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ABSTRACT: Sodium-ion batteries (SIBs) are now emerging as a low-cost
alternative to the current lithium-ion batteries, but their performance is limited by
the sluggish transportation of large Na ions in electrodes. Expanded graphite has been
employed in enhancing the transport kinetics. However, high-performance graphite
should be synthesized at high temperatures when using traditional methods, which
inevitably increases the total cost of material production. To tackle the kinetic issue
for SIBs, we develop a three-dimensional network of graphene during catalytic
graphitization in carbon electrodes at a temperature as low as 450 °C by using
Prussian blue as a precursor. Furthermore, a strategy is proposed to enhance the
transport ability of the Na-ion in the network by controlling the diffusion distance of
the Fe cluster and the distance between Prussian blue particles, leading to optimized
performance with both excellent high-rate performance (167 mAh g−1 at 1.0 A g−1)
and high charging capacity (390 mAh g−1 at 0.05 A g−1). The results provide insights
into the engineering of ionic transport properties through low-temperature catalytic
graphitization in electrodes for SIBs and help design high-performance and low-cost electrodes for large-scale energy storage
systems.
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■ INTRODUCTION

The development of cost-effective energy storage systems with
superior performance is critical to their large-scale applications
in transportation vehicles, electrical grid, wind, and solar power
systems.1 Although lithium-ion batteries (LIBs) have become
the predominant energy system for a wide range of
applications, they are still costly, and the limited supply of
lithium resources may become a major issue for the future of
manufacturing industry.2 In contrast, sodium-ion batteries
(SIBs) have the advantage of lowering the manufacturing cost
because sodium is abundantly available in nature.3 However,
because the ionic radius of a sodium ion (1.02 Å) is larger than
that of a lithium ion (0.67 Å), it is difficult to accommodate
sodium ions in the electrodes commonly used in LIBs.4,5 As a
consequence, many kinds of electrodes have been developed to
be suitable for Na-ion storage in SIBs, such as carbon-based
materials, titanium-based oxides, transitionmetal oxide, and
alloy-based materials.6−8 Among all the electrodes, amorphous
carbon (AC) is one of the most promising candidates for large-
scale SIBs, owing to its low cost, high electrochemical activity,
high capacity, and safety,9−12 which are crucial characters
related to the practical applications of SIBs.
Despite their advantages, the AC electrodes still suffer from

a kinetic issue associated with relatively low electronic
conductivity (∼1 × 102 S cm−1) and sluggish mobility of Na

ions (∼10−9 cm2 s−1) that is originated from its intrinsic
disordered structure.9,13,14 The disordered structure will cause
difficulty in transportation of Na ions owing to its different
orientations and difficulty in transport of electronics owing to
the amount of sp3 hybrid orbitals between two carbon atoms,
thus resulting in insufficient rate capability. Such a kinetic
problem is also a major obstacle to the development of other
types of electrodes for SIBs.15 Several effective strategies have
been applied to enhance the kinetics of electron/Na-ion
transfer, such as designing porous structures for rapid Na-ion
diffusion over a short distance16,17 and introducing a graphene
component with superb electronic conductivity (103 S/m).13,18

One drawback of graphene is its small interlayer distance
(∼0.34 nm) that impedes Na-ion intercalation, but recently
Na-ion storage in graphene can be enabled by using the ether-
based electrolyte, such as diethylene glycol dimethyl ether
(DEGDME).19−21 It is attributed to the fast movement of the
[Na−DEGDME]+ complex between the layers, thus causing a
high diffusivity of Na ions (1.1 × 10−8 cm2 s−1) in graphite.22

The kinetics of Na-ion transport can be further improved by
expanding graphene to possess an enlarged interlayer distance
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(>0.37 nm),23,24 and the expanded graphene (EG) has been
generated by reducing the number of stacking layers.25

Unfortunately, in order to obtain high-quality graphene
embedded within the AC matrix, most AC materials have to
be graphitized at high temperatures (>1400 °C),26−29 which
undoubtedly increases the total energy cost for fabricating
SIBs.
To develop cost-effective synthetic technologies without

sacrificing the performance of graphene/AC composites,30

catalytic graphitization using transition-metal catalysts, such as
Fe, Ni, and Co, has become attractive due to the synthesis at
temperatures as low as 500 °C,31−33 which has been widely
applied in producing various materials such as electro-
catalysts,34 electrodes for capacitors and batteries,31,35 and
monolayer graphene.36 The catalytic temperature and quality
of graphene strongly depend on the precursors. By choosing a
precursor of Prussian blue (PB), most studies have disclosed a
simple, low-cost, and efficient synthetic route to prepare high-
quality graphene.37−41 The use of PB as a novel precursor for
catalytic graphitization has three important advantages: (a) it
contains Fe that is one of the most effective catalysts to lower
the synthesis temperature;31,33 (b) it is a soft template that
enables the synthesis of highly ordered graphene;40 (c) it can
be converted to a nanoporous carbonaceous structure that
enhances the Na-ion mobility in anode electrodes for SIBs.39

Therefore, our previous work has used PB to successfully
transform AC to high-performance graphene at 650 °C,38,41

but we are also aware that the catalytic temperature can be
further reduced for a low-cost synthetic process. Equally
importantly, to maximize the Na-ion transportation of carbon
composites relies on how to regulate the distribution of
graphene within porous carbon electrodes.9,18 However, the
mechanisms underlying the structural design and engineering
while using PB for catalytic graphitization remain unclear.
Herein, we synthesized high-performance hybrid materials of

graphene/AC composites (G-AC) at the lowest temperature
(450 °C) reported so far, by using PB particles as a precursor
to generate various sizes of Fe nanoparticles during catalytic
graphitization, which ensured the availability of a three-
dimensional network containing interconnected carbonaceous
nanopores and graphene with various structures. The
mechanisms of engineering the hybrid architecture were
identified. Specifically, the structure and interlayer distance of
graphene can be modified through adjusting the diffusion
distance of the Fe cluster within the AC matrix and the space
between PB particles, which is key to maximizing the transport
ability of the electron/Na-ion in the three-dimensional
network. Therefore, the electrochemical performance of
graphite/AC electrodes was optimized to achieve excellent
rate performance (167 mAh g−1 at 1000 mA g−1), high
charging capacity in the first cycle (390 mAh g−1 at 50 mA
g−1), and superb Coulombic efficiency (100% retention over
100 cycles).

■ EXPERIMENTAL SECTION
Synthesis of G-AC-n. PB (purchased from Adamas-beta) and

glucose (purchased from sinoreagent) were mixed in different
proportions, and the mass ratios between PB and glucose were
10:1, 10:2, 10:3, 10:4, and 10:5 for G-AC-1 to G-AC-5, which means
the mass fraction of PB was 90.91, 83.33, 76.92, 71.43, and 66.67%,
respectively. These two materials were mixed with water and ethanol
and grinded over 30 min in an agate mortar. Then, the mixture was
dried at 80 °C in air, followed by annealing at 450 °C for 6 h in Ar/H2
(95:5). After that, when the calcined product was exposed to air, the

reduction product of Fe nanoparticles would react with oxygen,
causing a combustion phenomenon (spark while stirring) during the
oxidization process. The combustion product was washed by H2SO4
solution for 8 h, and then filtered with water and dried at 80 °C in a
vacuum oven. The final products were named as G-AC-1, G-AC-2, G-
AC-3, G-AC-4, and G-AC-5 according to the original mass ratio.

Structural Characterization. X-ray diffraction (XRD, Bruker D8
ADVANCE diffractometer with Cu Kα, λ = 1.5405 Å) was used to
analyze the crystal structure of the samples. The graphitization degree
of the five materials was detected by the microlaser confocal Raman
spectrometer (HORIBA LabRAM HR800). The scanning electron
microscope (SEM, Zeiss Supra 55 field emission scanning electron
microscopy) and transmission electron microscope (TEM, FEI
Tecnai G2 F30) were used to observe the morphologies at the
electrode scale and the structures of the samples at the atomic scale,
respectively. The adsorption and specific surface area tester
(Micromeritics ASAP 2020 HD88) were used to obtain the specific
surface areas of the samples by the nitrogen adsorption−desorption
method, and the pore size distribution was derived from the
adsorption isotherm according to the Barrett−Joyner−Halenda
model.

Electrochemical Testing. Coin cells were assembled in a
glovebox filled with argon. The active material G-AC-n, acetylene
black, and polyvinylidene fluoride were poured into N-methyl
pyrrolidone with a weight ratio of 7:2:1. To obtain the working
electrode, the final slurry was then spread on Cu foil and dried at 120
°C in a vacuum oven. Pure sodium and glass fiber (Whatman GF/A)
were chosen as a counter electrode and a separator, respectively. The
electrolyte was 1 M sodium trifluomethanesulfonate (NaCF3SO3) in
DEGDME. The cyclic and rate performance was tested by the
NEWARE system between 0.01 and 3.0 V. Cyclic voltammetry (CV)
data were collected by the electrochemistry workstation (CHI604E).

■ RESULTS AND DISCUSSION
Figure 1a illustrates the process to synthesize the G-AC
composites via metal-catalytic graphitization at a low temper-
ature of 450 °C (see details in the Experimental Section). The
catalytic temperature of 450 °C is the lowest one for
graphitization because this is the lowest temperature for
complete decomposition of the precursor (Figure S1). First of
all, by tuning the mass of glucose, all PB particles were
designed to embed within glucose, which is critical for
establishing a three-dimensional nanoporous structure. The
PB particles possess an average size of about 80.5 nm (Figure
1b). The precursor was calcined at 450 °C in an Ar/H2
atmosphere, during which glucose was converted to AC (step
i).42 Meanwhile, the Fe cluster was gradually released from PB
and diffused into the AC matrix. According to Fick’s second
law,43 the concentration of the Fe cluster should decrease with
increasing distance from PB. After the Fe cluster diffused out
of PB particles, the cyanide groups released from the PB
structure in the gaseous form, leaving behind a nanoporous
carbonaceous architecture.44 During step ii, the Fe cluster in
the AC matrix would agglomerate to form metallic Fe
nanoparticles. Owing to different concentrations of the Fe
cluster, various Fe nanoparticles could possess different sizes.
Here, we should note that Fe nanoparticles would not be
directly formed at the positions of PB particles during the
decomposition of PB, as discussed in Note S1. According to
the phase diagram of the Fe−C system, the Fe ions on the
surface would react with AC to form iron carbides at 450
°C.38,45 During step iii, because the iron carbides are
metastable phases in the Fe−C system,45 catalytic graphitiza-
tion took place through the decomposition of iron carbides
into Fe nanoparticles and graphene.33 During step iv, Fe
nanoparticles were oxidized to be Fe2O3 when they were
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exposed to air at room temperature. It can be supported by the
XRD patterns of the intermediate products before (the

products were obtained before oxidized through mixed with
water to inhibit the products exposed to oxygen) and after
oxidation, in which a (110) peak of metallic Fe was observed
before oxidation, and then it was absent, accompanied by
emergence of diffraction peaks of Fe2O3 after oxidation (Figure
1c). Finally, Fe2O3 nanoparticles were dissolved by acid,
leaving behind the spherical graphene embedded within the
matrix of the AC electrode, as shown in Figure 1d. The
graphene interconnected with each other and linked the
carbonaceous nanopores to form a three-dimensional network,
which guarantees fast electron/Na+ transport within the AC
matrix.
The structure of graphene in the composites is tunable by

changing the mass fraction of PB in the precursor (Figure
2a,b). When the mass fraction of PB was 90.91% (G-AC-1), a
(002)G peak was observed at 26.6° in the XRD pattern,
corresponding to the normal graphene with an interlayer
distance of 0.335 nm (Figure 2b). After decreasing the mass
fraction of PB to 83.33% (G-AC-2), an extra and broad peak
was detected at a lower angle of 26.3°, owing to the formation
of EG with an enlarged interlayer distance of 0.338 nm. When
the mass fraction of PB gradually decreased, the (002)EG peak
continuously shifted to the left, indicating the increasing
interlayer distance of EG (Figure 2b). Interestingly, only one
(002)EG peak was visible in the XRD pattern of G-AC-4
(Figure 2a), suggesting that EG is the dominant component of
graphene in this sample. Raman spectroscopy was applied to
evaluate the degree of graphitization, by using the intensity
ratio between the crystalline graphene band G and the
disordered carbon band D (IG/ID) (Figure S2 and Note S2).46

The value decreased when the mass fraction of PB decreased,

Figure 1. Synthesis of graphene/AC (G-AC) composites via metal-
catalytic graphitization at 450 °C (a) schematic illustration of the
synthetic process. Catalytic graphitization took place through the
decomposition of iron carbides FexCy in step iii. In the final products,
a three-dimensional network containing interconnected graphene and
carbonaceous nanopores was formed within the AC matrix. (b) SEM
image of PB particles with an average size of about 80.5 nm. (c) XRD
patterns of the intermediate products, demonstrating the formation of
Fe before oxidation (step iv), which was converted to Fe2O3 after
oxidation. (d) TEM image of final products, showing the morphology
of interconnected graphite.

Figure 2. Tunable structure of G-AC composites while changing the mass fraction of PB. (a) XRD patterns of G-AC-1 to G-AC-5. Only diffraction
peaks of normal graphene (marked by solid black lines) were observed in G-AC-1, but a broad peak of EG (marked by dashed lines) emerged and
shifted to the left from G-AC-2 to G-AC-5. (b) Evolution of interlayer distance d(002) of EG as a function of mass fraction of PB. The values of d(002)
were obtained from fitting of the peak position in (a) using a Gaussian function. The mass fraction of PB was 90.91% for G-AC-1, 83.33% for G-
AC-2, 76.92% for G-AC-3, 71.43% for G-AC-4, and 66.67% for G-AC-5. (c) Nitrogen adsorption−desorption isotherms of G-AC-1 to G-AC-5,
showing the increasing specific surface area of the composites with the decrease of mass fraction of PB. (d) Pore size distribution of G-AC-1 to G-
AC-5, showing a significant increase of pore volume in G-AC-4 and G-AC-5.
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revealing a progressive decrease of graphitization. The high-
resolution X-ray photoelectron spectroscopy (XPS) results of

C 1s could be divided into five parts as shown in Figure S3,
and the proportion of CC and C−C were calculated and

Figure 3. Structure of Fe nanoparticles coated by EG in G-AC composites. (a−e) HRTEM images of Fe nanoparticles in G-AC-1 to G-AC-5,
respectively. The inset in (d) is the FFT pattern corresponding to the Fe nanoparticle in (d). The dashed circles in (e) mark the location of
graphene domains in G-AC-5. (f−g) Evolution of thickness of EG and interlayer distance d(002) of EG as a function of the size of Fe nanoparticles,
respectively. All the values were extracted from the HRTEM images in (a−d).

Figure 4. Electrochemical performance of the G-AC composites in SIBs. (a) Charge−discharge profiles at 50 mA g−1 for the first cycle. (b)
Capacity retention at different current densities. (c) CV curves of G-AC-4 at 0.1 mV s−1 with a voltage window between 0.01 and 3.0 V. (d)
Cycling performance and Coulombic efficiency of G-AC-4 at 0.5 A g−1 for 100 cycles.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b07206
ACS Appl. Mater. Interfaces 2019, 11, 24164−24171

24167

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07206/suppl_file/am9b07206_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b07206


shown in Table S1. The percentage of CC decreases from
G-AC-1 to G-AC-5, indicating that a reduced degree of
graphitization, which well corresponds to the results of Raman
and XRD data. The nitrogen adsorption−desorption isotherm
in Figure 2c shows that the specific surface area of the
composites increased with the decrease of mass fraction of PB,
that is, 95 m2 g−1 for G-AC-1, 298.3 m2 g−1 for G-AC-2, 346.8
m2 g−1 for G-AC-3, 522.1 m2 g−1 for G-AC-4, and 1182.5 m2

g−1 for G-AC-5. The large surface area of AC provides
abundant sites, such as defects, for efficient Na-ion storage.47

Furthermore, the pore size distribution of various G-AC
samples shows the existence of nanopores in all the samples
but a significant increase of pore volume in G-AC-4 and G-AC-
5, which facilitates the fast transport of Na ions in these two
composites (Figure 2d).
Intrigued by the variable interlayer distance of EG as a

function of the mass fraction of PB, high-resolution TEM
(HRTEM) imaging was performed on graphene-coated Fe
nanoparticles so as to reveal the factors dominating the
regulation of the graphene structure (Figure 3). The Fe
nanoparticles were preserved before oxidation at room
temperature. The Fe nanoparticles were thoroughly coated
by long-range-ordered stacking layers of EG in samples of G-
AC-1 to G-AC-4 (Figure 3a−d). The fast Fourier transform
(FFT) pattern in Figure 3d shows that Fe nanoparticles have
the body-centered cubic structure. In contrast, some graphene
domains with short-range ordering were detected in a localized
region of G-AC-5, in which no Fe nanoparticle is visible
(Figure 3e). A close TEM examination revealed that the
thickness of EG increased with the increase of the size of the
Fe nanoparticle (Figure 3f). The change of the particle size is
also linked to the evolution of the average interlayer distance of
EG that was measured through the line scan analysis across the
stacking layers in Figure 3a−d, showing the decreasing
interlayer distance with the increase of particle size (Figure
3g). According to the values of interlayer distance and
thickness of EG, the average numbers of stacking layers can
be estimated to be 11, 7, 3, and 2 in Figure 3a−d, respectively.
It implies that the reduction in the interlayer distance may
result from the increase of the stacking layers of EG, which is
similar to the results obtained in graphene nanosheet
materials.25 In a word, the larger size of the Fe nanoparticle
leads to the smaller interlayer distance and more stacking
layers, implying the possibility of tuning the structures of EG
by controlling the size of the Fe nanoparticle.
Changing the mass fraction of PB not only adjusts the

structures of G-AC composites but also optimizes the
performance to achieve both high capacity and excellent
high-rate capability (Figure 4). The electrochemical perform-
ances of AC derived from glucose at 450 °C are shown in
Figure S4. However, the AC derived from glucose exhibits only
∼70 mA h g−1, which illustrates the importance of PB
decomposition catalysis. Figure 4a shows the discharge/charge
profiles of all the samples in the first cycle under a current
density of 50 mA g−1, demonstrating an increasing specific
capacity from G-AC-1 to G-AC-5. The G-AC-5 electrode
delivered a maximum charging capacity of 420 mA h g−1,
owing to the largest surface area in all samples. However, such
a high-capacity electrode has serious capacity degradation at
low current densities (Figure 4b), which delivered 157 mA h
g−1 at 1000 mA g−1 that only recovered to 268 mA h g−1 after
reducing the current density to 50 mA g−1 (Figure S5). The
quick capacity degradation could be attributed to the poor

electronic conductivity of G-AC-5, which has not formed any
effective conductive network. In contrast, the G-AC-4
electrode, which displays the second-highest charging capacity
of 390 mA h g−1 at 50 mA g−1, possesses the best rate
performance of 167 mA h g−1 at 1000 mA g−1 that can recover
to 372 mA h g−1 while the current density returned to 50 mA
g−1 (Figure S5). Therefore, only the G-AC-4 composite
possesses the optimized electrochemical properties with high
capacity and excellent high-rate capability. The CV curves of
G-AC-4 for the first three cycles are shown in Figure 4c. There
is a pair of oxidation−reduction peaks at around 0.1 V,
corresponding to the insertion and extraction of sodium ions in
graphite. No significant peak was observed when the voltage
was larger than 0.1 V, indicating the existence of capacitance
behavior resulting from the large specific surface area. In
addition, the peak at around 0.5 V, which was present in the
first cycle, disappeared in the subsequent cycles, representing
the formation of the SEI layer.48 Figure 4d displays the cycle
performance of G-AC-4. A quick capacity degradation
occurred at the first ten circles due to the interface activation
and reconstruction, which consumed sodium ions and caused
irreversible capacity loss. While the interface is stable, it can
maintain a high capacity of 201 mA h g−1 at a current density
of 500 mA g−1 after 100 cycles, and the Coulombic efficiency
was maintained to be 100% after 100 cycles. Such stable
electrochemical performance is better than most carbon
materials reported so far (Table S2).
The multifaceted analysis of various hybrid G-AC materials

enlightened us the mechanisms underlying the architectural
regulation and the related electrochemical performance. In
order to form tiny Fe nanoparticles, the diffusion of the Fe
cluster should occur during catalytic graphitization, as
discussed in Note S1. Because the precursor was calcined at
450 °C for a limited duration (step i), the Fe cluster can only
be allowed to diffuse a certain distance (called diffusion radius
Rdiff henceforth), as illustrated in Figure 5a. Here, the diffusion
model is simplified as spherical geometry, and Rdiff is defined as
the distance between the location of Fe cluster sources (PB
particles) and the point of the Fe cluster disappearance due to
the concentration decay (Figure 5a). In the following text, we
simply assume that each PB particle contains the same number
of Fe ions. Therefore, given that the calcination temperature
and duration kept the same for all samples, Rdiff and the
concentration gradient of the Fe cluster along the radial
direction were assumed to be identical for each sphere model.
When the distance between two PB particles dPB is larger than
2Rdiff, the higher concentration of the Fe cluster in the inner
regions closer to PB particles, the more Fe clusters can
aggregate into larger spherical Fe nanoparticles, and therefore,
that trigger the formation of spherical graphene (Figure 5b). In
contrast, the amount of Fe clusters in the outer region of the
sphere model is too low to efficiently create spherical Fe
nanoparticles, leading to the formation of graphene domains
(Figure 5b), as evidenced by the HRTEM image of G-AC-5 in
Figure 3e. Once the mass fraction of PB is increased to make
dPB equal to 2Rdiff, two sphere models are connected thus
doubling the Fe cluster concentration in the outer region
(Figure 5c). Therefore, tiny and spherical Fe nanoparticles are
formed, coated by EG with a large interlayer distance, as
evidenced by the HRTEM image of G-AC-4 (Figure 3d). With
further increase of PB concentration from G-AC-3 to G-AC-1,
dPB gradually decreases to be lower than 2Rdiff, forcing more
and more Fe clusters to aggregate into larger Fe nanoparticles
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wrapped by EG with decreased interlayer distance (Figure 5d).
In all the samples except G-AC-5, the spherical EG connect to
each other, forming a three-dimensional network for fast
electron/Na-ion diffusion in the AC matrix.
With the underpinning knowledge concerning the structural

evolution as a function of the ratio of dPB to Rdiff, it provides
guidance for designing the G-AC architectures with optimized
high-rate capability. Because the nanopore structure of G-AC-4
is similar to that of G-AC-5 (Figure 2d), it would provide a
similar contribution to Na-ion transport in these two samples.
Therefore, the difference of Na-ion transport and its induced
high-rate capability in G-AC-4 and G-AC-5 mainly results from
different structures of EG. When decreasing the mass fraction
of PB, more and more Fe nanoparticles with small sizes are
formed (Figure 5), leading to an increase of interlayer distance
of EG (Figure 3g). The larger the interlayer distance is, the
faster the EG accommodates Na ions.23 Therefore, the high-
rate performance gradually increased from G-AC-1 to G-AC-4
(Figures 4b and S5). It is maximized when the value of dPB/
Rdiff is optimized to be 2. However, after further increasing the
value of dPB/Rdiff in G-AC-5, the spherical EG disconnect to
each other in the outer region of the sphere model (Figure 5b),
owing to the formation of randomly distributed graphene
domains. Consequently, it causes the breakdown of the three-
dimensional network; thus, the fast Na-ion diffusion is
interrupted, leading to the degradation of high-rate capability
in G-AC-5.

■ CONCLUSIONS
In summary, we demonstrated that establishing a three-
dimensional network of EG within the AC matrix promised
great potential for improving the kinetics of Na-ion transport

in electrodes for SIBs. A cost-effective synthetic route was
introduced to convert the AC material to high-quality EG
through catalytic graphitization at the lowest temperature of
450 °C reported so far. The use of PB particles as the
precursor enabled the adjustment of the graphene structure
that facilitates Na-ion diffusion within the AC electrode. For
the first time, the results elucidated the mechanism governing
the structural evolution of graphene during catalytic graphitiza-
tion. It guided us to maximize the transport ability of electron/
Na ion in the three-dimensional network by controlling the
diffusion distance of Fe clusters within the AC matrix that
released from PB particles and the distance between PB
particles that is tunable by changing the mass fraction of PB.
Therefore, the performance of graphene/AC electrodes was
optimized to deliver excellent high-rate performance (167 mAh
g−1 at 1000 mA g−1), a high initial charging capacity (390 mAh
g−1 at 50 mA g−1), superb Coulombic efficiency (100%
retention over 100 cycles), and acceptable cycling stability
(about 60.4% capacity maintained after 100 cycles at 500 mA
g−1). Our work opened a new avenue for designing novel
architectures in carbon electrodes with the desired perform-
ance. Furthermore, with the underpinning knowledge, new
strategies in structural engineering of electrodes and
optimization of electrochemical properties can be developed
for fabricating low-cost and high-performance batteries for
large-scale applications.
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