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ABSTRACT: Novel carbon nanostructures, e.g., carbon nanotubes (CNTs),
graphene, hierarchical porous graphitic carbon (HPGC), and ordered
mesoporous carbon (CMK-3), have been significantly forwarding the
progress of energy storage and conversion. Advanced electrodes or hybrid
electrodes based on them are springing up one after another. To step further,
a generic synthetic approach to large scale hierarchical porous graphitic
carbon microbubbles (HPGCMBs) is developed by zinc powder templated
organic precursor impregnation method. The facile technique features
scalable (yield: once more than 200 mg), in situ heteroatom’s doping (doping
ratio: more than 26%) and hierarchical-pore-creating traits (pore volume:
1.01 cm3 g−1). Adjustable graphitic content, doping species and amount are
readily realized through varying the organic precursors. Rationally, good
conductivity, fast kinetics, and abundant ion reservoirs are entirely achieved.
To be applied in practice, state-of-the-art anodes for lithium-ion batteries are fabricated. Benefiting from the large specific surface
area, rich heteroatoms, and hierarchical pores, the HPGCMBs electrodes exhibit excellent electrochemical properties. Besides
superior storage capability of more than 1000 mAh g−1 at 100 mA g−1, stable cycling and excellent retention of 370 mAh g−1 at
large rate of 10 A g−1 are achieved in the meantime.
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■ INTRODUCTION

With the emerging of energy-intensive portable electronics,
electric vehicles, and smart grids, it is urgently demanding to
fabricate advanced powering devices.1−3 Lithium ion batteries
(LIBs), one of the promising power sources, exhibit high
operation voltage, long cycle life, little self-discharge and
memory effect, yet are severely compromised in energy and
power performance for limited ion storage capability and to-be-
improved kinetic processes.4,5 To address these issues, various
high capacity electrode materials (e.g., silicon, germanium, and
tin) are explored in novel nanostructures or hybrid composites
exhibiting impressive ion storage capability and excellent
cyclibility.6−12 Besides, traditional electrode materials based
on graphite are also revisited in novel carbon nanostructures, e.
g. carbon nanotubes (CNTs), graphene, hierarchical porous
graphitic carbon (HPGC), and ordered mesoporous carbon
(CMK-3).13−23 These nanostructures and composites not only
feature small size and large specific surface full of active sites
and abundant defects for charge storage but also facilitate ion
transport and charge transfer benefiting from their conductive
hierarchical porous configurations.
Heterogeneous doping is widely applied in sensing, semi-

conductor electronics, energy conversion, etc.16,24−29 Among
the various applications, the main roles that the doped atoms
have played should at least have something to do with the
following aspects: energy-band engineering, defects regulating,

and structure stabilizing.30 Specifically, boron, nitrogen, oxygen,
sulfur, fluorine, and phosphorus doped or treated carbon and
their composites are extensively focused in energy storage and
conversion.31−35 On the one hand, these heterogeneous atoms
enhance the ion storage capability of the host by chemical
bonding or physical adsorption.33,34 On the other hand, the
heterogeneous groups themselves may be transformed into
more radicals for ion storage.18,34 Moreover, the disparity in
electronic structure endows the heteroatoms with barrier
regulating effect.33,34

On the basis of the mentioned virtues, the search of
universal, scalable, easily available methods to heterogeneously
doped novel carbon nanostructures is a meaningful field.
Herein, on the basis of our previous work,36,37 we develop a
scalable approach for heterogeneously doped hierarchical
porous graphitic carbon microbubbles (HPGCMBs) by organic
precursor impregnation zinc powder templated method. To
explicate the potential superiority of the strategy, we fabricated
various organic precursors derived HPGCMBs and their
electrodes for LIBs. Through altering the precursor, the
electrochemical properties for the HPGCMBs electrodes are
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optimized on the basis of the adjustable graphitic content,
doping species, and amount.

■ EXPERIMENTAL DETAILS
1. Material Synthesis. All the reagents were used without

purification. HPGCMBs were prepared by an organic precursor

impregnation zinc powder templated method followed by a zinc
evacuation annealing process. For example, to synthesize the Oxygen-
doped HPGCMBs, 5 g zinc powder (Guangdong Guanghua Sci-Tech
Co., Ltd., AR) was first impregnated by 0.005 M glucose ethylene
glycol solvent ((Guangdong Guanghua Sci-Tech Co., Ltd., AR)), and
then the impregnated slurry was held at 300 °C for 1 h to promote the
carbonization of glucose; after that, the Zn@carbonized-glucose was
annealed at 1000 °C for 1 h to evacuate the zinc template. The whole
process was consecutively performed in a tubular furnace under
vacuum circumstances. Approximately, 200 mg of HPGCMBs can be
attained once. To fabricate other heteroatom-doped HPGCMBs, we
could choose various organics containing those heteroatoms as the
precursor. Specifically, Nitrogen containing ionic liquid (e.g., 1-alkyl-3-
methylimidazolium bromide (Chinese Academy of Science, 99%)), or
polyacrylonitrile (PAN) (Sigma-Aldrich, average Mw 150 000, 97%)

could be used as the precursors to synthesize nitrogen-doped
HPGCMBs; and the nitrogen-, oxygen-, and boron-co-doped
HPGCMBs can be derived from a nitrogen-and boron-containing
ionic liquid (e.g. 1-dodecyl-3- methylimidazolium tetrafluoroborate
(Chinese Academy of Science, 99%)). The general synthetic process is
also illustrated in Scheme 1 in detail.

2. Physicochemical Characterization. Morphologies of the
samples were characterized by thermal field emmission SEM (Quanta
400F) under 20 kV and TEM (FEI Tecnai G2 F30) under 300 kV.
Structures, composition and elemental analysis were performed by
XRD (D/MAX 2200 VPC), Raman (Nicolet NXR 9650), and XPS
(ESCA Lab250). The surface area and pore analysis were carried out
on a Micromeritics instrument(ASAP 2420) with N2 as absorbate at
77 K. The specific surface area and pore distribution were evaluated on
the basis of Brunauer−Emmett−Teller (BET) specific surface and
Barrett−Joyner−Halenda (BJH) desorption pore.

3. Electrochemical Characterization. For electrochemical
characterization, HPGCMBs and polyvinylidene fluoride with a weight
ratio of 95:5 were mixed with a small amount of 1-methyl-2-
pyrrolidinone (NMP) to form a slurry mixture. The HPGCMBs
electrodes were fabricated by pasting the slurry mixture on copper foil
by an automatic thick film coater (AFA-I). Then the coating film was
desiccated in an vacuum chamber at 120 °C for 12 h. After that the foil
is pressed by an electromotive roller (MR-100A) and tailored to
appropriate size by a coin-type cell microtome (T-06) (S = 1.5 cm2).
The loadage of active materials (ca. 800 μg) on each piece was
determined by a microbalance (d = 0.1 μg). Standard cells (CR2032)
with the above tailored foils as working electrode and lithium foils as
the reference and counter electrode, polypropylene micromembrane
(Clegard 2500) as the separator, 1 M LiPF6 in ethylene carbonate
(EC) and diethyl carbonate (DEC) with a weight ratio of 1:1 as the
electrolyte, were assembled in an Ar-filled universal glovebox with the
Oxygen and water vapor pressure less than 0.3 ppm. The cyclic
voltammogram scanning at 0.2 mVs−1 in voltage cutoff of 0−3 V and
electrochemical impedance spectra scanning from 1 MHz to 0.01 Hz
with an ac signal amplitude of 10 mV were performed on an Ivium
electrochemical workstation. All the cells for cyclic voltammogram and
electrochemical impedance tests are newly fabricated with an open
circuit voltage ca. 3 V. For cycling and rate performance, the cells were
galvanostatically charged and discharged in a volatage cutoff of 0.005−
3 V at various rates on a mulitichannel Neware battery testing system.

Scheme 1. Schematic Illustration for the Synthesis of
HPGCMBs

Figure 1. Evolution of HPGCMBs: SEM images for (a) zinc powder template, (b) the organic precursor impregnated Zinc powder carbonized at
300 °C for 1 h, and (c) the zinc powder@carbonized precursor annealed at 700 °C for 1 h, and TEM images for (d) the organic precursor
impregnated zinc powder carbonized at 300 °C for 1 h, (e) the zinc powder@carbonized precursor annealed at 700 °C for 1 h, and (f) the zinc
powder@carbonized precursor annealed at 1000 °C for 1 h.
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■ RESULTS AND DISCUSSION

Previously, we have reported carbon bubbles hybrid electrode
achieved by zinc powder templated physical vapor deposition
methods.36,37 Those electrodes exhibited excellent electro-
chemical properties endowed by porous carbon bubble host
and small active materials nanocrystals guest. Herein, we further
this processes with series of organic precursor as substitutes for

the costly carbon source (C60). First, zinc powder is
impregnated with heteroatom containing organic precursors
which range from common imidazole-, pyridine-, pyrrole-, or
piperidine-based ionic liquids or their derivatives, glucose and
other saccharides, to polymers (e.g., PAN); then the
impregnated zinc powder is heated to carbonize the precursors;
last, the various heteroatom-doped HPGCMBs could be
achieved through evacuation of zinc powder at high temper-
ature. Figure 1a−f depicts the evolution of HPGCMBs in the
whole process. SEM images (Figure 1a, b) show the Zinc@
Organic precursor well-preserves the discrete spherical
morphology of zinc template without agglomeration. This
implies a very thin impregnation layer coating on the template
which is well consistent with that presented in the TEM image
(Figure 1d). With the elevation of annealing temperature,
zinc@organic precursor suffers from carbonization of organic
precursor and the evacuation of zinc template. Figure 1c, e
shows the partial evacuation of zinc template brought about

Figure 2. Morphologies and microstructures: (a) low-magnification SEM image for HPGCMBs; high-magnification SEM images for HPGCMBs
derived from (b) glucose, (c) PAN, and (d) IL, TEM images for HPGCMBs derived from (e) glucose, (f) PAN, and (g) IL; and HRTEM images for
HPGCMBs derived from (h) glucose (i) PAN, and (j) IL.

Table 1. Element Content for the HPGCMBs Derived from
Different Organic Precursors

XPS survey for HPGCMBs

precursor
C content (at.

%)
O content (at.

%)
N content (at.

%)
B content (at.

%)

glucose 84.33 15.67 0 0
PAN 86.73 9.22 4.05 0
IL 73.83 16.38 7.99 1.08
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porous microstructures in the carbon shell. After full
evacuation, the carbon bubbles well retain the spherical
skeleton of the template (Figure 1f).
Figure 2a presents the low-magnification SEM image of the

HPGCMBs exhibiting honeycomb-like pads of several hundred
micrometers assembled by porous carbon microbubbles. This
indicates the availability of the approach in obtaining large
amount of samples for scale application in energy storage and
conversion. Figure 2b−d show HPGCMBs derived from
different organic precursors. The common characteristic of
porous openings and discrete spherical shells in the HPGCMBs
implies the universality of the methodology. In the TEM
images (Figure 2e−g), diverse creases verify the feasibility in
altering the microstructures of HPGCMBs through changing
different precursors. Moreover, the tunable aspects in micro-
structures also work for hierarchical pores, graphitic content,
and doping species and amount as displayed in the HRTEM
images and XPS analysis (Figure 2h−j and Table 1).
The XRD patterns in Figure 3a show all the HPGCMBs are

similar to graphitic hard carbon with a diffuse X-ray peak near
22° (2θ) corresponding to ordered lattice spacing of 0.4 nm.
The shift of this diffuse peak to higher diffraction angle implies
shrinking of lattice spacing. This ordered lattice spacing and its
shrinkage would influence the loading availability of guest ions.
The peak about 43° (2θ) corresponds to diffraction of (110)
surface in graphite (PDF No. 26−1079). The increasing of this
peak indicates enhancing degree of graphitization, while that
near 10° (2θ) assert exfoliated graphite layers by oxygen
functional groups or oxidation of graphite.38 Hence, the
characteristic peaks in XRD patterns imply the disparity of

the extents of graphitization and oxidation in the HPGCMBs.
Moreover, the graphitization also could be evaluated by the
ratio of D band to G band in Raman spectra (Figure 3b). The
former band relates to turbostratic structure in sp2 hybrid
graphite layer or sp3 hybridized carbon, whereas the latter one
derives from sp2 hybrid graphite carbon.39 Therefore, a higher
ID/IG implies a lower graphitic content. As depicted in Raman
spectra, the graphitization is readily altered by changing the
precursor species.
Except for varying graphitic content, an adjustable heter-

oatoms doping is also easily realized. In the XPS survey spectra
(Figure 3c), the glucose derived HPGCMBs mainly consist of
C, and O with a doping ratio of 15.67% in atomic content,
whereas PAN-derived HPGCMBs realize the codoping of N
and O with 13.27% doping ratio. Remarkably, the doping ratio
could be elevated to 26.17% through utilizing an ionic liquid
containing N, O, and B (Table 1). On the basis of the analysis
of the local XPS spectra (Figure 3d), the deconvoluted C 1s
spectrum implies the coexistence of C−C, C−O and/or C−N
bonding in different HPGCMBs.18 For the N-doped
HPGCMBs (Figure 3e), the N 1s spectrum can be
deconvoluted into three peaks ascribed to pyridinc N (N-6),
pyrrolic N (N-5), and graphitic N (N-Q), respectively.16,26,32,40

They both verify different heteroatoms doped HPGCMBs
could be readily obtained through varying the organic
precursors containing the specific atoms. These doping atoms
would not only bring about abundant radical functional groups
availing for ions adsorption, but also probably influence the
formation of specific microstructures and hierarchical
pores.18,33,34,41

Figure 3. Structure, composition, surface area and pore analysis: (a) XRD patterns (b) Raman spectra, (c) XPS survey spectra, (d) C 1s and (e) N 1s
local XPS spectra, (f) adsorption−desorption isotherms, and (g) BJH desorption pores distribution for HPGCMBs derived from different organic
precursors.
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Figure 4. Electrochemical performance for (a) PAN-derived HPGCMBs electrodes (1) typical charge−discharge curve tested at 0.1 A g−1, (2) cycle
performance tested at 0.1 A g−1, and (3) rate performance tested at varying current from 0.1 A g−1 to 10 A g−1, (b) glucose derived HPGCMBs
electrodes (1) typical charge−discharge curve tested at 0.1 A g−1, (2) cycle performance tested at 0.1 A g−1, and (3) rate performance tested at
varying current from 0.1 A g−1 to 10 A g−1, and (c) IL derived HPGCMBs electrodes (1) typical charge−discharge curve tested at 0.1 A g−1, (2)
cycle performance tested at 0.1 A g−1, and (3) rate performance tested at varying current from 0.1 A g−1 to 10 A g−1.

Figure 5. Electrochemical analysis: cyclic voltammograms for HPGCMBs electrodes derived from (a) glucose, (b) PAN, and (c) IL, (d) the relation
of heteroatoms content to storage capability in HPGCMBs electrodes, (e) the relation of graphitic content to rate capability in HPGCMBs
electrodes, and (f) the electrochemical impedance spectra for HPGCMBs electrodes.
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Figure 3f presents the adsorption and desorption isotherms
for the different HPGCMBs. They show similar type II
isotherms.42,43 On the basis of the isotherms, BET surface areas
of 43.4, 293.1, and 555.9 m2 g−1 are attained for PAN, IL, and
Glucose derived HPGCMBs, respectively. BJH pore distribu-
tion (Figure 3g) depict the IL derived HPGCMBs mainly
contain mesopores ca. 4 nm with accumulated pore volume of
0.64 cm3g−1 (pore diameter from 1.7 to 300 nm), whereas
hierarchal pore distribution is realized for PAN and glucose
derived HPGCMBs with pore volumes reaching 0.18 and 1.01
cm3 g−1, respectively. Summarily, this universal methodology
could realize adjustable graphic content, heteroatoms doping
species and amount in HPGCMBs in the meantime.
To exemplify the virtues of the HPGCMBs in practice, state-

of-the-art anodes for lithium-ion batteries are tested. Figure 4
presents the electrochemical performance of the HPGCMBs
derived from different organic precursors. For the PAN-derived
HPGCMB electrode (Figure 4a), an initial capacity of 1100
mAh g−1 is achieved. Reversible capacity about 600 mAh g−1

could be attained steadily maintaining for 100 cycles equivalent
to initial Coulombic efficiency 55%. When altering rates, it
obtains capacity of 594 mAh g−1 at 0.1 A g−1, 435 mAh g−1 at
0.2 A g1−, 344 mAh g−1 at 0.5 A g−1, 253 mAh g−1 at 1 A g−1,
and 128 mAh g−1 at 10 A g−1 respectively. As to the
HPGCMBs derived from glucose and IL (Figure 4b, c), stable
cycling performance is readily maintained with much higher
capacity of 1056 mAh g−1 and 1041 mAh g−1, respectively.
Besides, enhancing rate performance of 1041 mAh g−1 at 0.1 A
g−1, 830 mAh g−1 at 0.2 A g−1, 678 mAh g−1 at 0.5 A g−1, 534
mAh g−1 at 1 A g−1, and 178 mAh g−1 at 10 A g−1 is obtained
for the IL-derived HPGCMB electrode. Importantly, at large
rate of 10 A g−1, the glucose-derived HPGCMB electrode
exhibits a high capacity of 370 mAh g−1. Comparing to
HPGCMBs derived from PAN, the improvement of cycling and
rate performance for glucose and IL derived HPGCMBs maybe
relate to not only the modifying of microstructures but also the
enlarged specific surface area and hierarchical pores. Moreover,
the marked graphitization, doping species, and amount are also
relevant to the superior lithium-ion storage capability and rate
capability.
As exhibited in the typical cyclic voltammograms (Figure

5a−c), the first cathode scans are characteristic of three series
of peaks centered at about 1.4 and 1.2, 0.7, and 0 V, whereas
the anode scans exhibit peaks centered at 0.2, 1.2, and 2.4 V. In
the cathode scans, the former two peaks maybe involve the
reduction of oxygen or nitrogen functional groups in the
HPGCMBs.44,45 The peak about 0.7 V is generally attributed to
the formation of Li2O and some Li containing solid electrolyte
interphase (SEI), and the peak ca. 0 V ascribed to intercalation
of Li+ into sp2 hybrid graphitic carbon like graphite and
graphene based carbon composites.16,41,46−49 In comparison
with the second scans, the weakening for the former three
peaks indicates the reduction of doping atoms related
functional groups and the formation of SEI are largely
irreversible. According to the anode scans, the deintercalation
of Lithium ions from graphitic carbon near 0.2 V and
delithiation Li2O near 1.2 V in doping HPGCMBs are highly
reversible.23,48,50 The slight peak about 2.4 V is related to
reoxidation of those already reduced oxygen or nitrogen
functional groups.44,45 To further clarify the microstructure-
and doping-related influence on the electrochemical properties
of the HPGCMBs electrodes, we present the relations of
graphitic content and doping amount to lithium-ion storage

capability and rate capability in Figure 5d, e. Evidently,
increasing the doping amount is suitable for achieving much
superior ion storage capability and severe graphitization (a
lower ratio of D/G) favors of improving the rate capability. By
changing the precursors, the doping amount and graphitization
are readily optimized for obtaining advanced electrodes with
superior storage capability and good rate performance. The
improved rate performance implies easier charge transfer, which
is consistent with the decrease in charge transfer resistance for
about 20% from PAN-derived HPGCMBs to those derived
from IL and glucose depicted in the electrochemical impedance
spectra (Figure 5f).

■ CONCLUSION

In summary, we develop a facile strategy to fabricate
HPGCMBs; this general methodology affords to generate
abundant microstructures, adjustable graphitic content and
doping species and amount in the carbon nanostructures.
Benefiting from those hierarchical porous structures, abundant
doping atoms, and appropriate graphitization, fast kinetic
processes and superior ion transfer and storage are perfectly
combined. Besides large ion storage capability, those HPGCMB
electrodes also exhibit superior cyclibility and rate performance.
Actually, those unique structures are applicable to other fields
as catalyst support, host−guest chemistry other than lithium-
ion batteries.
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