#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Hierarchical soot nanoparticle self-assemblies for
enhanced performance as sodium-ion battery
anodesy

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2022, 10,
9059

Yuxiao Cui, @ 1 Chandrasekar M Subramaniyam,? Lengwan Li,?® Tong Han,?
Min-A. Kang,? Jian Li,? Luyao Zhao,? Xinfeng Wei,? Anna J. Svagan © *2
and Mahiar M. Hamedi & *a¢

The drawbacks of amorphous hard carbon are its low conductivity and structural instability, due to its large
volume change and the occurrence of side reactions with the electrolyte during cycling. Here, we propose
a simple and rapid method to address these disadvantages; we used an emulsion solvent—evaporation
method to create hierarchically structured microparticles of hard carbon nanoparticles, derived from
soot, and multi-walled-carbon-nanotubes at a very low threshold of 2.8 wt%. These shrub-ball like
microparticles have well-defined void spaces between different nanostructures of carbon, leading to an
increased surface area, lower charge-resistance and side reactions, and higher electronic conductivity

» 207 for Na* insertion and de-insertion. They can be slurry cast to assemble Na* anodes, exhibiting an initial
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Accepted 13th March 2022 discharge capacity of 7133 mA h g~ and showing long-term stability with 120.8 mA h g—* at

500 mA gt after 500 cycles, thus outperforming neat hard carbon nanoparticles by an order of

DOI: 10.1039/d1ta10889a magnitude. Our work shows that hierarchical self-assembly is attractive for increasing the performance
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Introduction

Carbon materials are promising for battery electrodes because
they are cost-effective and electrochemically stable. Soft
carbons, containing abundant graphitic regions with a high
electronic conductivity, have been largely investigated for
anodes; mesophase carbon microbeads are currently used as
high-rate anode materials with a reversible capacity of
~330 mA h g in lithium-ion batteries (LIBs),' which is close
to the theoretical gravimetric specific capacity of graphite
(372 mA h g7").2 Soft carbon, however, delivers a low reversible
capacity (typically 100 mA h g™ ') as an anode material for
sodium-ion batteries (SIBs).*” This is mainly because (1) the
reversible graphitic intercalating compound NaCs phase is
thermodynamically unstable unlike the stable LiCs compound
in LIBs;® (2) sodium plating rather forms an irreversible NaCe,
compound’ as there is no occurrence of solvent co-intercalation
between the graphitic layers (~0.34 nm) as it is too small to
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of microparticles used for battery production.

accommodate sodium-ions.* Consequently, lattice defects and
larger interlayer spaces are needed for efficient de/insertion of
sodium ions." ™ Amorphous hard carbons, also known as non-
graphitizable carbon, contain plenty of disordered regions with
defects and voids, which contribute to high reversible capac-
ities, but have a large initial irreversible capacity loss in SIBs;
e.g. commercially available hard carbon has achieved the
highest reversible capacity of 240 mA h g~" at 25 mA g "
However, both reversible capacity and the first cycle efficiency
for such amorphous hard carbons are poor, since the disor-
dered structures in hard carbon usually cause low electronic
conductivity">™® and large volume changes.'®* Particle fracture
and loss of electrical contact are also identified reasons for the
capacitive fading of amorphous hard carbon based anodes.*
The economy of carbon production is another factor that
needs to be addressed before a competitive product can be
developed.*®** This entails finding cheaper and better sources
of carbon along with synthesis routes, to allow large scale
production of the desired morphologies. In this regard,
commercially produced carbon, including refined graphite or
amorphous carbon, are expensive owing to the high grade of
purity and processing required.”® Carbon nanoparticles gener-
ated during the burning of candle wax, known as soot nano-
particles (SN), are considered a pollutant.>** However, recently
Mao et al.”” showed that candle soot nanoparticles might be
useful in battery applications, because they comprise amor-
phous hard carbons®*** and their fabrication is straightforward
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and economical. Indeed, flame synthesis is considered as one of
the most inexpensive techniques to yield soot derived carbon
nanoparticles.> For these reasons, soot derived from a simple
flame synthesis of candle wax, has been used for energy
storage.”**® The average size of soot nanoparticles is in the
range of 30-50 nm,* and they possess some degree of crystal-
linity. To the best of our knowledge, only Kanakaraj et al.
explored the use of soot nanoparticles for SIB applications.****
This study, however, lacked the analysis of the Coulombic effi-
ciency for long cycle and rate tests; hence the potential of these
soot nanoparticles in SIBs is still not fully characterized, or
optimized.

In the present work we used self-assembly, based on a simple
and rapid emulsion solvent-evaporation method, to fabricate
hierarchical microstructured spheres from hydrophobic candle
soot nanoparticles (CSNs) and multi-walled-carbon-nanotubes
(MWCNTs) at very low fraction, 2.8 wt%. The amount of
MWCNTs is just above the electrical percolation threshold. We
then slurry cast the microparticles to assemble SIB anodes. The
microspheres exhibited well-defined void spaces between the
two types of carbons, leading to an increased surface area, lower
charge-resistance, and higher electronic conductivity for
sodium-ion insertion and de-insertion. As a result, our anodes
exhibit a high rate performance of 120.8 mAhg " at500 mAg ™"
for 500 cycles, outperforming neat soot nanoparticles, and are
highly suitable for Na" storage.

Results and discussion

Preparation of hierarchically arranged microstructures, based
on primarily nanomaterials, must be rapid, simple and appli-
cable for large-scale production.**** In this respect, the self-
assembly route is very attractive.** During self-assembly, mole-
cules seek the lowest energy levels, which in turn depends on
the interplay of multiple molecular interactions and energetic
and entropic factors.*® The attained hierarchical microstruc-
tures, composed of primary nanoparticles, combine favorable
characteristics of both nanostructured and microstructured
materials.”” We and others have therefore explored self-
assembly as an attractive route for optimizing the materials
and structures of batteries.>**°

Here we make further advances in this direction by using
a simple and scalable self-assembly method based on the
emulsion solvent-evaporation technique to prepare carbon
microparticles for anode production. The different steps of this
process are schematically summarized in Fig. 1a. In the first
step, the soot and MWCNTs were dispersed in an oil-phase
(chloroform). Subsequently, an aqueous phase, containing the
surfactant sodium dodecyl sulfate (SDS), was added to the oil
phase. By applying shear, the two phases mixed, and the oil was
broken into smaller droplets that were surrounded and stabi-
lized by the surfactant SDS. Finally, we evaporated the chloro-
form to form the microparticles. Non-covalent bonds (e.g. van
der Waals) aid in stabilizing the microparticle structures.

We used multi-walled-carbon-nanotubes here to enhance the
electrical conductivity of the composite microspheres.*** The
percolation threshold for electrical conductivity in a nanotube
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composite strongly depends on the quality of the dispersion of
the MWCNTs. We had a very high degree of dispersion and
mixing between the particle and therefore achieved a very low
percolation threshold with only 2.8 wt% MWCNT loading. A
loading of around 2 wt% MWCNT is sufficient for electronic
percolations in most carbon nanotube/polymer systems.***¢ The
percolation threshold is indicated experimentally by a sudden
rise in the conductivity of the composites. Therefore, in the
present work, we characterized the morphology of pure soot
nanoparticles  using  high-resolution-transmission-electron-
microscopy (HR-TEM), shown in Fig. 1b. The soot nano-
particles had an average diameter of 37.0 & 5.0 nm (histogram in
Fig. 1d, obtained from TEM, n = 190). The carbon nanoparticles
were interconnected, forming a branch-like structure, probably
due to strong diffusive bonding and/or diffusive adhesion
between the nanoparticles, as previously described by Rajkumar
et al® At higher magnification (Fig. 1c) with HR-TEM, we
observed an ordered structure in the short-range but a disordered
structure in the long-range, indicative of the amorphous nature
of the particle.” We also observed graphitic fragments with
a typical d-spacing of 0.34 nm (inset Fig. 1c), coinciding with
powder X-ray diffraction (XRD) results (Fig. S17).

The morphological characteristics of the hierarchical
microparticles are found in the SEM micrographs in Fig. 1e and
f (also see Fig. S2 and S7 in the ESIt), which clearly show their
spherical shape with an average diameter of 1.16 + 0.24 pm
(histogram in Fig. 1g, obtained from SEM, n = 368). The close-
up of one microparticle in Fig. 1e and f revealed both CSNs and
MWCNTs and the void spaces between them (Fig. 1f), which is
desirable for sodium/lithium-ions de-/insertion. The high-
resolution transmission-electron-microscopy (HR-TEM) image
in Fig. S27 is in good agreement with the SEM image in Fig. 1e,
revealing that the carbon nanoparticles are densely packed with
voluminous inner spaces. Selected-area-electron-diffraction
(SAED) patterns with electron diffraction rings, Fig. S3,t dis-
played a highly disordered composite and showed no diffrac-
tion spots in the dispersed diffraction rings, further proving
that the microparticles had the characteristics of amorphous
hard carbon. The orientation of the MWCNT inside the micro-
particles was further investigated with 2D-WAXD, and Fig. 1h
shows the 2D-WAXD patterns of CSNs, MWCNTs, and CSNs/
MWCNT composites. All three samples showed two diffraction
arcs corresponding to the (002) and (100) patterns with a weak
orientation. We calculated the Herman's orientation factor f
using the following equations,*®

/2 ) .
1 d
<0052 <0> _ b 7_5‘2/’)(305 ¢ s pdo (1)
J5 " 1(g)sin @de
. 3{cos? ¢) — 1
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where I(¢) is the intensity at a given azimuthal angle ¢. The f
values of CSNs, MWCNTs, and CSNs/MWCNT composites were
0.149, 0.146 and 0.175, respectively. These values are similar
and close to 0, which is typical for a randomly oriented
structure.

This journal is © The Royal Society of Chemistry 2022
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(@) Schematic illustration of the processing step of CSNs/MWCNT composites. (b and c) HR-TEM image of the CSNs at different

maghnifications; (d) histogram showing the size distribution of CSN nanoparticles (diameter 37.0 £ 5.0 nm), obtained from TEM (n = 190). (e and f)
SEM images of a CSNs/MWCNT composite showing the morphology at two different magnifications. In (f) the amorphous hard carbon
nanospheres (CSNs) and the conductive carbon nanotubes (MWCNTSs) with well-defined interlayer distances and void space can be observed; (g)
histogram showing the size distribution of CSNs/MWCNT microparticles (diameter 1.16 + 0.24 um), obtained from SEM (n = 368). (h) 2D-WAXD

patterns of CSNs, MWCNTSs, and the CSNs/MWCNT composite.

The Raman spectra in Fig. 2a show that both CSNs and the
composite samples exhibit two standard peaks at ~1340 and
1576 cm™ "', corresponding to the D peak (disordered sp® C
atoms or defective graphitic structures) and G peak (sp> C atoms
or crystalline graphite).**® The 2D band seen at around
2690 cm ' in Fig. 2a can be used to evaluate order and is
indicative of the presence of a number of graphene layers;** the
CSNs show only the D and G band characteristic peaks and no
2D band peak. The composite, however, shows a clearly
distinguishable 2D peak and the additional G peak at around
1582 cm™ ', seen by the deconvolution spectrum of the G band
in the inset of Fig. 2a. These features reveal that MWCNTSs are
well-distributed in the composite structure. The XRD and XPS
spectra of the CSNs and CSNs/MWCNT composite are included

This journal is © The Royal Society of Chemistry 2022

in the ESI (Fig. S1, S4 and S51), and are also in concordance with
the Raman spectra in Fig. 2a. Fig. 2b shows the N, adsorption/
desorption isotherms of the CSN particles and the composite,
and Fig. 2c shows the calculated pore size distributions. In
a relative pressure range of 0.2-1.0, the adsorption curve for
both samples displays an obvious vertical linear region and
a clear hysteresis loop in middle and high regions, which
belongs to the Type IV isotherm. For the microspheres, the
hysteresis loop exhibits a trend of horizontal parallel struc-
tures.®® The specific BET surface area and the total pore volume
of the CSNs are 88 m* g~ ' and 0.009 cm® g~ respectively. For
the composite, however these values increased to 195 m”> g~
and 0.054 cm® g~ ', emanating from the micro/nano hierar-
chical structures from the carbon nanoparticle (CSN)

J. Mater. Chem. A, 2022, 10, 9059-9066 | 9061
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(a) Raman spectra of the CSNs and CSNs/MWCNT composite. Inset in (a): the deconvolution spectrum of the G band in the CSNs/MWCNT

composite, showing that the MWCNTSs are well-distributed in the composite structure. (b) The pore size distribution plots for the CSNs and CSNs/
MWCNT composite and (c) nitrogen adsorption and desorption isotherms.

rearrangement,®>* which is consistent with the microscopy
observations in Fig. 1e and f. In Fig. 2b, both the CSNs and the
composites show a pore distribution ranging from 1 to 45 nm;
the composite microspheres, however, exhibited more pores in
the size range from 2 to 12 nm.

We hypothesize that the presence of the conductive phase
along with a high surface area amorphous phase in the micro-
particles could potentially accommodate a large volume change
upon sodium storage. To test this, we compared the perfor-
mance of pure soot nanoparticles to that of the composite in
half-cell configurations as negative electrodes against sodium
metal in a CR2032 type coin cell using 1 M NaPFg in 1: 1 (v/v)
EC/DEC, in the voltage range between 0.002-2 V and at
constant current densities. The open circuit voltages (OCVs) of
pure CSNs and the composite were 2.48 V and 2.55 V,
respectively.

Fig. 3a and b shows the charge-discharge and long cycle
stability plots obtained at current densities of 50-500 mA g~ for
500 cycles. We cycled the cells at a low current density of
50 mA g ' to activate the electrochemical redox sites and
facilitate the formation of a stable solid-electrolyte-interface
(SEI) essential for long cycle stability. The charge-discharge
profiles of both samples differ in their specific capacities in the
long run. The soot and microparticle electrodes delivered initial
discharge capacities of 710.3 and 720 mA h g ! with initial
Coulombic efficiencies (CEs) of 17.8% and 31.6%, respectively.
The first cycle irreversible loss is mainly due to the irreversible
formation of Na,O and the solid-electrolyte-interface (SEI)
which retains the sodium ions and decomposition of electrolyte
at lower voltages as ascertained by cyclic voltammetry (CV) in
Fig. 3e. The Coulombic efficiency, CE, improved however in the
second cycle to 80.5% and 90.5%, respectively and both cells
exhibited 98-99% CEs in the long run of 500 cycles. The
microparticles delivered specific capacities of 162, 139.3 and
120.8 mA h g~' when cycled at 50, 100 and 500 mA g '
respectively, while the pure soot nanoparticles could manage
only 72.1 mA h g~ ' after 500 cycles (Fig. 3a). The enhanced
specific capacity is attributed to the hierarchical and porous
structure of the microparticles, because in both cases the
intercalation of Na' in the interplanar spaces of conducting
disordered and ordered graphene structures occurs while the

9062 | J Mater. Chem. A, 2022, 10, 9059-9066

amorphous carbon phase helps accommodating the huge
volume change during the intercalation/de-intercalation
process.

We elucidated the kinetics of the electrochemical process
using electrochemical-impedance-spectroscopy (EIS) to study
the resistance-to-charge-transfer (Rs) and calculated the diffu-
sivity of Na" in the carbon matrix (Fig. 3d). The Nyquist's plots
consisted of a semi-circle and an angled line at high and lower
frequencies, respectively, which is represented in terms of an
equivalent circuit (insert). The latter contains components
representing the electrolyte or surface resistance (R;) coupled
with its constant phase angle element (Q,), the charge-transfer-
resistance (R;s), and the Warburg diffusion component (W). For
fresh cells, the SEI resistance is not included in the equivalent
circuit, as no SEI is formed before cycling. Moreover, the R,
values of soot and microparticles are similar, (4.6 Q and 4.0 Q).
However, the resistance-to-charge-resistance (R,) of the micro-
particles were significantly lower (168 Q) than that of soot
particles (277 Q) indicative of high conductivity as well as
a compact connection between the current collector and the
active materials.

The inclined line in the low frequency of the Nyquist plot
represents the Warburg region used to determine the diffusion
coefficient of ions inside the electrode, according to the
following equation.*®

2 2
D =05(42) ()
FSo dx
where V;,, = molar volume of carbon, F = Faraday constant, S =
electrode surface area, (dE/dx) = first derivative of the discharge
cycle, and ¢ = Warburg coefficient, calculated from the slope of
the linear fitting Z' vs. »~°® (Fig. S61). We calculated a diffusion
coefficient of 23.0 x 10~ ** cm?® s~ * for the composite, which was
significantly higher than that of the soot particles (5.97 x 10~
em® s7'). The composite microparticles also had a faster elec-
tron transport and sodium-ion diffusion between the electrode
and electrolyte as reflected in the charge-discharge and long
cycling stability, as seen by the rate capability test (Fig. 3c)
where we tested the cells in the current density ranges: 20, 50,
100, 250, 500, 1000 mA gf1 and reverted to 50 mA gf1 to test
capacity retention. As expected, the microparticles delivered

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Na-storage performance. (a) Cycling performance of soot nanoparticles and microparticles based on soot nanoparticles/MWCNTs
(97.2 wt% soot nanoparticles and 2.8 wt% MWCNTS) at a current density of 50-500 mA g~%; (b) galvanostatic charge/discharge profiles for the
1st, 2nd, 3rd, 100th, 250th and 500th cycles; (c) Rate test at various current densities (mA g~3); (d) impedance Nyquist plots (inset: equivalent

circuit); (e) corresponding cyclic voltammetry at 0.1 mV s~

excellent capacity recovery even after cycling at 1000 mA g~ "
delivering a capacity of 112.5 mA h g~ ' twice that of soot
nanoparticles (55.7 mA h g™ ').

We elucidated the reason behind long stable cycling by
studying the ex situ morphological changes of the composite's
electrode after 500 cycles (Fig. 4a-c). Mesoporous carbon
nanoparticles undergo huge volume changes upon insertion
and de-insertion of sodium ions into their interlayers. The SEM
micrographs in Fig. S8, showed that the composite structures
were still present after the large volume change. The size
distribution histogram plot of the corresponding microparticles
as shown in Fig. 4d represents an apparent 180% size increase
from an average diameter of 1.16 pm to 3.26 um (standard
deviation of 0.73, obtained from SEM micrographs, n = 378).

This journal is © The Royal Society of Chemistry 2022

The morphological characteristics of the hierarchical
microparticle after cycling are shown in the SEM micrographs
in Fig. 4b. These were observed after 500 cycles and the nano-
particles were well interconnected with the current-collector.
The MWCNTSs in the composite reinforce its morphology and
may also explain its long stability. The insertion of sodium ions
into the composite is confirmed by EDS results for sodium in
Fig. 4c. The well-defined void spaces between two kinds of
carbons accommodate the volumetric expansion of the CSN,
and potentially also lead to an effective blocking of the elec-
trolyte and limits the majority of SEI formation to the outer
surface of the microparticle. Indeed, the apparent size increase
(Fig. 4d) might be due to an outer SEI layer.

The electrochemical performances of our CSNs/MWCNT SIB
composite anodes are superior to many literature reports (Table

J. Mater. Chem. A, 2022, 10, 9059-9066 | 9063
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Fig. 5 A comparison of CSNs/MWCNT microsphere Na-ion battery
performance with literature reports extracted from Table S1.}

S1f and Fig. 5). The plot Fig. 5 shows the comparative electro-
chemical performance of reported literature values wherein we
extracted the representative data for either similar spherical
morphology or for amorphous hard carbon.*®*-** We concluded
that our composite design outperformed in terms of the first
discharge cycle, rate test and long cycle stability/retention of 500
cycles even at a high current density of 500 mA g~ " as a bench-
mark against other state-of-art-electrodes for SIB anodes. More
elaborate comparison is listed in the ESI (Table S17). Also, when
tested as a lithium anode, the composite electrode showed an
excellent cyclability of 491.4 mA h g~* at 100 mA g™ * after 80
cycles (Fig. S97).

Conclusions

We presented a simple and rapid emulsion solvent-evaporation
method to fabricate hierarchical microparticles from candle

9064 | J Mater. Chem. A, 2022, 10, 9059-9066

soot nanoparticles (CSNs) and multi-walled carbon nanotubes
(MWCNTSs). These mesoporous carbon microparticles were
used as sodium-ion battery anodes and showed three distinct
advantages: (1) the multi-walled-carbon-nanotubes functioned
both as an electrical highway and backbone providing
mechanical integrity, (2) the nanosized primary particle size
prevented fracture upon the large volume change caused by
sodium insertion and de-insertion, (3) the secondary structure
of the microparticles potentially limited the formation of
a solid-electrolyte-interface on their surface instead of on indi-
vidual nanoparticles, retaining the internal void space for
nanoparticle expansion. These features combined resulted in
improved electrochemical performance with a capacity reten-
tion of 120.8 even after 500 cycles at 500 mA g~ " and a high-rate
capability of 112.5 mA h g~' at 1000 mA g~', making the
material comparable with previously described carbon-based
SIB anodes. Our materials showed good rates and long cycle
stability at 500 mA g~ '. However, the initial Coulombic Effi-
ciency (CE) is still low (31.6%). This is because the candle soot
may contain some impurities from the initial collection, as
discussed in recent reports,*®** and consequent work should
increase the quality of these particles.

More importantly, future work should draw inspiration from
this study in using self-assembly as a strategy to mass-produce
microparticles for battery slurries, with hierarchical nano-
structures engineered for optimum performance.
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