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ected hollow graphene
nanospheres as an advanced high energy and high
power cathode for sodium metal batteries†

Ranjith Thangavel, ‡a Aravindaraj G. Kannan, ‡b Rubha Ponraj,b Xueliang Sun, c

Dong-Won Kim *b and Yun-Sung Lee *a
Developing sodium based energy storage systems that retain high

energy density at high power alongwith stable cycling is of paramount

importance to meet the energy demands of next generation applica-

tions. This requires the development of electrodes beyond the

conventional intercalation-based chemistry to overcome the sluggish

diffusion-limited reaction kinetics and limited cycle life. Herein, we

report a rationally designed hollow graphene nanosphere (HGS)

cathode, which utilizes non-destructive, ultra-fast surface redox

reactions at oxygen functional groups and delivers a discharge

capacity of �155 mA h g�1 (0.1 A g�1) corresponding to a high energy

of �415 W h kg�1 and retains �88 W h kg�1 of energy at a remarkable

specific power of �84 kW kg�1 (40 A g�1), which are beyond the

capabilities of intercalation-based electrodes. Moreover, the achieved

cycling performance (86% capacity retention after 50 000 cycles at 10

A g�1) is the most stable cathode performance reported so far. The

rationally designed sodiummetal battery full cells with a sodiummetal

deposited aluminium current collector anode and the HGS cathode

showed a similar sodium ion storage performance with high capacity,

good rate capability, and stability. We certainly believe that the current

research could direct the future research development towards

transition metal-free, ultra-high power and super stable cathodes for

sodium energy storage devices.
The ever increasing global energy demand and its impact on the
environment have led to the rapid development of renewable
energy sources such as solar and wind, which are highly inter-
mittent in nature and require cost-effective energy storage
systems with faster reaction kinetics, high energy density and
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ultra-long cycle life.1,2 Although supercapacitors can deliver
high power and long cycle life, their low energy density impedes
their applications in such systems. Rechargeable sodium based
storage devices such as sodium ion batteries (NIBs) and sodium
metal batteries could be a promising alternative due to the
abundant availability and low cost of sodium metal along with
their well-known reaction chemistry, which is similar to that of
lithium ion batteries.3,4 Although signicant progress has been
made in the performance of sodium storage devices through
advancements in cathodes, anodes, sodium metal hosts and
electrolytes, they still do not satisfy the needs of next generation
applications. The crucial problem that remains unsolved is the
sluggish reaction kinetics of NIBs due to the larger ionic size of
sodium along with the diffusion-limited intercalation/extrac-
tion of sodium ions within the sodium hosts.5,6 Also, a large
structural change in the electrode during repeated Na+ inser-
tion/extraction lowers the capacity and cycle life.7,8 Surface
driven sodium charge storage utilizing transition metal-free
carbonaceous cathodes could overcome the sluggish diffusion
and intercalation kinetics.9,10 Energized by metal-free non-
intercalation chemistries, ultra-high energy and power densi-
ties can be achieved utilizing reversible sodium ion storage in
carboxylic groups present in carbonaceous materials.11

Recently, functional group-enriched graphene-based cathodes
such as graphene platelets, nanocellular foams, and folded
graphene have been demonstrated as metal-free high power
cathodes for sodium based energy storage systems.11–13 Yet, the
specic power output and capacity retention at higher currents
are not appealing and need further improvements. Moreover,
the conventional planar graphene sheets are prone to re-stack-
ing and form intrinsic corrugations during processing, result-
ing in a reduced active surface area and decreased ion
accessibility.14 To mitigate these issues, the rational design of
graphene nanosheets into advanced multifunctional structures
that effectively utilize their surface functional groups is critical.
On the other hand, hollow architectures are well known to
improve the surface utilization of any active material thereby
enhancing the rate capability and stability.15–17 Therefore,
This journal is © The Royal Society of Chemistry 2018
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assembling graphene nanosheets into such hollow structures
could enormously boost the output performance of sodium ion
based energy storage devices. Additionally, such metal-free
cathodes require sodium containing low voltage anodes or
sodiummetal itself as the anode, and sodium full cells based on
metal-free cathodes have not been widely investigated so far.

Herein, we demonstrate for the rst time the use of highly
interconnected hollow graphene spheres (HGSs) as a high-
performance cathode for sodium energy storage systems with
battery-like energy density and capacitor-like power and life-
time. HGSs were prepared by assembling graphene oxide (GO)
onto amino-functionalized silica sphere templates through
electrostatic interactions, followed by reduction and template
removal. The HGS cathode can reversibly store sodium ions
through surface faradaic reactions with carboxylic groups
(elucidated using X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM)) and deliver a capacity
of �155 mA h g�1 in a half-cell conguration. The HGS elec-
trodes exhibited a high energy density of �410 W h kg�1 and an
ultra-high power of �84 kW kg�1, which are beyond the capa-
bilities of intercalation-based compounds. In addition, ultra-
stable performance for 50 000 cycles has been documented for
the rst time, outperforming the stability of previously reported
sodium ion cathode materials and approaching the cycling
performance of capacitors. The novelty of the current work lies
in the development of high energy and high power sodium
cathodes with ultra-long stability by assembling graphene
nanosheets into a continuous 3-dimensional structure. This
effectively prevented the re-stacking of graphene sheets during
processing thereby exposing the surface functional groups. In
addition, a sodium metal full cell based on the metal-free HGS
cathode is demonstrated in this work. Remarkably, when full
cells are assembled with the HGS cathode and a sodium
deposited aluminum current collector anode, the sodiummetal
Scheme 1 Schematic illustration of the preparation of HGSs using a tem

This journal is © The Royal Society of Chemistry 2018
batteries can perform extremely well in a similar fashion with
high capacity (131mA h g�1 at 0.2 A g�1) and rate capability. The
current research approach may shed some light on the devel-
opment of next generation ultra-stable sodium energy storage
systems with a blend of high energy, ultra-high power and
durability.

To effectively utilize the superior properties of graphene
nanosheets, 2-dimensional graphene sheets were assembled
into highly interconnected 3-D structures using a sacricial
template method as depicted in Scheme 1. An amino-func-
tionalized silica sphere template was prepared using a two-step
sol–gel method, where tetraethyl orthosilicate was used as
a precursor for silica synthesis followed by surface modication
using (3-aminopropyltriethoxy)silane. In the rst step of HGS
preparation, yolk–shell structured GO wrapped amino-func-
tionalized silica sphere templates were prepared by utilizing the
electrostatic interaction between the positively charged amino
groups present on the functionalized silica surface and the
negatively charged oxygen functional groups on GO. Upon
thermal reduction (at 700 �C in an Ar atmosphere) in the
subsequent step, reduced graphene oxide (rGO) covered
templates were obtained. Finally, the template was etched using
hydrouoric acid to obtain HGSs (more detailed experimental
conditions are given in the ESI†). The size of the spherical
template was found to be in the range of 230–280 nm (ESI,
Fig. S1a†). The uniform coverage of the spherical template with
rGO was clearly evident from the scanning electron microscopy
(SEM) and TEM images (Fig. S1b,† 1a and b, respectively). Such
a uniform coverage was possible due to the electrostatic inter-
action between the GO sheets and the template. Although
a slight contraction occurred during the etching step, a stable
hollow structure was obtained without the support of the
template owing to the high mechanical strength of rGO.18–20

Another notable feature is the highly interconnected nature of
plate method.

J. Mater. Chem. A, 2018, 6, 9846–9853 | 9847

http://dx.doi.org/10.1039/c8ta00153g


Fig. 1 (a) and (b) TEM images of the rGO encapsulated SiO2 template, and (c)–(e) TEM images of HGSs.
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HGSs as clearly evident from the SEM and TEM images in
Fig. S1c and d† and 1c–e, respectively, which is crucial to
establish continuous electron transfer between neighboring
hollow spheres. Such connected structures were possible due to
the 2-dimensional nature of GO, where the larger dimensions of
GO enabled it to wrap individual amino-functionalized silica
spheres as well as connect the neighboring spheres.21 More
importantly, the assembly of graphene sheets into 3-D archi-
tectures conned them from restacking during the thermal
treatment step thereby exposing more surface functional
groups.22,23 The ratio between the template and GO is essential
to achieve a well interconnected nanosphere morphology. With
a higher silica template ratio, the interconnected nature is not
retained while with a higher GO ratio, wastage of GO is noted
during the centrifugation step.

The chemical composition of HGSs as determined from XPS
(Fig. S2a†) was found to be 85.67 at% and 14.31 at% of carbon
and oxygen, respectively. In contrast, the amount of carbon/
oxygen in GO and rGO (prepared as a control sample using the
same procedure as HGSs except using the template) was
determined to be 68.88/31.12 at% (not given) and 86.23/13.77
at% (Fig. S2c†), respectively, indicating that GO was substan-
tially reduced during the thermal treatment step. This result
shows that the chemical compositions of HGS and rGO control
samples are similar and any possible difference in their elec-
trochemical performance would result from their morpholog-
ical differences. In addition, no silica peaks were detected in the
XPS spectrum conrming the complete removal of silica
templates. Additionally, peaks due to the nitrogen heteroatom
were also not detected in the XPS survey spectrum which could
9848 | J. Mater. Chem. A, 2018, 6, 9846–9853
be below the detection limit. The Raman spectrum of HGSs
(Fig. S2b†) further conrms the reduction of GO during the
thermal treatment step, where the ID/IG ratio was determined to
be 0.87 and 1.04 for GO and HGSs, respectively.24 The increase
in ID/IG aer GO reduction is a common phenomenon and is
attributed to reduction in the average size of sp2 domains, in
which new sp2 domains have smaller sizes than the graphitic
domains in GO. Although HGSs have more defect-free sp2

carbon aer reduction, the carbon from the smaller graphitic
domain than in GO leads to structural defects in HGSs. Addi-
tionally, the increase in graphene edges aer GO reduction
could lead to an increase in the ID/IG ratio. The BET surface area
of HGSs is �340 m2 g�1 and their pore volume is 0.71 cm3 g�1,
indicating the highly porous nature of HGSs (Fig. S3†), while the
rGO prepared without a silica template has a BET surface area of
�251 m2 g�1with a pore volume of 0.22 cm3 g�1. The highly
mesoporous nature of HGSs with wider pore volume can offer
a large number of electrolyte reservoir sites, and provide chan-
nels for fast sodium ion transport, favoring high rate and
stability.

A coin-type cell conguration was used to evaluate the elec-
trochemical performance of HGSs as a cathode by coupling with
commercial sodium metal anodes. The cyclic voltammetry (CV)
curves (Fig. 2a) show the presence of a broad redox peak
between 1.5–4.2 V (clearly visible at high scan rates), and are not
in a perfect rectangular shape. The absence of a perfect rect-
angular shape and the presence of broad redox peaks indicate
reversible sodium uptake and release in HGSs through faradaic
reactions.25,26 The large number of oxygen containing carboxyl
functional groups are the active sites for sodium storage.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Cyclic voltammograms of HGSs in NIBs, (b) charge/discharge profile of HGSs in NIBs, (c) rate performance comparison of HGS and rGO
control samples, (d) rate capability comparison of HGS and other reported cathodes, (e) Ragone plot of HGSs and comparison with other re-
ported cathodes, and (f) long term cycling stability of HGSs at 10 A g�1.
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Moreover, the current response with the increase in the scan
rate in HGSs was highly linear (Fig. S4†), indicating a surface
mediated ion storage kinetics rather than a diffusion-limited
bulk reaction.11,27 Therefore, the sodium ion storage chemistry
in HGSs could be attributed to the redox reaction between
sodium ions and oxygen containing surface moieties (discussed
below). The applicability of HGSs towards NIBs was further
evaluated by galvanostatic charge–discharge (CD) cycling
between 1.5 and 4.2 V. The representative CD curves of HGSs
obtained at different current densities are given in Fig. 2b. The
CD curves at all current rates showed no apparent voltage
plateau and delivered a high capacity of �155 mA h g�1 at 0.1 A
g�1 with an average voltage of �2.8 V (vs. Na), and an initial
stabilization was noted. The lack of a plateau indicates that the
reaction is limited to the surface. The obtained capacity is much
higher than the theoretical capacity of several reported layered
oxide, NASICON, pyrophosphate andmetal phosphate cathodes
for sodium ion batteries.28,29 In addition, HGSs exhibited
This journal is © The Royal Society of Chemistry 2018
a remarkable rate capability, functioning efficiently even at an
extremely high current of 40 A g�1 and delivered a discharge
capacity of �40 mA h g�1. Even aer the high rate measure-
ments, about 100% of the initial capacity was recovered when
the current density was reversed back to 1 A g�1 and then to 10 A
g�1 (Fig. 2c). Meanwhile, unassembled rGO sheets delivered
a much lower discharge capacity of �70 mA h g�1 at 0.1 A g�1

(Fig. S5†) and also exhibited poor rate performance (Fig. 2c).
These results demonstrate the superiority of HGSs over rGO
sheets even though their chemical compositions and surface
functional moieties are similar. The high capacity and excellent
rate performance of HGSs could be attributed to their favorable
hollow nanosphere architecture, which facilitated maximum
utilization of active sites in graphene sheets and the highly
connected graphene network enabled a continuous electron
transfer pathway to the current collector.30,31 On the contrary,
rGO nanosheets re-stacked in the control sample during the
thermal treatment step, resulting in a reduced active surface
J. Mater. Chem. A, 2018, 6, 9846–9853 | 9849
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area and ion accessibility. To further demonstrate the superior
rate performance of HGSs, the discharge capacity of HGSs at
various current rates is compared with several previously re-
ported cathodes (Fig. 2d). The high current behavior of HGSs
surpassed the performance of conventional transition metal
based intercalation cathodes and even outperformed the fast
sodium ion conducting NASICON-structured cathodes.
Although cathodes such as Na3V2(PO4)2F3 and Na2/3[Fe1/2Mn1/2]
O2 exhibited comparable capacities at low current rates, their
performances at higher current rates were inferior to HGSs due
to the diffusion-limited reaction kinetics of these electrodes.32–34

On the contrary, the HGS cathode benetted from the faster
surface-only reaction of sodium ions with the surface oxygen
functional groups and delivered a higher capacity than metal
containing electrodes.35–43

The superiority of HGSs is further demonstrated from the
Ragone plots presented in Fig. 2e. The HGS electrode delivered
a high energy density of �416 W h kg�1 at a specic power of
�0.29 kW kg�1. Remarkably, it could maintain a high energy of
�88 W h kg�1 when the specic power was increased by a factor
of �290 (i.e., 84 kW kg�1). This shows that the HGS electrode
retained energy densities similar to that of NIBs while operating
at capacitor-like power densities. Moreover, the attained high
energy density and high energy retention at high power are
remarkably better than those of the conventional layered oxide,
NASICON, pyrophosphate, sulfate, uorophosphate, Prussian
blue and organic cathodes.3,4,10 Such an excellent performance
is attributed to the favorable hollow nanosphere architecture
with a highly interconnected architecture that enabled effective
utilization of surface functional moieties in graphene sheets
through a faster surface-only sodium ion storage mechanism.

Long term cyclability at high current rates is another critical
parameter that determines the practical applicability of high
power energy storage devices. When HGSs were cycled at 10 A
g�1, an initial discharge capacity of �70 mA h g�1 was achieved
and the capacity gradually increased to 80 mA h g�1 aer 5000
cycles, which could be attributed to the activation process in the
porous materials. The HGS cathode remarkably exhibited
capacitor-like cycling stability with �86% of its initial capacity
maintained aer 50 000 cycles, while maintaining �100%
coulombic efficiency throughout cycling (Fig. 2f). The capacity
loss was calculated to be�0.28% per 1000 cycles, the lowest ever
documented for any cathode. Such a highly reversible sodium
charge storage mechanism elevates HGSs as a promising ultra-
stable high power cathode. Generally, the conventional inter-
calation type cathodes are stable for only a few hundred cycles
due to the continuous dissolution of transition metals in the
electrolyte resulting in structural instability and even the state-
of-the-art NASICON-type cathodes are stable for only a few
thousand cycles.32–35 Additionally, the stability of previously re-
ported graphene cathodes in NIBs is still in the range of a few
thousand cycles. In comparison, the cycling performance of
HGSs is several orders higher than those of other reported
cathodes for sodium ion batteries. To understand this extremely
durable, capacitor-like cycling performance of HGSs, post-
mortem ex situ analysis of the HGS electrode aer 50 000 cycles
was carried out. TEM images (Fig. S6†) of the HGS electrode
9850 | J. Mater. Chem. A, 2018, 6, 9846–9853
aer 50 000 cycles demonstrate that the hollow nanosphere
morphology was well preserved even aer ultra-long cycling at
a high current rate indicating non-destructive sodium ion
storage on the surface functional groups of HGSs.

To elucidate the sodium storage mechanism in HGSs, TEM
and XPS analyses were carried out. TEM images (Fig. 3a and b)
of HGSs show no morphology change in HGSs at the discharged
state (1.5 V vs. Na) and TEM-energy dispersive X-ray spectros-
copy (EDS) mapping of the HGS electrode (Fig. 3c) at the dis-
charged state (1.5 V vs. Na) clearly shows uniform distribution
of carbon, oxygen and sodium on hollow sphere structures.
Interestingly, sodium distribution is predominantly present on
the oxygen sites, which demonstrates the active role of oxygen
functional groups in sodium ion storage. This claim is further
validated by the high-resolution XPS spectra presented in
Fig. 3d and e. The deconvoluted C1s XPS spectrum of HGSs
before cycling shows the presence of peaks at 284.5 eV, 285.6 eV
and 287.8 eV, which are attributed to C–C, C–O and C]O
groups, respectively. Aer cycling at the discharged state (1.5 V
vs. Na), the intensity of the C]O peak decreased drastically and
a corresponding increase in the C–O peak was noted. This
behavior was reversed to the original state upon charging (4.2 V
vs. Na), indicating the reversible reaction at C]O sites as rep-
resented in Fig. 3d. Moreover, the O1s XPS spectrum (Fig. 3e) of
HGSs before cycling was deconvoluted into two peaks at 530.2
eV and 532.7 eV, which could be attributed to double-bonded
and single-bonded oxygen, respectively. The notable differences
upon sodiation of the HGS electrode are the appearance of
a broad peak centered at 538 eV representing the sodium auger
peak and the diminished peak corresponding to double-bonded
oxygen. Aer charging, the peak corresponding to the sodium
auger contribution disappeared and the intensity of double-
bonded oxygen was restored. From these XPS results, we can
elucidate the reaction mechanism as depicted in Fig. 3f, where
reversible sodium storage occurs at C]O sites present on the
HGS surface through the transformation of the carbon–oxygen
double bond into the carbon–oxygen single bond.11,44,45 The
reduction temperature is a key parameter that determines the
amount of oxygen-containing functional groups and the elec-
tronic conductivity of HGSs and therefore, the effect of reduc-
tion temperature on the performance of HGSs was also
evaluated. Increasing the reduction temperature from 600 �C to
900 �C decreased the oxygen functionalities over HGSs, which
can be evidenced from the XPS spectra in Fig. S7a.† The
increase in the reduction temperature signicantly decreased
the carbonyl groups (C]O) at 287.8 eV, and partially decreased
the epoxide (C–O) peak at 285.6e eV, thereby minimizing the
active redox sites (Fig. S7b†). In addition, the C/O ratio drasti-
cally increased from 4.02 to 11.82 when the reduction temper-
ature was increased from 600 �C to 900 �C. A higher C/O ratio in
general indicates better electronic conductivity. HGSs reduced
at 800 �C and 900 �C delivered discharge capacities of �119 and
�94 mA h g�1 at 0.1 A g�1, respectively. In contrast, HGSs
reduced at 700 �C and 600 �C delivered discharge capacities of
�155 mA h g�1 and 135 mA h g�1, respectively (Fig. S7c†). The
decrease in redox-active oxygen functionalities over the HGS
surface on reduction at higher temperature decreased the
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Characterization of HGSs at the discharged state (1.5 V vs. Na): (a) and (b) TEM images, (c) EDS maps, (d) deconvoluted C1s XPS spectrum,
(e) deconvoluted O1s XPS spectrum, and (f) schematic of the storage mechanism of HGSs.
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capacity, whereas the electronic conductivity played a key role
when the reduction temperature was decreased to 600 �C.
Therefore, the optimum reduction temperature was found to be
700 �C.

Prompted by the above results, it is expected that the HGSs
can be a promising candidate for sodium full-cells. HGSs with
no sodium, a low voltage and a sodium containing anode are
essential for full-cell construction. Recent studies show the
possibility of sodiummetal itself serving as a high performance
This journal is © The Royal Society of Chemistry 2018
and long life metal anode if engineered efficiently in a host.46–48

Inspired by the recent nding by C. L. Pint et al., which
demonstrated a carbon coated aluminium current collector as
a high performance sodium metal host, we constructed
a sodium metal battery with the HGS cathode and a sodium
metal deposited carbon coated aluminum current collector
anode.49 The full-cell can perform extremely well, with similar
performance delivering a discharge capacity of �131 mA h g�1

at 0.2 A g�1 and the charge–discharge prole shows a similar
J. Mater. Chem. A, 2018, 6, 9846–9853 | 9851
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Fig. 4 (a) CD curves of the sodium metal full-cell at 0.2 A g�1, and (b) the rate performance of the full-cell.
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pattern (Fig. 4a). The full-cell can deliver almost a similar
capacity even aer the 50th cycle. Even at a high current of 5 A
g�1, a discharge capacity of �73 mA h g�1 has been achieved
(Fig. 4b), equivalent to half-cell performance which is still
beyond the performance of intercalation type cathodes.5 At
a higher current, the full-cell delivered a poor capacity
compared to the half-cell and this could be attributed to the
inability of the sodium metal anode to function under high
current conditions.46–50 Further research towards designing an
efficient sodium metal host and electrolyte composition can
increase the full-cell performance in future and could result in
high performance sodium metal batteries.
Conclusions

In summary, we demonstrated that the rational design of gra-
phene nanosheets into a hollow sphere architecture enabled
them to be a high energy and high power cathode material with
ultra-long stability for advanced sodium energy storage devices.
Driven by ultra-fast and highly reversible surface-only sodium
ion storage, the storage kinetics are several orders faster than
those of the conventional intercalation type cathodes used in
sodium ion batteries. Favored by non-destructive sodium ion
storage in a 3D architecture by utilizing surface oxygen func-
tional groups, a high capacity, high energy retention and ultra-
high specic power were achieved along with superior stability.
The rationally designed sodium metal full-cell battery also
performed extremely well with high capacity, rate capability and
cycle life. This research could further direct future performance
improvements through tuning the structure, controlling surface
functional groups, optimizing electronic conductivity and
doping with heteroatoms. Although this cathode requires pre-
sodiated type anodes, we certainly believe that the favorable
research progress in sodium metal anodes would enable the
utilization of HGS cathodes towards high performance sodium
metal battery applications.
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