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Hollow Carbon Nanospheres with Superior Rate Capability

for Sodium-Based Batteries

Kun Tang, Lijun Fu, Robin J. White,* Linghui Yu, Maria-Magdalena Titirici,

Markus Antonietti, and Joachim Maier*

New energy technologies are critical to address global concerns
regarding energy shortages and environmental issues. Lithium-
based batteries are currently the technology of choice to develop
renewable energy technology and electric vehicles due to their
high energy density. In this context, if electric vehicles are to
gain a significant share of future automobile markets, battery
production and, therefore, the demand of lithium must grow
proportionately and perhaps unsustainably. Therefore there is
growing concern regarding the increasing cost and an uneven
geological distribution of lithium source in recent years.!!l

Contrary to the tremendous study, research and commer-
cial success of the lithium-ion battery, there has been a relative
dearth of studies on other alkaline earth metal systems such
as the sodium-ion battery.>>] The system is one possible alter-
native to the lithium-ion battery due to the low cost and com-
paratively higher natural abundance of sodium, particularly
with regard to large-scale applications. Recently, sodium-ion
batteries were revisited by several groups, which were mainly
focused on cathode materials, including NaCrO,, NaTi,(PO,),
and Na(NigsMng5)0,.58 It has been well established that only
a small amount of sodium can intercalate to graphite, which
is the dominant anode material in today’s commercial lithium
rechargeable batteries.[*1% Generally, increasing the graphitiza-
tion degree results in decay of the sodium storage capacity.!112]
As a result, disordered carbon appears to be the most suitable
anode material for sodium ion batteries.

Classically, lithium batteries employ various different types of
materials as anodes including carbonaceous materials, lithium
alloys and metal oxides et al., whilst disordered carbon is now
considered the dominant candidate material for sodium ion bat-
teries for a number of reasons. Very recently, Chevrier and Ceder
evaluated the possibility of exploring sodium alloys as negative
electrode for sodium ion batteries, but no experimental data has
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thus far been forthcoming.3l The electrochemical insertion of
sodium ions into carbon (e.g. petroleum-coke) as first studied by
Doeff et al.,'" was reported to generate a reversible capacity of
~85 mAhg™!. Subsequent works on various type of carbonaceous
materials have demonstrated that sodium ion uptake in disor-
dered carbon showed similar charge/discharge curves as with
lithium, but present in general a lower capacity due to the larger
comparative ion diameter of sodium.l''1215718] The highest
reversible sodium capacity of 300 mAhg™! (with sodium plating)
was achieved for hard carbons derived from ball-milled sugars,
as reported by Stevens and Dahn.[*®l However, the cyclability and
rate capability of these materials in previous studies are insuf-
ficient, whilst the majority of these studies were also performed
under either very low current density or high temperatures,
which are still far from the ideal operation conditions to make a
serious market and application impact for sodium ion batteries.

As Dahn et al. suggested, the sodium storage mechanism in
disordered carbon can be considered similar to that of lithium
and therefore it is logical to take note of the success of strate-
gies applied to disordered carbon for lithium battery anodes.'"!
In this context, Maier has addressed the critical impact of inter-
face and size effects on mass transfer, transport and storage,
tuning particle size and morphology on the optimization of
electrochemical performance.') More recently Wenzel et al.
have demonstrated the use of hierarchically porous carbon
monoliths as high rate anode materials for sodium ion batteries,
which were once used as high rate anode materials for lithium
ion batteries before.2%2!l However, the relatively low capacity
(i.e. 130 mAhg™' at 0.0744 Ag™!) remains to be improved.

Recently hollow nanospheres have been demonstrated to
be an attractive carbon material morphology in lithium ion
batteries, since the unique hollow structure may boost mass
transport by offering a large surface area and a short diffusion
distance.l?2"2%] Herein, we report for the first time the use of
hollow carbon nanospheres as sodium ion battery anode mate-
rials. The hollow carbon nanospheres were synthesized using
a facile, sustainable method based on hydrothermal carboniza-
tion of glucose in the presence of latex templates. The hydro-
thermal decomposition of Glucose yields a thin layer of hydro-
thermal carbon around the latex template, whilst further non-
oxidative thermal treatment at 1000 °C, removes the template
core to produce hollow carbon spheres with thin amorphous
carbon walls. The resulting void volume roughly conforms
(taking into account carbon shell contraction) with the original
latex template size, whilst the thickness of the carbon shell is
ca. 12 nm.?% In this paper we have investigated for the first
time the electrochemical performance of hollow carbon nano-
spheres as sodium ion battery anode material.
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Figure 1. (a) TEM image and (b) HR-TEM image of hollow carbon nanospheres, (c) XRD pattern of hollow carbon nanospheres, (d) N, sorption
isotherm and pore-size distribution curve (inset) from CO, sorption of the hollow carbon nanospheres.

Morphologically, electron micrograph image analysis indi-
cates, as previously reported, uniformly shaped hollow nano-
spheres, which are neatly interlinked with each other, typically at
the sphere surface (Figure 1a). Examination of the carbon shell
by high-resolution transmission electron microscopy (HR-TEM)
and X-ray diffaction (XRD) indicated a weakly ordered turbos-
tratic carbon structuring (Figure 1b,c). The disordered graphitic-
like shell thickness is ~12 nm, composed of ~2-3 short carbon
layers. The XRD pattern presented two weak, broad diffraction
peaks corresponding to the (002) and (100) diffraction modes
at about 22.2° and 43.9°, characteristic of a disordered carbona-
ceous structure. This is typical for hydrothermal carbons in gen-
eral due to their different formation mechanism and final chem-
ical structure.””] The interlayer spacing (dyg,) Was calculated as
~0.401 nm, which importantly in the context of ion insertion, is
significantly wider than that classically observed for the model
carbon, graphite (i.e. 0.336 nm). It is worthwhile to empha-
size the importance of the difference in interlayer spacing. The
occurrence of large free space between graphene layers should
in principle be beneficial for the reversible storage of sodium
considering the larger diameter of sodium ion (0.95 A) com-
pared to that of lithium ion (0.60 A).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

N, sorption analysis characterized the specific surface of the
hollow carbon nanospheres investigated here as 410 m?g},
whilst the sorption profile presented a reversible hysteresis loop
(Figure 1d). CO, sorption analysis provided a more detailed
analysis of the nanosphere shell microporosity (Figure 1d inset).
The corresponding pores size distribution (PSD) analyzed
using a GCMC/NLDFT model presented a relatively narrow
micropore feature centered around a micropore entrance size
of 0.2-0.35 nm.[28]

It is thought that the presented hollow nanospheres structure
endows the material with excellent sodium storage perform-
ance. Cyclic voltammetry (CV) and galvanostatic discharge/
charge cycling were performed to characterize the sodium ion
insertion/extraction properties (Figure 2). In the first CV cycle,
pronounced cathodic peaks were observed at 1.39 V, 0.36 V and
near 0 V (Figure 2a). The peak at 1.39 V is attributed to the reac-
tion of sodium with functional group(s) at the carbon surface,
behaviour reported previously for lithium storage mechanisms
for carbonaceous materials.?! It is important to note a cathodic
peak shift to lower voltage (i.e. 1.36 V) and a reduction of overall
intensity over subsequent cycles indicating a partly reversible
characteristic of this reaction. It is well known that propylene
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Figure 2. (a) CV of hollow carbon nanospheres showing the first three cycles between 3 V and 0 V at a scan rate of 0.1 mVs™, (b) Galvanostatic
charge/discharge curves at a current rate of 50 mAg™', (c) Cycle performance of hollow carbon nanospheres, (d) Impedance spectra of hollow carbon
nanospheres electrode after 10, 30, 50, and 80t cycle. The inset is the enlarged spectra.

carbonate (PC) decomposes at ca. 0.7 V in lithium battery systems
depending on electrode materials.l3*3! Considering the standard
electrode potential difference, E° (Li/Li*) - E°(Na/Na'), is 0.33 V
for aqueous solutions and reported to be slightly smaller for PC
(0.23 V) and similar value for ethylene carbonate (EC),*? it is
plausible to assign the cathodic peak at 0.36 V to PC decomposi-
tion, leading to the formation of a solid electrolyte interphase
(SEI) as compared to the lithium system.?’l The clear sodium
insertion peak observed at lower voltages near 0 V is similar for
lithium insertion in carbonaceous materials.’3] Furthermore, a
clear peak at 0.11 V in the reverse cycle is observed, a feature
attributed to sodium extraction from shell nanopores (discussed
later). However, sodium removal occurs over a broad potential
range, similarly to previously reported lithium systems.**]

The first discharge/charge cycle delivered specific capaci-
ties of 537 and 223 mAhg! respectively at a current rate of
50 mAg™ (Figure 2b). The large irreversible capacity arises
from both electrolyte decomposition at the electrode/elec-
trolyte surface and the irreversible insertion of sodium into
potentially unique shell positions as demonstrated by fea-
tures in the corresponding CV curves, which is interestingly
analogous to previous literature discussions regarding lithium
storage in disordered carbons.>) The reversible capacity of
200 mAhg™ at a current density of 50 mAg™ is significant, and
only a few reports achieved capacities more than 200 mAhg™!
for sodium anode materials, typically obtained at much lower
current densities than that reported here.'11618] And a revers-
ible capacity of 150 mAhg™ can be obtained at voltage range
0-1.5 V, which is more suitable for practical application. The
sloping charge curves in following cycles is somewhat similar
to lithium insertion/ extraction except for the obvious plateau
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below 0.1 V observed here found for sodium extraction, which
corresponds well with the anodic peak at 0.11 V in the reported
CV curves. Previously reported studies have suggested two
predominant mechanisms for sodium insertion into carbon;
(1) Insertion of sodium between graphene layers corresponding
to the sloping voltage profile and (2) Insertion into micropores
at the lowest potentials.['%1216 Tt should be mentioned that, in
our case, the sodium insertion into nanopores contributes less
than 20 mAhg™ to the total sodium storage, with the majority of
the capacity arising due to sodium insertion between graphene
layers. Considering the favourable insertion of the sodium ion
into the graphene layers with large interlayer spacing, it can
be expected that a large fraction of sodium storage between
graphene layers has a beneficial effect on the rate performance.

The cycling stability during sodium insertion/extraction in
the hollow carbon nanospheres was also investigated at a current
density of 50 mAg™! for the first ten cycles and then 100 mAg™!
for subsequent cycles (Figure 2c). It is thought that the observed
capacity loss over the initial cycling steps stems from SEI
film stabilization and irreversible sodium ion insertion. After
100 cycles, a reversible capacity of ~160 mAhg™! is stably main-
tained. The coulombic efficiency approaches ~ 94% after several
cycles, whilst the observed irreversible capacity during each cycle
is attributed to the incomplete stabilization of SEI for the pre-
sented sodium battery system. The electrochemical impedance
spectra of the hollow carbon nanospheres electrode was meas-
ured (Figure 2d). The Nyquist plots consist of a depressed semi-
circle in the high- and middle-frequency regions and a straight
line in the low-frequency region. The semicircle can be attrib-
uted to the SEI film and contact resistance at high frequencies
and a charge-transfer process in the middle-frequency, while the
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linear increase in the low-frequency range may reflect Warburg
impedance associated with sodium ion diffusion in the carbon
electrode.®” The charge-transfer resistances (R.) simulated from
the equivalent circuits are 282, 337, 460 and 464 Q after 10,
30th, 50, and 80™ cycles, respectively (Supporting Information
(SI), Figure S1). The carbon electrode shows an increase in resist-
ance in the first 50 cycles and then achieves a steady state. This
phenomenon is interpreted as the result o subsequent stable SEI
formation throughout cycling. In this context it is important to
note that this behaviour could potentially be improved via opti-
mization of the electrolyte employed. Such a good cycling per-
formance of >100 cycles has seldom been achieved in previous
reports on anode materials for sodium ion batteries.[®!
Remarkably the reversible capacities at various discharge/
charge rates, are retained at 168, 142, 120, 100, and 75 mAhg! at
currentdensities0f0.2,0.5,1,2,and 5 Ag ' respectively (Figure 3a).
Even at a very high current density of 10 Ag™, a capacity of
~50 mAhg is still maintained, demonstrating the excellent rate
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performance of the hollow carbon nanospheres based electrode.
To the best of our knowledge, the presented results indicate the
best rate performance ever measured for a sodium ion battery
anode material.[B111215-19.211 The superior electrochemical per-
formance of hollow carbon nanospheres is attributed to the spe-
cific characteristics of this unique hollow nanosphere structure
and carbon shell ordering (Figure 3b). First of all, the well con-
nected hollow carbon structure ensures an efficient and contin-
uous electron transport. Secondly, a very defined and large elec-
trode/ electrolyte contact area offers a large number of active
sites for charge-transfer reaction. Thirdly, the large interlayer
spacing facilitates sodium ion transport and storage between
graphene layers, which is especially important for the larger
sodium cation. Last but not least, the very thin shell thickness
(< 12 nm) guarantees a very short sodium diffusion distance,
which plays a vital role in the rate performance. To emphasize
this point, a control experiment was performed using disor-
dered hydrothermal carbons obtained from a saccharide pre-
cursor (i.e. p-Glucose) prepared without the
addition of the morphology directing polysty-
rene latex template (SI, Figure S2-S4). At a
low current density of 0.1 Ag™!, the reversible

250
n m  Charge capacity of HCS capacity is approximately 137 mAhg™! much
0.1A/g ® Discharge capacity of HCS lower than that for the hollow nanosphere
~ 200 o ® A Charge capacity of CS structure. With increasing current density,
F'm ] = ° 0.2Alg ¥ Distiargs eapauity of OF the capacity was observed to decrease rapidly
""u"‘. for the non-hollow carbon material, under
=

< "“'* 4 0.5/ the same testing conditions. These results
e 1501 v -.. P demonstrate that the favorable transport
S Ax’xn 1A/g properties of this unique hollow nanosphere
b 'llll} 2A1g structure are essential for the superior elec-

O 100- o FETLL trochemical performance.
© - 5Alg In summary, we have demonstrated that
% ki .""i hollow carbon nanospheres prepared by a
O 50- ) o .1.0: ‘g. facile, sustainable hydrothermal method pos-
sess excellent cycling stability and rate capa-
1xyx bility when employed as anode materials for
0 ) the sodium-based battery. Further modifica-
LT L T L T LI tion of material parameters such as mor-
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Hollow carbon nanospheres electrode

Figure 3. (a) Rate performance of hollow carbon nanospheres (HCS) and carbon spheres (CS)
at variant rates. (b) Schemes of the electrochemical reaction process of hollow carbon nano-

spheres and carbon spheres.
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phology and size is an effective strategy by
which to boost mass transport and storage,
leading to a significant improvement of the
electrochemical performance both for lithium
and sodium. Our results represent the best
level achieved so far and provide new perspec-
tives concerning the possibility to construct
low-cost sodium ion Dbattery systems with
Li-ion system competitive performance. As
in the lithium system, these materials have to
be improved in terms of irreversible capacity
and volumetric energy density in order to
make them good candidates for anodes.

Experimental Section

Carbon nanospheres electrode

Synthesis of hollow carbon spheres: An aqueous
dispersion of poly(styrene) latexes is mixed with
D-Glucose acting as the carbon precursor. The
solution was then sealed into the Teflon inlet in an

Adv. Energy Mater. 2012, 2, 873-877
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autoclave and hydrothermally treated at 180 °C for 20 h. After reaction,
the carbonaceous product can be filtered off, followed by washing with
excess H,O and drying under vacuum. To remove the polymer template
and to graphitise the carbonaceous shell, the composite material is then
heated to 1000 °C.

Synthesis of hydrothermal carbons: D-Glucose dissolved in deionized
water was used as starting solution. The solution was then sealed into
the Teflon inlet in an autoclave and hydrothermally treated at 180 °C for
20 h. The obtained materials were filtered and washed several times
with deionized water drying under vacuum. The dried precursors were
calcined at 1000 °C under N, to obtain HTC carbons.

Characterization and  Electrochemical ~measurements:  Material
morphology was visualized using a Zeiss Gemini DSM 982 scanning
electron microscope (SEM).Transmission Electron Microscopy (TEM)
was carried out with a Zeiss EM912 Omega operated at an acceleration
voltage of 120 kV. The structure was characterized by X-ray diffraction
(XRD) (Philips) using Cu Ka radiation. Nitrogen adsorption and
desorption isotherms were measured at 77 K with a Quadrachrome
Adsorption Instrument. Two-electrode Swagelok-type cells were used
as testing batteries. The working electrode was made by spreading
85% hollow carbon spheres, 5% carbon black and 10% poly(vinylidene
difluoride) (PVDF) onto a copper current collector and dried in a
vacuum oven at 120 °C overnight. The cells were assembled in an
argon-filled glove box. Sodium metal was utilized as counter electrode
and glass fiber (GF/D) from Whatman was used as a separator. The
electrolyte was 1 m NaClO, in propylene carbonate. Cyclic voltammetry
measurements were performed on VoltaLlab 80 electrochemical
workstation at a scan rate of 0.1 mVs™'. Electrochemical impedance
measurements were also performed on VoltaLab 80 electrochemical
workstation in the frequency range from 100 kHz to 0.01 Hz, and
the voltage perturbation was controlled at 10 mV. Charge/discharge
(0.001-3 V) tests were performed on an Arbin MSTAT battery test
system under ambient temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. It includes the equivalent circuit used for fitting the
experimental EIS data, SEM, and TEM images and charge/discharge
curves of carbon spheres without the use of morphology directing
templates.
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