semicircles with the charge transfer resistances being 12
and 13.5 kU cm [2], respectively. The semicircles are indicative of
electron transfer reactions at the Na metal-electrolyte interface
involving electrolyte breakdown and interfacial passivation. Sub-
sequently, the HC electrode is cycled versus the Na metal for 2
cycles to evaluate the change in interfacial resistance and the for-
mation of the SEI layer. The EIS Nyquist diagrams in Fig. 7 (f) show
that the charge transfer resistance for HC-Na decreased consider-
ably from 12 kU cm2 before cycling to about 1.4 kU cm2 after
cycling. Given that the semicircle is due to the sodium metal, the
decrease in resistance can be associated to the plating and stripping
steps that removed the passivation layer formed at OCV due to
contact with the electrolyte and the working atmosphere. Similar
observation was also reported for potassium metal electrodes by
Hosaka et al. [79]. These results sufficiently demonstrate the fact
that the sodium metal has considerable influence on the cell
resistance of half-cells and affects the output voltage, distorts the
galvanostatic curves, and suppresses the rate capability of HC
electrodes.

3.2.3. Rate of sodium ion insertion in hard CMSs
The rate performance of the cells is determined at specific cur-

rents ranging from 20 to 1280 mAh g�1 (Fig. 8). At the lowest
curves and the corresponding differential capacity plots measured at 20 mA g�1 are
designs. Impedance measurements on the three-electrode PW-HC vs. Na full cell at OCV
ode versus Na metal electrode. PW, Prussian white; HC, hard carbon; OCV, open circuit
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specific current, the cell delivers initial discharge and charge ca-
pacities of around 370 and 277mAh g�1, respectively, amounting to
a coulombic efficiency of roughly 75%. In the subsequent 10 cycles,
the coulombic efficiency increased to 95, 98, 98.8, and 99.5% for the
second, third, fourth, and finally the tenth cycle, respectively. The
capacities at the applied specific currents (40e1280 mA g�1) as
pointed out earlier (Fig. 8 (a)e(b)) are on average 257 (88.5%), 185
(63.5%), 101 (34.8%), 64 (22%), 51 (17.5%), and 41 (14%) mAh g�1.
Values in brackets show the capacity retention with respect to the
lowest rate cycling capacity (291 mAh g�1). Finally, the current is
decreased back to 20mA g�1 for which a discharge capacity of up to
304 mAh g�1 with 99.6% coulombic efficiency was obtained.
Furthermore, extended cycling at 80 mA g�1 over 150 cycles
maintained a capacity retention of 97% (of the initial capacity: 235
mAh g�1) at the 100th cycle while the coulombic efficiency was
nearly 100% for all cycles. This increase in the coulombic efficiency
could be indicative of the cessation of parasitic reactions as a
thicker and more stable SEI layer was formed, effectively slowing
down reductive decomposition of the electrolyte.

As can be seen in Fig. 7 (a) and (b), the voltage-capacity profiles
of HCs typically show monotonous change in the sloping regions
from 1 to 0.1 V and a nearly flat plateau from 0.1 to 0.02 V. On
charging, these regions appear in the voltage ranges 0.050 to 0.110
and 0.106e1.2 V, respectively. The charge contributions from the
sloping and plateau regions are summarized in Fig. 8 (c). Up until
80 mA g�1, the majority of the sodium ion storage capacity origi-
nates from the flat voltage regions. The decrease in capacity with
increasing cycling currents can be attributed to the ohmic drop due
to the interfacial resistance of mainly the sodium metal electrode
and the poor mass transport of Naþ ions in HCs, whose chemical
diffusion coefficients lie in the range 10�9e10�16 cm2 s�1 [80e83].
The majority of capacity at the cycling current 160 mA g�1 and
higher was due to the sloping voltage region (Fig. S13), an indica-
tion that charge storage in this voltage region may involve surface-
confined processes as in capacitive materials. In contrast, in three-
electrode half-cells, higher capacity retention could be maintained
despite the increasing cycling currents. In fact, charge contributions
from the flat voltage profile increased dramatically for currents
Fig. 8. Rate capability of sodium ion cycling in hard carbon microspheres in (a) total specific
capacity and the corresponding coulombic efficiency for extended cycling at 80 mA g�1, (c)
error bars) from the sloping and flat regions of the galvanostatic curves for charge and disc
electrode half-cell at selected specific currents (20, 40, 80, 160, and 320 mA g�1) along wit
higher than 80 mA g�1. As also shown in the differential capacity
curves, sodium metal plating was kinetically more favorable than
sodium ion insertion as the test currents increased. The specific
capacities extended beyond 300 mAh g�1 as a result of contribu-
tions from sodiummetal plating on the HC particles. At 320mA g�1,
the discharge capacity reaches 713 mAh g�1 while only about 440
mAh g�1 of the capacity is retrieved on charge amounting to a
coulombic efficiency of roughly 62%. Such a trend was not visible in
half-cell setups as the resistive loss due to cell impedance narrowed
down the working voltage window required for cell operation.
Sodium ion insertion in the flat voltage region (Fig. 8 (a)) occurred
with slight increase in overpotential as the cycling current in-
creases in contrast to the trend observed in 2-electrode half-cells as
shown in Fig. S13. Normally, the overall cell voltage in half-cells
includes the overpotential for sodium insertion in HCs and that
required for sodium plating and stripping at the counter electrode,
which becomes dominant as higher currents are applied, as clearly
seen in Fig. S12 and Fig. S14.

3.2.4. Performance of hard CMSs in full-cell SIBs
Customarily, the performance of the HC electrode is usually

evaluated in half-cell designs inwhich sodium ions can be supplied
in excess and stable cycling can be observed despite the fact that
irreversible reactions continue consuming sodium ions. Out of
safety concerns related to its high reactivity and due to its poor
coulombic efficiency for plating and stripping cycles, sodium metal
is an unsuitable counter electrode in carbonate-based electrolytes
[78]. The eventual use of HC materials in full-cell SIBs is attractive
and is hence considered in this study. The hard CMS (CMS-1500)
electrode was paired with PW, Na2-xFe[Fe(CN)6], positive electrode
which is considered promising for application in commercial SIBs
[52,84]. The PWelectrode has a theoretical capacity of 170mAh g�1

and exhibits two redox couples at around 2.85/3.14 and 3.26/3.33 V
with respect to sodium metal (refer the cyclic voltammetry in
Fig. S16) that are attributed to redox reactions of the low spin and
high spin Fe2þ/Fe3þ-containing octahedra in PW, respectively [51].
Both the output voltage and specific capacity are potentially
competitive for commercial applications when combined with HC
capacity at various specific currents for two-electrode half-cells, (b) specific discharge
assessment of the average capacity contributions (given along with the corresponding
harge processes. (d) The galvanostatic curves of the hard carbon electrode in a three-
h the associated differential capacity plots shown in the inset.



Fig. 9. Electrochemical performance of full-cells composed of Prussian white positive electrodes and CMS-1500 negative electrodes: (a) The galvanostatic charge-discharge profiles
for a 3-electrode full-cell cycled at 20 mA g�1. (b) The galvanostatic charge-discharge profiles for a 3-electrode full-cell with precycled hard carbon at 20 mA g�1. (c) Plots showing
the evolution of charge capacity and coulombic efficiency over 16 cycles for cells in (a) and (b). (d) Extended cycling performance of 2-electrode full-cells assembled with hard
carbon electrodes with and without presodiation step.

H.D. Asfaw et al. / Materials Today Energy 18 (2020) 100505 11
electrodes. The output voltage for the full-cell will be in the range
2.7e3.5 V vs. Naþ/Na (~3.1 V on average).

The performance of the hard CMSs in full-cells was assessed
using galvanostatic cycling tests as shown in Fig. 9. To assess the
impact of the irreversible capacity loss in the HC during the first
cycle on the cell performance, galvanostatic tests were conducted
on three-electrode cells assembled with HCs with and without
presodiation treatments. The first cycle performance exhibited
approximately 75% coulombic efficiency when PW electrodes were
paired with the pristine HC electrode (with a PW:HC mass ratio of
about 2.1), as observed in Fig. 9a. As per the discussion given in the
previous sections, most of the irreversible reaction originates from
the HC. It is known that the PW suffers some loss during the first
charge-discharge cycle and further capacity fading upon extended
cycling; as can be seen in Fig. S15, the PWelectrode sustained an 8%
decrease during the first cycle. In the second instance shown in
Fig. 9b, the HC was cycled twice versus Na electrode before being
paired with the PW electrode. The iCE in this regard was around
95%, considerably higher than that of the former cell. From the
second cycle onwards (Fig. 9c), the coulombic efficiency increased
progressively for both cells, but higher specific capacity was
maintained in the case of the cell which consisted of precycled HC.
Over 15 cycles, the charge capacities of the cells (Fig. 9a and b)
decayed to 136 and 106 mAh g�1, respectively, demonstrating that
the stable SEI layer on HCs is essential to ensure good performance
in full-cells. Further research on electrolyte additives and artificial
SEI layers can improve the performance of HCs. Similar trends were
observed in 2-electrode full-cells as shown in Fig. 9d. When pre-
cycled HC was used, the initial specific capacity of the PW-HC cells
was around 168 mAh g�1 for desodiation and 145 mAh g�1 for
sodiation corresponding to a coulombic efficiency of 86%. Over 50
cycles (Fig. 9(d)), the discharge capacity drops to about 97 mAh g�1
which amounts to 67% of the initial capacity. In contrast, the cell
with pristine HC exhibited a 74% coulombic efficiency during the
first cycle and more capacity fading in the subsequent cycles. The
capacity loss sustained in the course of long-term cycling in full-
cells might be due to loss of sodium ion inventory to irreversible
cell reactions both at the positive and negative electrodes. Further
optimization of electrode fabrication and electrolyte formulation is
needed in future studies to fully unlock the potential of the hard
CMSs in SIBs.
4. Conclusions

In this study, a simple and fast route to the synthesis of CMSs
was developed. A polymeric precursor was synthesized by reacting
resorcinol with formaldehyde in acidic aqueous medium. Carbon-
ization of the precursor at 1200, 1400, and 1500 oC yielded hard
CMSs with an average diameter of 1.3 mm and a BET specific surface
area of 595, 520, and 144 m2 g�1, respectively. Alhough HRTEM,
XPS, and EELSmeasurements indicate that the CMS samples consist
of predominantly sp2-hybridized carbon bonds (~1.42 Å), differ-
ences in the degree of graphitization and the interlayer spacing,
d002, were observed. From HRTEM images and SAED patterns, the
d002 parameter for CMS-1200, CMS-1400, and CMS-1500 was
calculated to be on average 3.9 Å, 3.8 Å, and 3.7 Å, respectively.
Apart from the ID/IG intensity ratio that is commonly used to
evaluate the degree of graphitization in carbon materials, the
plasmon peak due to (sþp) excitations was used to assess the
extent of bond delocalization in the specimens. Accordingly, the
CMS-1500 was the most graphitized showing a (sþp) peak at
around 26.3 eV, as opposed to 26.7 eV for graphite. Efforts were
made to correlate the electrochemical behavior of the CMS elec-
trodes and other HCs reported in publications to their local
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structures in terms of the ID/IG and d002 parameters. Accordingly,
sodium ion insertion is optimum in HCs synthesized in the tem-
perature range from 1200 to 1600 for which the ID/IG ratio is greater
than 1 and the d002 spacing varies from 3.7 to 3.9 Å. Electrochemical
testing in half-cells showed that the CMS-1500wasmost promising
as it had an optimum balance of the degree of graphitization (as
evidenced by ID/IG ~1.27) and a d002 spacing of 3.7 Å, which is
suitable for sodium ion insertion, and most of its capacity origi-
nated from the flat voltage-capacity regime of the galvanostatic
curves. The iCE for CMS-1200, CMS-1400, and CMS-1500 was 69,
78, and 85e89% (depending on the rate of cycling), respectively.
Thus, further studies were focused on the CMS-1500 sample.

In general, the reversible capacity of CMS-1500 at the slowest
rate was about 300 mAh g�1, with a coulombic efficiency of above
99%. This is in good agreement to the best performing HC materials
reported in the current-state-of-the-art literature. The rate of Naþ

insertion was investigated for currents ranging from 20 to
1280 mA g�1. Characteristic of HC electrodes, the galvanostatic
charge-discharge curves indicated that principally two different
mechanisms are operative in the charge storage process: a sloping
voltage profile ranging from 0.1 to 1.2 V and a nearly flat profile
ranging from 0.005 to 0.1 V versus Naþ/Na. The majority of charge
storage occurs within the flat voltage region at low cycling currents.
However, the contribution of the sloping voltage region increased
and became dominant as the cycling current increased beyond
80 mA g�1. Based on three-electrode half-cell studies, the counter
electrode exhibited increasingly higher overpotential for sodium
stripping and plating with increasing applied currents, while the
overpotential at the HC electrode measured versus a separate so-
dium metal reference changed slightly and no capacity loss was
observed. In fact, underpotential plating of sodium became more
favorable as compared with sodium ion insertion as the cycling
currents increased. The results also indicated that rate performance
was ultimately limited by the poor mass transport characteristics of
sodium ions in disordered carbon structure. The main reason why
similar behavior is not observed in 2-electrode half-cells is because
of the predominant ohmic drop at the sodium metal electrode, as
indicated by EIS measurements, which reduced the effective
voltage window. This fact must be considered when investigating
the rate performance of HCs in full-cell SIBs. The performance of the
HCwas also evaluated using the PWelectrode as a source of sodium
ions for which a stable capacity of 97 mAh g�1 was obtained with
an output voltage about 3 V vs. Naþ/Na. Further improvement to
the electrolyte system is expected to improve battery performance.
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