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The unique structure of hierarchical carbon nanocages greatly
favors the electrolyte penetration, ion diffusion, electron
conduction and structural stability, resulting in high-rate
capability and excellent cyclability for Li and Na storages.
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ABSTRACT

The novel hierarchical carbon nanocages (hCNC) are first proposed as high-rate
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excellent cyclability. For lithium storage, the corresponding electrode stores the
steady reversible capacity of 970 mAh g at a rate of 0.1 A g after 10 cycles, and
stabilizes at 229 mAh g-! even over 10000 cycles at a high rate of 25 A g1 (33 s for
full-charging) while delivering a large specific power of 37 kW kgelectrode™ and
specific energy of 339 Wh kgelectrode. For sodium storage, the hCNC reaches a
high discharge capacity of ~50 mAh g even at a high rate of 10 A g-..

sodium-ion batteries,
anode,
high-rate capability

1 Introduction

Lithium-ion batteries (LIBs) have widely been
applied in cell phones, laptop computers and digital
cameras, which creates great change for today’s
modern life [1, 2]. Beyond the portable electronic
devices, the markets for large-scale energy storage
have rapidly emerged, including powering electric
vehicles and leveling the grid fed by intermittent
sources such as solar and wind energies [3-5]. These
new demands are calling for a significant step-up in

rate capability, energy density and cost-competitive
for nowadays LIBs.

In the viewpoint of rate capability, the limitation
mainly stems from the slow solid-state Li-ion
diffusion both in the cathode and anode materials,
which prevents the massive Li-ions releasing or
storing rapidly. Progress in the high-rate cathodes of
LIBs has reached the half-cell capacity up to 60 mAh
g™ at an ultrahigh rate of 400C (nC denotes the rate at
which a full charge or discharge takes 1/n hour)
[6-10]. The exploration of matchable high-rate anode

Address correspondence to Xizhang Wang, wangxzh@nju.edu.cn; Zheng Hu, zhenghu@nju.edu.cn

(& .
@ E‘N$VIEESI($YI—|!I¥£S @ Sprlnger



:

counterparts has become a challenge to realize the
dramatic performance improvement of the full cells
with ultrafast charging/discharging capability. To
reduce the cost of LIBs, the sodium-ion batteries
(SIBs) is considered to be an alternative to LIBs due
to the abundance and low cost of sodium [10, 11].
And considerable progresses have been made in
developing the cathode materials for SIBs to date
[12-15]. Compared to the fast development of
excellent cathode materials, the
matchable anode materials for SIBs is relatively slow.
Exploring the anodes featured with high capacity,

innovation of

high-rate capability, low cost and long cyclability is
also a great challenge for SIBs.

The carbonaceous materials have been used as
anodes in the commercial LIBs owing to the low cost,
good conductivity and environmental benignity. The
abundant carbon nanostructures give us opportunity
to achieve the high surface area for electrolyte
penetration and the short solid-state ion diffusion
length for rapid ion transport [16-20]. Moreover,
carbon nanomaterials avoid the bottlenecks of the
large
intercalation/deintercalation generally faced by the
other typical anode materials, e.g. Si-based materials
and metal oxides (MOx) for Li storage [21] as well as

volume change during ions

Sn-based materials for Na storage [22, 23]. Therefore,
carbon nanomaterials could be the most potential
high-rate anodes for Li- and Na-ion batteries. In
addition, constructing a 3D hierarchical architecture
for carbon nanomaterials
approach to
transportation and structural stability [24-26].

Very recently, we have obtained the novel 3D
(hCNC) with
well-defined multiscale characters and coexisting

is also an effective

enhance ion diffusion, electron

hierarchical carbon nanocages
micro-, meso-, and macro-pores, which confines
high-loading sulfur as high-rate Li-S batteries
cathodes [27]. In this study, we first proposed the
hCNC as Li- and Na-ion batteries anodes. The
unique structure of hCNC greatly favors the
electrolyte penetration, ion diffusion, electron
conduction and structural stability, resulting in a

high-rate capability and excellent cyclability.

2 Experimental
2.1 Preparation

=

&
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The hierarchical carbon nanocages were prepared
by an in-situ MgO template method using the basic
magnesium carbonate precursor with 3D hierarchical
structure, and the carbon
nanocages (rpCNC) was prepared similar to hCNC
using the commercial MgO particles as the template,

as described in our previous paper [27]. The

randomly packed

preparation of carbon nanotubes (CNT) and reduced
graphene oxides (RGO) were referenced from our
previous papers [28, 29].

2.2 Characterization

The as-prepared materials were characterized by
scanning electron microscopy (SEM, Hitachi 54800 at
20 kV), high resolution transmission electron
microscopy (HRTEM, JEM-2100 operating at 200 kV).
N2 adsorption/desorption isotherms were measured
on Thermo Fisher Scientific Surfer Gas Adsorption
Porosimeter at 77 K. The specific surface area was
calculated using the BET (Brunauer-Emmett-Teller)
method based on the adsorption data. Micro- and
meso-pore size distributions were calculated by
using HK (Horvath-Kawazoe, N2 on graphite at 77.2
K) and BJH (Barrett-Joyner-Halenda) methods from
the adsorption branch of N: isotherm, respectively.
Thermogravimetry analysis (Netzsch STA-449F3)
was performed at a heating rate of 10 °C min from
room temperature to 900 °C under air flow.

2.3 Electrochemistry

The working electrodes were prepared by casting
the slurry containing the active materials (80 wt%)
and polyvinylidene fluoride binder (PVDE, 20 wt%)
in N-methyl-2-pyrrolidnone onto a Cu foil substrate.
After dried in a vacuum oven at 120 °C for 12 h, the
electrode was obtained with the thickness of 25~55
pum. No conducting carbon was used and the mass
loading of active materials was 0.25~0.50 mg cm=.
2032 stainless-steel coin cells were assembled in an
Ar-filled glovebox with both oxygen and humidity
individually below 0.1 ppm. The Li-ion cells were
assembled with Li metal foil as counter electrode, 1.0
mol L1 LiPFs in a solution of 1:1 (v/v) ethylene
carbonate (EC) and dimethyl carbonate (DMC) as the
electrolyte, and Celgard 2500 as the separator. The
Na-ion cells were fabricated using Na metal foil as
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anode, and 1.0 mol L' NaClOs salt in propylene
carbonate  (PC) as the electrolyte.  The
charge-discharge performances of the half-cells were
evaluated by NEWARE CT3008 multichannel battery
testing unit in different constant current densities.
The rate nC was calculated by the charge time (1/n
hour) of the last cycle. The specific energy E and
specific power P in a constant current
charge/discharge process are calculated by the

following equation
Y
E= J.—dt, P_-j —dt
where I, V, m, and t are the current, Voltage, mass of
active material, and charging time, respectively [30].

3 Results and discussion

3.1 Characterizations

The hCNC was prepared by an in-situ MgO template
method followed by the removal of the MgO
template, as reported in our previous study [27].
Figure 1 shows the characterizations of the hCNC.
The typical scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images
present the interconnected hollow carbon nanocages
with a 3D hierarchical architecture (Figs. 1(a)-1(c)).
The hollow nanocages have ca. 10~50 nm in size and
4~7 well-graphitized layers in thickness. The nitrogen
adsorption/desorption isotherms demonstrate the
hCNC owns the large specific surface area of 1051 m?
g and the coexisting micro-, meso-, and macro-pores
with a high micro-meso pore volume of 4.059 cm? g1
(Figs. 1(d) and 1(e)). The open system integrated the
well-defined micro-meso-macro pore size
distribution for hCNC favors the accessibility to
electrolyte and the rapid solid-state ion diffusion.
The unique hierarchical character of hCNC is much
different from the case of the randomly packed
carbon nanocages (rpCNC) (Fig. S1 in the Electronic
Supplementary Material (ESM)) [27].

3.2 Lithium storage performance

The lithium storage performance of the hCNC is
evaluated as presented in Fig. 2, by fabricating coin
cells (2032) with a metallic Li counter electrode. The
hCNC exhibits a high initial charge capacity of 1021

mAh g at a low current density of 0.1 A g, and
reaches a large and steady reversible capacity of ca.
970 mAh g after 10 cycles with a high Coulombic
efficiency of ca. 95% (Figs. 2(a) and 2(b)), which is at
high-level for carbon-based materials [26, 30-33]. The
large plateau in the first discharge voltage profile in
the range of 0.5~1.0 V originates from the formation
of a solid electrolyte interphase (SEI) layer on the
surfaces of the hCNC, which would lead to a high
irreversible capacity but could be avoided by
prelithiation (Fig. S2 in the ESM) [8, 34]. Even after
various rates cycling, the steady reversible capacity
of the hCNC still reaches the high value of ~190 mAh
g at the high rate of 30 A g, presenting an excellent
reversibility and high-rate capability (Fig. 2(c) and
Fig. S3 in the ESM). Moreover, the capacity fading of
the hCNC is rather small at the high current density
and the long-term cyclability is outstanding. The
capacity stabilizes at 229 mAh g even over 10000
cycles at the high rate of 25 A g (Fig. 2(d) and Fig. 54
in the ESM),
structural stability of the porous network that

which derives from the excellent

alleviates the stress and volume changes during the
lithiation/delithiation. The structural advantage of
the hCNC is also impressed by the higher reversible
capacity and the better rate capability than those for
the other morphological carbon nanostructures such
as the rpCNC, CNT, and RGO (Fig. 3 and Figs S5-57
in the ESM). In comparison with the cases for the
other three typical carbon nanostructures, the much
improved electrochemical performance of the hCNC
suggests the great contribution of the unique 3D
which facilitates the
penetration of electrolyte into the electrode, the
solid-state

hierarchical architecture,

Li-ion diffusion, and the electron
conduction through the porous network.

The hCNC and rpCNC have similar units of
carbon nanocages at the nanoscale, but quite
different secondary structure at the mesoscale, i.e. the
interconnected nanocages form the nanosheets with
submicron-sized interspace for hCNC, while the
nanocages are randomly packed for rpCNC (Fig. 1
and Fig. S1 in the ESM) [27]. This difference should
be responsible for the much better rate performance
of hCNC than rpCNC (Fig. 3). To understand the
superiority of the 3D hierarchical architecture, we
also performed the theoretical simulation by building
a half-cell model with a 3D electrode as illustrated in
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Fig. S8 in the ESM. Thus both experimental and
theoretical results reveal the dramatic performance
enhancement for the hCNC over the rpCNC arising
from the well-defined multiscale characters of the
former. The big improvement of properties is also
observed for the organized CNT over the
[35]. Those
demonstrate an effective exploration of advanced

unorganized ~CNT results also
materials in the viewpoint of mesoscale science
which is an exciting frontier attracting increasing
attention [36, 37].

The Ragone plots for the hCNC, rpCNC, CNT,
RGO and the state-of-the-art pure carbon materials
based with
counter/reference electrode are shown in Fig. 4,
which could be used to evaluate their application
potentials. The specific energy and power was

cells lithium metal as the

calculated based on the active mass of the carbon
electrode. The plot of hCNC derived from Figs. 2(c)
and 2(d) locates in the most upper-right side (Fig. 4a),
i.e. the hCNC delivers the highest specific energy at
the same specific power or vice versa. The stable
performance of the hCNC reaches the high specific
power of 37 kW kgelctrode? comparable to
supercapacitors [20] and specific energy of 339 Wh
kgelectrode™ even after the long-term 10000 cycles under
the high current density of 25 A g (109C, 33 s for
full-charging), which presents the highest level for
the state-of-the-art pure carbon anode materials of
LIBs (Fig. S9) [38-41].

3.3 Sodium storage performance

The sodium storage performance of the hCNC is also
evaluated by fabricating coin cells with a metallic Na
counter electrode, as demonstrated in Fig. 5. At a low
rate of 0.1 A g, the hCNC reaches a large and steady
discharge capacity of ~150 mAh g after 100 cycles
with a high Coulombic efficiency of ca. 97% (Figs. 5(a)
and 5(b)). The hCNC also exhibits a large initial
irreversible capacity due to the formation of the SEI
layer (Fig. 5(a)), which also could be avoided by
presodiation [42]. As shown in Figs. 5(c) and 5(d), the
hCNC presents a high-rate capability for sodium
storage, delivering a high discharge capacity of ~50
mAh g even at a high rate of 10 A g after various
rates cycling. The high-rate sodium storage
performance of the hCNC is comparable to those of

T
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other reported carbon-based nanomaterials, e.g.
hollow carbon nanowires [43], hollow carbon
nanospheres [44], carbon nanosheet frameworks [45],
hierarchically porous carbon/graphene composite [46]
and expanded graphite [47]. From Figure 5d, at very
high current densities, e.g., 5 and 10 A g, the
charge-discharge curves have abnormal serrated
characteristics, which can be ascribed to the very
small specific capacities and the sparsely recordable
data points as well.

The preceding results indicate that the hCNC is a
new kind of high-rate anode material for Li- and
Na-ion batteries, which results from the unique
multiscale hierarchical architecture, as schematically
shown in Fig. 510 in the ESM. The submicron-sized
inter-sheet space of the porous hCNC with large
specific surface area facilitates the penetration of
electrolyte into the electrode. Moreover, the
nano-sized dimensions of the cages and the
abundant micropore tunnels of the unsealed shells
insure the short solid-state ion diffusion length for
rapid ion transport (Fig. S10(f) in the ESM). The
micropore tunnels also allow the inner surface
accessible for active ions, hence even more active
sites are available (Fig. S11 in the ESM) [48]. Finally,
the interconnection or sharing the carbon shells
between the neighboring nanocages makes the hCNC
keep a good conductivity for
transportation [27].

As a new kind of carbon nanomaterials, the 3D
hCNC can avoid the bottlenecks of the huge volume
change
faced by the other typical anode materials [18-23],
hence excellent cyclability and high-rate capability
have been achieved. It is noted that the relatively low

easy electron

during ions intercalation/deintercalation

tap density of the hCNC is unfavorable, but its large
specific capacity is favorable for the high volumetric
energy density. As a result, at high current density
the hCNC electrode stores higher volumetric capacity
of Li storage than the commercial graphite powder
electrode, which is expected for high-rate anode (Fig.
512 in the ESM). The large initial irreversible capacity
is a common issue of nanomaterials for application in
full batteries, which could be solved by prelithiation
or presodiation [8, 34, 42].

To investigate the effect of the mass loading of
electrodes on the rate performance, the electrodes
with higher mass loading of 1.0~2.0 mg cm? are

HUA @ Springer | www.editorialmanager.com/nare/default.asp
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intentionally fabricated. With increasing the mass
loading, the electrode films easily peeled off the
substrates. The corresponding rate performance
deteriorated, which could be attributed to the
sluggish ion and electron transportations due to the
thick and cracked films (Figure S13 in the ESM).
Further efforts should be devoted to optimizing the
pretreatments for large scale production and
increasing the tap density of hCNC by developing
some advanced processing [49, 50] or filling other
anode materials into the hollow nanocages, such as
silicon or metal oxides. Anyway, the novel multiscale
hierarchical structure of the hCNC results in a
high-rate capability and excellent cyclability for Li
and Na storages.

4 Conclusions

The novel hierarchical carbon nanocages (hCNC)
are first proposed as high-rate anodes for Li- and
Na-ion Dbatteries. For lithium storage, the
corresponding electrode stores the steady reversible
capacity of 970 mAh g at a rate of 0.1 A g after 10
cycles, and stabilizes at 229 mAh g even over 10000
cycles at a high rate of 25 A g' while delivering a
large specific power of 37 kW kgelectrode? and specific
energy of 339 Wh kgetectrode!. For sodium storage, the
hCNC reaches a high discharge capacity of ~50 mAh
g' even at a high rate of 10 A g'. The high-rate
capability and excellent cyclability results from the
unique hierarchical structure which greatly favors
the electrolyte penetration, solid-state ion diffusion,
electron conduction and structural stability. Together
with the facile, low-cost, and scalable fabrication
process, this unique carbon nanomaterial provides a
new candidate of anode materials for the high-rate
LIBs and SIBs.
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Figure 1 Characterizations of the hCNC. (a) SEM image. (b) TEM image. (c) High resolution TEM image of the nanocages in (b) with
well graphitic layers in shell. (d) Nz adsorption and desorption isotherms, featured with the coexisting micro-, meso-, and macro-pores.
(e) The corresponding micro-meso-macro pore size distributions.
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Coulombic efficiency at the rate of 0.1 A g. (c) Rate capability at different current densities (A g1). (d) High-rate capability at different
current densities (A g1) (black line) and long-term cyclability at a current density of 25 A g for 10000 cycles (red line).
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Figure S1 Characterizations of the rpCNC. (a) SEM image. (b) TEM image. (c) Nitrogen adsorption and desorption
isotherms. (d) The corresponding pore size distributions.

From the SEM and TEM images (Figs. S1a and S1b and Fig. 1), the rpCNC and hCNC have the similar units
of carbon nanocages at the nanoscale, but the quite different secondary structures at the mesoscale. The rpCNC has a
large specific surface area of 997 m? g and a high micro-meso pore volume of 3.307 cm?® g* (Figs. Slc and S1d),
which are close to the values of hCNC.
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Figure S2 Electrochemical performance of the prelithiated hCNC electrode. The voltage profiles of the initial two
cycles for the hCNC before and after prelithiation were performed at the current density of 0.1 A g™.

The prelithiation experimental was done as follow: the hCNC electrode infiltrated by the electrolyte was
directly attached to a piece of Li foil for 3 hSLS2, After that, the electrochemical performance of the prelithiated
hCNC electrode was evaluated with the same procedure as that for the pristine hCNC. The open circuit voltage of the
cell with the prelithiated hCNC is 0.55 V, which is much lower than that of the pristine hCNC (2.65 V), since the Li
insertion reduces the potential of the hCNC versus Li foil.

For the pristine hCNC, the first discharge and charge capacities are 4061 and 1021 mAh g* with a large
irreversible capacity of 3040 mAh g*. As a comparison, for the prelithiated hCNC, the first discharge and charge
capacities are 576 and 932 mAh g without irreversible capacity. This indicates that the prelithiation could
effectively avoid the large irreversible capacity due to the formation SEI layer in advance.
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Figure S3 Rate performance of the hCNC electrodes for Li storage. a, The rate performance at different current
densities (A g1). b, The corresponding voltage profiles of the last cycles at different current densities.

It is observed that there are some abnormal serrated characteristics for the charge-discharge curves at very high
current densities, e.g., at 25 and 30 A g, in Figure S3b. At such high current densities, the specific capacities are
very small. As a result, the record data are sparse, which leads to the serrated characteristics.
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Figure S4 High-rate performances and long-term cycle abilities of hCNC electrodes for Li storage. a-c, High-rate
performances of three typical hCNC electrodes at different current densities (A g'). d, Long-term cycle abilities of
the hCNC electrodes at a current density of 10 A g* for 3000 cycles, 20 and 25 A g™ for 10000 cycles.

The capacities of the hCNC electrodes at the same current density may somewhat different from cell to cell, but
fluctuates at the same level of high-rate capability and long-term cycle abilities.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Nano Res.

2800

Q

o
—_ c
"o 26005 F o
< 1000 80 3
< —e— Charge =
c 60 o
= —e— Discharge @
= =
£ 500 (40 2
g 120 2
(&) —
0 X
0 20 30 = 2000 , 3000
Cycle number Capacity (mAhg’)
¢ 2400] - d_3%0a T
T‘Z)Z].OO;:T gharhge =5 OAg 0.1Ag
< 600] —»—Discharge 0.1 525 o1
< 4 — 0.2
£ 0.2 © 220 — 05
> 400; 05 = 1.5 — 10
= 0.5 - g — 20
@ Qa1 sy & 1.0 — 50
S 200; ) = — 10
N a5 10 20 205 20
ol s 0.0 . . :
0 10 20 30 40 50 60 70 80 90 0 200 400 , 600
Cycle number Capacity (mAhg’)

Figure S5 Li storage performance of the rpCNC electrodes. a,b, Cycle capability and Coulombic efficiency, and the
corresponding voltage profiles at a low current density of 0.1 A g. c¢,d, The rate performance and corresponding
voltage profiles of the tenth cycle at different current densities (A g?).
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Figure S6 Li storage performance of the CNT electrodes. a,b, Cycle capability and Coulombic efficiency, and the
corresponding voltage profiles at a low current density of 0.1 A g. c¢,d, The rate performance and corresponding
voltage profiles of the tenth cycle at different current densities (A g?).
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Figure S7 Li storage performance of the RGO electrodes. a,b, Cycle capability and Coulombic efficiency, and the
corresponding voltage profiles at a low current density of 0.1 A g*. c,d, The rate performance and corresponding
voltage profiles of the tenth cycle at different current densities (A g2).

The capacity fades rapidly in the first few cycles and stabilizes at a lower stage. In the first cycle, a reversible
charge capacity of 1016 mAh g is achieved; but after 35 cycles, the reversible charge capacity drops to 574 mAh g1,
with a large capacity loss of 43.5%. The poor cyclability of RGO electrode should be induced by the inter-sheet
aggregationss,
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Figure S8 A half-cell model with a 3D electrode and corresponding simulation results. a, The 3D model consisting
of five parallel sheets with inter-sheet space (d). b, The cross-sectional 2D model. c¢,d, The finite element method
(FEM) model (c) and corresponding simulation results (d). For a specific d, the balance between Li ions supply and
consumption reaches the steady-state electrode reaction current density (j) which is an indicator of the rate of Li
storage. The colored inset in (d) figures the steady Li ion concentrations.

To understand the superiority of the 3D hierarchical architecture, we performed the theoretical simulation by
using the finite element method (FEM).S* First, a simple half-cell model with a 3D electrode has been built which
consists of five parallel sheets soaked in the electrolyte (Fig. S8a). Due to symmetry along the height, the 3D
geometry can be modeled using a 2D cross section (Fig. S8b).5> The corresponding FEM model takes the size of
2500 nm %300 nm (Fig. S8c). Five blocks with 50 nm >200 nm in size for each and interspace d are surrounded by
the electrolyte. The electrolyte (gray area) is based on the solvent mixture [1:2 (v/v) EC and DMC] and the LiPFs
salt with the initial concentration of 1000 mol m-. The electrolyte salt diffusion coefficient is set to be 7.5 x 101! m?
s (ref. S6). During simulation, the concentration is fixed at 1000 mol m and the potential at 1.05 V for the upper
boundary (red line in Fig. S8c). The coupled Li ion diffusion and insertion processes of the model electrodes were
simulated. The full set of Butler-Volmer electrode kinetics and Fickian diffusion equations were solved in the
steady-state regime. Thus, the obtained steady state reaction current density (j) is directly associated with the
electrode microstructure (Fig. S8d). Specifically:

j increases with increasing d, accompanied by the increasing Li ion concentration around the electrode sheets
(inset in Fig. S8d). This changing behavior is particularly intensive in the small d side (e.g. d<50 nm) and gradually
gets mild in the large d side (e.g. d>50 nm). This is reasonable since the narrow inter-sheet space would hinder the
transportation of Liion, leading to a low Liion concentration around the electrode, thereby a low electrode reaction
current. On the contrary, the wide inter-sheet space could well facilitate the transportation of Li ion around the

£
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electrode, thus maintaining a high Liion concentration, thereby a high electrode reaction current. This simulation
result supports the much better performance of the hierarchical hCNC electrode with a submicron-sized inter-sheet
space than that of the closely packed rpCNC electrode with a narrow interspace.

Note: EC: ethylene carbonate; DMC: dimethyl carbonate.
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Figure S9 Ragone plots of the hCNC and the updated pure carbon materials based half cells for comparison.

Four Ragone plots of the half cells for the state-of-the-art pure carbon materials of FCNTS, grapheneS85° and
Ar-rHGOS™ are taken from recent literatures. The Ragone plots of the half cells for the hCNC and commercial
graphite powder (GP) in this study are also presented here. It is seen that the plot of the hCNC locates in the most
upper-right side, indicating the superb performance. The upmost point of the hCNC reaches a high specific power of
45 KW Kgelectrode ™™ and a high specific energy of 300 Wh Kgeiectroge ™ Under the high charging current density of 30 A g*
(150C, 24 s for full-charging).

Note:

1) Although the plot of the FCNT has the highest specific power within a certain narrow specific energy range
(see the upmost point), the thickness of the electrode in that study is only ~3 um, much thinner than that of the
conventional electrodes. The hCNC electrodes in this study have the thickness of about 25~55 um (Fig. S12),
close to the practical requirements.

2) FCNT: functionalized carbon naontubes®’

3) Graphene: (refs S8, S9)

4) Ar-rHGO: Ar-reduced holey graphene oxidesS?
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Figure S10 A schematic diagram of electrolyte penetration, ion diffusion and electron conduction for the high-rate
performance of the hCNC. In e and f, M* stands for Li* or Na*.

As described in our previous paperst, the hCNC product owns a 3D hierarchical architecture with well-defined
multiscale characters. The micron-sized sphere-like carbon particles are composed of the nanosheets with
submicron-sized interspace, while the nanosheets consist of the interconnected cuboidal hollow nanocages.
Specifically:

(a) micron-sized dimensions of the sphere-like carbon particles;

(b) submicron-sized interspace between the neighboring thin nanosheets;
(c) 10~50 nm sizes of the inter-connected hollow nanocages (small I);
(d) 4~7 graphitic layers of the shell thickness (small d).

(e,f) micropore tunnels through the graphite shells (~0.6 nm).

First, the electrolyte can rapidly soak the hCNC electrode over each nanocage due to the large inter-sheet space
(Fig. S10b), thin thickness of each sheet (Fig. S10b), the mesoporous network, as well as the unsealed shells (Fig.

S10c.e).

Second, the solid-state Li or Na ion diffusion length is short enough for rapid ion transport since the nanocages
are rather small with thin shells (i.e. | and d are small enough), with the abundant micropore tunnels of the unsealed
shells (Fig. S10c-f). As schemed in Fig. S10f, the solid-state ion diffusion in the graphite layers with micropores
(right) is much easier than that in the graphite layers without micropores (left). Thus the Li or Na ions can rapidly
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transport across the active sites.

Third, good electron conductivity can be expected due to the interconnection or sharing the carbon shells
between the neighboring nanocages (Fig. S10c,d).

Fourth, more active sites for Li or Na storage are available due to the existence of micropore tunnels which
allows the inner surface accessible for Li or Na ions, and provides abundant graphitic edges/cornersS? (Fig. S10e
and Fig. S11).

The above four points make the main contribution to the high-rate performance of the hCNC electrodes.
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Figure S11 Thermogravimetry curve and Li storage performance of the MgO@hCNC intermediate product. a,
Thermogravimetry curve. b,c, Cycle capability and Coulombic efficiency, and the corresponding voltage profiles at a
low current density of 0.1 A g (the mass is based on carbon). d,e, The rate performance and corresponding voltage
profiles of the tenth cycle at different current densities (A g ).

Thermogravimetry analysis indicates the MgO@hCNC has the carbon content of ca. 14.2 wt% (Fig. S11a). In
the first cycle, its reversible charge capacity is 813 mAh g? (the mass is based on carbon). After 50 cycles the
capacity drops to 424 mAh g (Fig. S11b,c), only about half of that for the hCNC at the same condition (Fig. 2). This
result manifests that the removal of the inside MgO template could release the large inner surface for lithium storage.
The rate performance (Fig. S11d,e) is also not as good as that of the hCNC (Fig. 2), indicates the contribution of the
inner surface of the hCNC.
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Figure S12 SEM images and rate performance comparison for Li storage of the hCNC and GP electrodes. a,b, SEM
image of the hCNC electrode and GP electrode, respectively. c,d, Rate performance comparison between the hCNC
and GP electrodes in specific capacity and volumetric capacity, respectively.

In Fig. S12a,b, with the loading of ~0.5 mg cm and ~7.0 mg cm™ for hCNC and GP, the corresponding
electrode has the thickness of about 50 pm and 55 pm, giving the tap density (d) of about 0.1 and 1.3 g cm®,
respectively.

As known, in addition to the specific capacity (C), the volumetric capacity (V) is also an important parameter
for practical applications. Specifically, V = C x d.

Thus, the rate performance comparison between the GP and hCNC electrodes in terms of C in Fig. S12c is
converted in terms of V as shown in Fig. S12d. The volumetric capacity of hCNC electrode is clearly higher than
that of GP electrode at high current densities.

For ultrahigh rate application, the state-of-the-art cathode materials have reached the half-cell capacity up to
~120 mAh g1 at 200C rateS3. In our case, the hCNC anode electrode possesses the high steady capacity up to
~190 mAh g* at 150C rate as well as the superb volumetric capacity. Therefore, our multiscale hierarchical carbon
nanocage provides an ideal anode candidate for the high-rate LIBs.
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Figure S13 SEM images and electrochemical performance for the high mass loading of hCNC electrodes. a,b,
SEM images of the hCNC electrodes with ~1.5 and ~2.0 mg cm?, respectively. Insets are the photographs of the
hCNC electrode films. c,d, The rate performance and corresponding voltage profiles of the tenth cycle at different
current densities (A g*) for the hCNC electrodes with ~1.5 mg cm mass loading.

To investigate the effect of the mass loading of electrodes on the rate performance, the mass loadings of
electrodes are intentionally increased to 1.0~2.0 mg cm?2. The thickness of the electrode films increased
correspondingly, e.g., ~170 and 230 um for 1.5 and 2.0 mg cm (Figure S13a and S13b), obviously thicker than
~50 um for 0.5 mg cm? (close to the practical requirements) (Figure S12a). Noticeably, the films easily peeled off
the substrates. Their electrochemical measurements were carried out. The rate performances of the hCNC
electrode with ~1.5 mg cm are shown in Figure S13c and S13d, which is not so good as that of the electrode with
low mass loading (0.25~0.5 mg cm) (Figure 2). This could be attributed to the sluggish ion and electron
transportations in the thick and cracked films. With further increasing the thickness of electrode, the rate
performance becomes even worse. Similar phenomenon happened to the functionalized carbon nanotubes .
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