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In this report, novel hard carbon/graphite composites are prepared by a simple in situ particle anchoring
method, followed by carbonization. The effects of loading content of hard carbon on the structure and
electrochemical performance of the composites are investigated. The SEM results show that the hard
carbon particles are anchored randomly on the surface of graphite. The electrochemical measurements
demonstrate that an appropriate loading content of hard carbon can remarkably increase the specific
reversible capacity of graphite, which is mainly contributed by lithiation in hard carbon, whereas excessive
loading leads to the formation of a thick particle shell onto the surface of graphite, which deteriorates the
initial coulombic efficiency drastically. Kinetic tests further show that excessive loading of hard carbon is
unfavorable for lithium-ion diffusion probably due to the increased interface distance and decreased
electroconductivity. The composite loaded with 10 wt% hard carbon exhibits balanced lithium storage
performance with high reversible capacity of 366 mA h g~%, high initial coulombic efficiency (~91.3%), and
superior rate capability and cycling performance. Thus, in this study, we suggest a facile and effective
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1. Introduction

Lithium-ion batteries (LIBs) are considered to be one of the most
promising power sources for portable digital devices, energy
storage systems, and electric vehicles due to the advantages of
high energy density and long cycle stability.”> One of the key
parameters that determine the performance of LIBs is the type of
anode material used.® Thus, high-capacity and high-rate anode
materials are in high demand for LIBs in complex practical
applications. Among various anode materials, graphite is the
most widely used material because of its high chemical stability,
good electrical conductivity, low cost and high working voltage.*
However, inherent drawbacks such as low theoretical capacity
(372 mAh g, corresponding to stoichiometric LiCg compound),
inferior rate performance and poor electrolyte compatibility
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strategy to fabricate a promising graphite anode material for high-performance lithium-ion batteries.

impede its further development in the next-generation LIBs with
high energy and high power density. Therefore, intense efforts
are needed to find new ways of improving the performance of this
commercialized anode material.

To meet the increasing need for high-performance graphite,
various materials, such as carbonaceous materials (soft carbon
and hard carbon),”” ion-functional groups,® silicons,”™* and
metal compounds,>* have been coated onto the graphite
surface to suppress the irreversible solvated lithium intercala-
tion into graphite layers as well as to improve the rate capability.
Among these materials, hard carbon-based materials have been
proven to be the most effective modifiers for graphite due to
their highly disordered and porous structure, which can not
only shorten the transport distance for Li* but also offer large
electrode-electrolyte interface for charge-transfer reaction.'
Generally, hard carbon is composited to graphite by directly
mixing or through surface coating by pyrolyzing adequate
precursors in the practical production.’'® However, the tradi-
tional coating method has the limitation of low carbon
loading,"” as high carbon loading can easily cause serious
particle agglomeration, thus resulting in low production yield.
While direct mixing of graphite and hard carbon can cause
phase separation due to different true densities and tap densi-
ties. Thus, scalable preparation of low-cost hard carbon/
graphite composites with high hard carbon ratio, controllable

This journal is © The Royal Society of Chemistry 2018
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structure and excellent lithium storage performance is still
a challenge.

In this study, a facile method is reported for large-scale
fabrication of a novel hard carbon/graphite composite with
unique morphology by in situ anchoring of bare graphite with
hard carbon particles of smaller size. To achieve this goal, a low-
cost pitch with high softening point was used as the precursor
for the production of hard carbon through surface solidification
by phosphoric anhydride and carbonization. The microstruc-
tures of the obtained composites were characterized, and the
corresponding anode performances were investigated and
optimized. The results showed that the composite with an
optimal loading of hard carbon displays promising electro-
chemical performance with high reversible capacity, good rate
capability, and desirable cycling stability.

2. Experimental

2.1. Material preparation

For the purpose of this study, artificial graphite (AG, Shanghai
Shanshan Tech Co., Ltd.) with Ds, size of about 18.6 pm was
used as the raw material. An isotropic petroleum pitch (Dalian
Mingqgiang Chemical Materials Co., Ltd., China) with a soft-
ening point of 250 °C was used as the carbon source for devel-
oping hard carbon. The pitch was milled and classified to adjust
the median diameter Ds, to ca. 3-4 pm before usage. Then, the
hard carbon/graphite (HC/G) composite was synthesized by the
following procedure: AG and pitch were first dispersed in
distilled water to form a homogeneous suspension with total
solid content of 50%. The ratio of the pitch was in the range of
10-30 wt% against the amount of AG. Then, the oxidizing agent
P,05 (PO) was added into the above suspension under vigorous
stirring at room temperature to reach a concentration of 20 wt%
(against the pitch). After that, the obtained slurry was oxidized
and dried at 100 °C for 12 h in an oven to avoid pitch remelting
during the following carbonization process. Thus, the obtained
mixture was carbonized at 1000 °C for 2 h under flowing argon
in a tube furnace at a heating rate of 5 °C min~*. The resulting
samples were noted as HC/G-10 and HC/G-30 according to the
amount of pitch used. Before use, AG was also annealed at
1000 °C. The schematic diagram of the preparation process for
HC/G is illustrated in Fig. 1.

Graphite HC precursor

Stirring
B m—— .
Evaporation |,\ifsié
@ 100 °C

PO (H,0)

Fig. 1 Schematic presentation of the process for HC/G composites.
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2.2. Material characterization

The surface groups of the samples were determined by XPS with
a Thermo K-Alpha+t system and a monochromatic Al-Ko. X-ray
source. The spectra were analyzed and processed by using the
XPSPEAK software (version 4.1). Peaks were deconvoluted using
mixed Gauss-Lorentz sum function line shape and a Shirley-
type background line. The morphology of the samples was ob-
tained using scanning electron microscopy (SEM, FEI Quanta-
200). Particle size distribution of the prepared samples was
determined with Malvern 2000 Instruments. The crystal phase
composition of the obtained samples was characterized by X-ray
diffraction (XRD) analysis using a Bruker D8 Advance diffrac-
tometer with Cu K, radiation (A = 0.1.54056 nm). Data were
collected for scattering angles (26) from 10 to 80° with a scan
rate of 2° min~". The results of XRD analysis were processed
using the Bragg and Scherrer equations. Raman spectra were
recorded by a Raman spectrometer system (inVia-Reflex) using
a laser with 532 nm excitation at room temperature. Nitrogen
adsorption and desorption isotherms were measured using an
automatic specific surface area of microporous/mesoporous
physical adsorption analyzer (ASAP 2460 V2.01) at 77 K.
Surface areas were determined by the BET method.

2.3. Electrochemical measurements

The working electrodes were prepared by coating a mixture of
the as-prepared material with Super P conductive agent and
poly (vinylidene fluoride) (PVDF) binder at a weight ratio of
91.6: 6.6 : 1.8 dissolved in N-methyl-2-pyrrolidone (NMP) on
a copper foil. Electrochemical tests were carried out using
CR2430 with a lithium metal foil as the counter electrode. To
form the anode, the mixed slurry was coated on a copper foil,
dried at 120 °C under vacuum for 12 h, pressed using a roll-type
mill under 100 MPa of pressure, cut into discs (16 mm in
diameter), and then weighed using an ultra-fine balance to
adjust the amount of active material. Coin-type cells were
assembled in an Ar-filled glove box using a polyethylene film as
a separator and lithium hexafluorophosphate (LiPF) solution
(1 M) in a mixture of ethylene carbonate/diethyl carbonate/ethyl
methyl carbonate (EC/DEC/EMC, 1 : 1 : 1, v/v/v, Shanshan Tech
Co., Ltd) as an electrolyte. Galvanostatic charge/discharge
measurements were carried out using a Land Battery

HC/G Composite
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Measurement System (LAND CT2001A, China) in a fixed voltage
range of 0-2.5 V vs. Li/Li" at room temperature. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were performed using an electrochemical
working station (Zahner IMé6ex) at room temperature. All the
electrochemical tests were carried out at ambient temperature.

3. Results and discussion

3.1. Physical properties of the HC/G composites

HC/G composites are successfully prepared by co-blending AG,
pitch powder and oxidizing agent PO in water, followed by
successive drying and carbonization. Generally, the PO converts
to H3PO, firstly after dissolving in water and then connects with
the superficial pitch molecules through an addition reaction
during the drying process, by which the P=0 bonds are opened
and new phosphorus-containing groups of CO-P(O)(OH), are
formed. Such phosphorus-containing hydroxyl groups exten-
sively condense with other pitch molecules by releasing H,O
and forming intermolecular cross-linked structures and thus
realize the in situ solidification of the pitch precursor.'® During
the high-temperature carbonization process, the released vola-
tiles make the pitch particles stably cohere to the surface of AG.
The pyrolysis behaviour of the samples after drying is first
investigated by thermogravimetric analysis, as shown in
Fig. S1.f Compared with the results for pristine AG, the first
remarkable weight loss stages at 400 °C (for HC/G-3) and at
450 °C (for HC/G-1) are mainly due to multiple and complex
reactions (cracking, polymerization, condensation, etc.) of low-
molecular-weight compounds in the pitch.” The second
weight loss stage at about 850 °C can be mainly due to the
decomposition of some aromatic rings and escape of small
phosphorus-containing groups.

To confirm the existence of phosphorus and its chemical
bonding state in the carbonized samples, XPS analysis is also
conducted, as shown in Fig. 2a. Compared with the results for
AG (Fig. 2b), P 2p peaks are detected in XPS of HC/G-1 (Fig. 2c)
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Fig.2 (a) XPS spectra of the samples; (b) P 2p peak of AG; (c) P 2p peak
of HC/G-1; (d) P 2p peak of HC/G-3.
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and HC/G-3 (Fig. 2d), indicating the existence of phosphorus
functional groups in the obtained composites. The bonding
energies of P 2p at 133.9 eV, 133.0 eV, 132.2 eV and 130.4 eV are
assigned to the linkages of C-O-P, C-P-O, C;-P=O0 and C;-P,
respectively,'® indicating strong evolution of the phosphorus
structures during the high-temperature treatment. The pres-
ence of C-P bonds is a result of an effective bonding reaction
between the pitch precursor and phosphoric acid on a molec-
ular scale. In addition, O 1s spectra are also analysed in Fig. S2.}
Based on calculations, the relative contents of phosphorus and
oxygen species are summarized in Table S2.1 It can be found
that the content of P and O-containing groups varies with the
increase in the pitch precursor and PO.

Fig. 3 displays the SEM images of pristine AG and the ob-
tained composite HC/Gs. As can be seen, AG presents (Fig. 3a
and b) an original irregular multi-particle morphology with
smooth surface. After the in situ anchoring process, the
morphology of obtained HC/G-1 (Fig. 3¢ and d) does not change
appreciably as compared to that of the original one except that
many hard carbon particles (marked with red arrows) are
homogeneously present on the surface and gaps of AG.
However, the surface of this composite appears to be rough,
especially when the amount of anchored hard carbon increases
(HC/G-3), as shown in Fig. 3e and f. The in situ-anchored hard
carbon particles exhibit sharp-edged morphologies, which can
be the main reason for the rough appearance. Such a unique
structure might be beneficial to reduce the electrolyte sensitivity
of the inner graphite.>***

Moreover, the SEM mapping results in Fig. S31 further verify
the existence and uniform distribution of elemental P and O on
the surface of the composites. No clear agglomeration of the
graphite particles is found after the carbonization process,
suggesting that the pitch precursor has been well-oxidized

o,
Lens

Fig. 3 SEMimages of sample (a) and (b) AG, (c) and (d) HC/G-1 and (e)
and (f) HC/G-3.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XRD patterns (a) and Raman spectra (b) of AG, HC/G-1 and HC/G-3.

under low temperature by PO. Such results can be further
demonstrated by the particle size distributions presented in
Fig. S4.1 The average particle diameters (Ds,) of AG, HC/G-1 and
HC/G-3 are measured to be 18.6, 19.3, 20.4 um, respectively,
suggesting that the pitch based on hard carbon particles is
adhered to the surface of the graphite. The nanostructure of the
pitch based on hard carbon is further characterized by TEM
(Fig. S51). The obtained TEM images reveal a typical turbostratic
structure of the sample, which matches the “house of cards”
model for hard carbons.”

X-ray diffraction (XRD) patterns are obtained to further
confirm the structural features of the obtained samples. As
shown in Fig. 4a, both original AG and HC/G composites show
sharp diffraction peaks at 26 of around 26°, 44° and 54°, which
are ascribed to the (002), (101) and (004) planes in graphitic
carbon,® respectively. The diffraction peak intensities of HC/G-
1 and HC/G-3 decrease with the increase in hard carbon
loading, indicating that a well-designed disordered carbon layer
is formed on the graphite surface.> No peak that belongs to any
impurity or secondary phase is detected in the XRD patterns,
suggesting that the used oxidizing agent PO is homogenously
consumed in the final composites after carbonization. Based on
the Bragg equation,” the interlayer space d(oo) values are
calculated to be 0.3368 and 0.3370 nm (Table 1) for HC/G-1 and
HC/G-3, respectively, which are larger than that of original AG
(doo2) = 0.3358 nm). Moreover, the average crystal sizes L. and
L, both decrease with the increase in hard carbon loading. The
powder resistivities of AG and HC/G composites are also esti-
mated and listed in Table 1. As can be seen, the powder

Table 1 Structure parameters of the three samples

doo Le L, PR Sert’
Samples (nm) (nm) (nm) /I Qmm (m*g™)
AG 0.3358 758 2426 0.10 0.25 1.8
HC/G-1 0.3368 734 2355 0.28 0.37 1.6
HC/G-3 0.3370 664 1839 0.83 0.44 1.2

“The integral intensity ratio of D-peak against G-peak. ” Powder
resistivity. © BET specific surface area.

This journal is © The Royal Society of Chemistry 2018

resistivity increases significantly with the increase in HC
content from 0.25 mQ mm (AG) to 0.37 mQ mm (HC/G-1) and
then to 0.44 mQ mm (HC/G-3). This considerable increase in
powder resistivity is due to the low conductivity of the intro-
duced hard carbon in the HC/G composites.

Raman spectra are also obtained to further probe the
microstructure of the obtained composites. As shown in Fig. 4b,
all the Raman spectra show clear D-band at ~1360 cm ™" and G-
band peak at ~1580 cm™ ", corresponding to the disordered sp>
carbons and E,, mode (in-plane stretching vibration) graphitic
carbons.”**” The integral intensity ratio of D to G band, Ip/Ig, is
well-established as an indicator of crystallinity for the local
carbon in carbon materials.?® The numerical values of Ip/I; are
calculated to be 0.10, 0.28 and 0.83 for AG, HC/G-1 and HC/G-3,
respectively (Table 1). Clearly, the I,/I; value increases with the
increase in loaded hard carbon, further suggesting the increase
in defects and the growth of local disordered structures in the
composites. This result agrees well with the XRD data illus-
trated in Fig. 4a.

Fig. 5 shows the nitrogen adsorption-desorption isotherms
of the obtained composites. It can be found that a typical IV
isotherm with a distinct hysteresis loop at relative pressure P/P,
between 0.45 and 0.95 is observed for original AG, indicating

1
£
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N~
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Fig. 5 N, absorption/desorption isotherms of the samples.
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the presence of some open mesopores.” However, the hyster-
esis loop gradually shrinks with the increase in hard carbon
loading, suggesting clear change in nanopores of the compos-
ites after the anchoring process. Especially for sample HC/G-3,
the hysteresis loop nearly disappears, and the total nitrogen
absorption volume decreases to the minimum. The specific
surface areas (Sggr) of AG, HC/G-1 and HC/G-3 are calculated to
be 1.8, 1.6 and 1.2 m”> g~ ' (Table 1), respectively. Such low Sggr
values indicate that the nanopores are closed or that their
entrances are smaller than those of the nitrogen molecules.
Combined with SEM results (Fig. 3), the gradual decrease in
Sget is possibly caused by the thermal deposition of the volatiles
(released from the oxidized pitch) into the defective nanopores,
which acts as a pore healing process during carbonization.
Additionally, the increased quantity of doped PO within the
composite also has strong effect on the carbon structure, which
might destroy the pores.*

3.2. Electrochemical properties of the HC/G composites

The electrochemical properties are further investigated by coin-
type half-cells (CR2430 R-type) to understand the Li" storage
behavior in the obtained samples. Fig. 6 shows the cyclic vol-
tammetry (CV) curves of the samples for the first three cycles
from 0 to 2.5 V at a scanning rate of 0.5 mV s . Clearly, two
stages of lithium-ion intercalation/deintercalation occurring
below 1.3 V can be observed during scanning. Generally, the
reduction peak at about 0.01 V is assigned to the distinct lith-
iation process, whereas the oxidation peak around 0.38 V
corresponds to delithiation from graphitic structure. To be
noted, the small reduction peak at around 0.57 V in the first
cathodic scan is ascribed to the formation of a solid electrolyte
interphase (SEI) layer,® which causes major irreversible capac-
ities in the first cycle. Compared with the results for pristine AG,
the intersection of oxidation and reduction curves for the
composites increases from ca. 0.8 V to ca. 1.3 V, thus

0.015 F) 7038V
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-0.005
'0~0|0'1.1 PR NREPRR NP |
gg:; [ (b) (= 0.36 V
0.005 F
0.000 |-
-0.005 |-

'8:8}2:1.1 [P NP WERPU WP T |

0010 © o~ 033V ol
L cycle
0.005 - e 3 ey cle
0.000 -
-0.005 |-
0010 7 ) oy
00 02 04 06 08 1.0 1.2 14 16 18 2.0

Potential (V)

— cycle

2" cycle

3 cycle

Current (A)

P PR U TP
1" cycle

2" cycle
3" cycle

Current (A)

PR R —

— cycle

Current (A)

Fig. 6 Cyclic voltammetric profiles of (a) AG, (b) HC/G-1 and (c) HC/
G-3 electrodes at a scan rate of 0.5 mV s™%,
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corresponding to higher capacity. Moreover, the oxidation
peaks gradually shift to a lower potential with the increase in
loading amount of hard carbon, indicating reduced electrode
polarization; this might suggest improved rate capability of the
composites.

Fig. 7 illustrates the charge and discharge profiles of the first
cycle for the electrodes in the voltage range of 0.005-2.0 V at
a rate of 0.1C (corresponding to 35 mA g '). Clearly, sloping
region (from 1.25 to 0.15 V) and plateau region (under 0.1 V)
corresponding to lithiation at amorphous carbons and
graphitic carbons®* can be found for the composites. Moreover,
with the increase in hard carbon ratio, the capacity contributed
by the sloping region increases significantly, resulting in high
total capacity. The galvanostatic test results of the initial cycle
are summarized in Table 2. Notably, pristine AG exhibits
charge/discharge capacity (CC/DC) of 356.8/381 mA h g~ with
initial coulombic efficiency (ICE) of 93.6%, whereas HC/G-1 and
HC/G-3 deliver CC/DC values of 365.9/401 and 374.7/
418 mA h g~ with ICE values of 91.2% and 89.6%, respectively.
This improvement in reversible capacity of the novel compos-
ites is mostly due to the in situ anchoring of hard carbons and
the minor P-doped structures.*

Rate capability and cycling performance are also tested for
HC/G composites to reveal the relationship between anode
composition and electrochemical performance. As shown by

25
~ 20}
=
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=
e
> 05}
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Fig. 7 Initial charge and discharge of AG, HC/G-1 and HC/G-3 at
current of 0.1C.

Table 2 Electrochemical properties of the three samples

RC® ICE? RE1° RE24
Samples (mAhg™ (%) % %
AG 356.8 93.6 4.2 88.0
HC/G-1 365.9 91.2 12.1 97.1
HC/G-3 374.7 89.6 14.5 91.4

“ The first cycle discharge capacity. * The initial coulombic efficiency.
¢ The retention ratio of charge capacity of the first cycle at 3C against
the charge capacity of the second cycle at initial 0.1C. ¢ The recovery
ratio of the first cycle charge capacity of final 0.1C against the charge
capacity of the second cycle at initial 0.1C.

This journal is © The Royal Society of Chemistry 2018
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the rate performance of AG and HC/G composites from 0.1C to
3C in Fig. 8a, the capacities of HC/G composites are higher than
that of AG at all current densities, indicating that the intro-
duction of hard carbon onto AG successfully improves its rate
capability. This is mainly because hard carbon commonly
exhibits larger interlayer spacing and some nanopores, which
can provide more equivalent channels for lithium-ion diffu-
sion.** However, for the obtained composites, HC/G-1 shows
higher charge capacities than HC/G-3 from 0.5 to 2C; this is
probably due to the greater amount of hard carbon in HC/G-3,
which leads to poor conductivity. Under 3C, a higher charge
capacity is found for HC/G-3, indicating that a high loading
amount of hard carbon is critical to obtain high-rate perfor-
mance of the HC/G composite. As indicated by Table 2, capacity
retention ratios (RE1) of 4.2, 12.1 and 14.5% are achieved at 3C
for AG, HC/G-1 and HC/G-3, respectively. When the C-rate is
switched back to 0.1C, the charge capacities return to 312.3,
354.3 and 342.7 mA h g~ " with capacity recovery ratios (RE2) of
88.0, 97.1 and 91.4% for AG, HC/G-1 and HC/G-3, respectively,
demonstrating good stability of the HC/G-1 electrode at various
current densities.

Fig. 8b shows the cycling performance of the obtained
samples tested at 0.3C. During all the cycles, HC/G-1 and HC/G-
3 exhibit higher cycling reversible capacities and better cycla-
bilities than pristine AG. Additionally, both composites display
a considerable capacity loss in the initial 20 cycles due to
lithium consumption by active sites in the anchored hard
carbon. However, in the following cycles, HC/G-1 exhibits
a relatively stable charge/discharge process, whereas HC/G-3
suffers continuous capacity fading. After 100 cycles, HC/G-1

400 9 0.1C
S 0.1C
>33 3 -9-9-9-9
300} [eeee

o

=3

=
T

——AG
[ —e— HC/G-1
——HC/G-3

Specifi ity (mAh g’ &
pecific capacity (mAh g)
= T
=3

Cycle number

C
( ) 6 Rs ct Cal
5 = Rt Ret w
4}
‘E —— AG
s 3 ——HC/G-1
= ——HC/G-3
N

Z' (Ohm)

View Article Online

RSC Advances

still exhibits capacity of 349 mA h g~ ', which is much higher
than those of HC/G-3 (340 mA h g™ ") and AG (325 mA h g™ "). The
better cycling performance of HC/G-1 can be due to its proper
HC-to-AG ratio, which is conducive to electrolyte infiltration;*
this can help improve ion-diffusion and maintain interfacial
stability during cycling.

The dynamic processes of AG, HC/G-1 and HC/G-3 electrodes
before cycling can be revealed by electrochemical impedance
spectroscopy (EIS, as shown in Fig. 8c). The depressed semi-
circles in the high- and medium-frequency regions represent
the total interfacial resistance from SEI (R¢) and the charge-
transfer resistance (R.).** The smaller the semicircle, the
lower the total Ry and R..*” The EIS curves are fitted by an
equivalent circuit composed of “R(C(R))(C(RW))” using the
ZSimpWin program (inset of Fig. 8c), and the fitting results are
shown in Table 3. Among the samples, HC/G-1 has the lowest R
and R values, which can verify its better rate performance
mentioned above.

To further study the initial reaction kinetics of HC/G, Li"
diffusion coefficient (Dy;+) is calculated using the following
equation:*®

Dy = R 24 F* €76 (1)
Here, R is the gas constant, 7T is the absolute temperature, A is
the surface area of electrode, n is the number of electrons per
molecule, F is the Faraday constant, Cy;- is the concentration of
Li", and 6 is the Warburg coefficient. The real part of the
impedance (Z') is given by*>*°

(6) 500~
450} SR
e AG-DC * AG 80
@ HC/G-1-DC HC/G-1
400F o HC/G-3-DC HC/G-3 {60

300 420

Specific capacity (mAh g”)
Coulombic efficiency (%)

) T S S TP ST S TP ST S S S 1
0 10 20 30 40 50 60 70 80 90 100

Cycle number

L —

8l —— Fit Curve (AG)

= ° AG —— Fit Curve (HC/G-1)
s 7 * HC/G-1 —— Fit Curve (HC/G-3)
é e HC/G-3
N el W

5}

4 1 1 A 1 1 1

0.5 1.0 156 20 25 3.0 35
o™

Fig.8 Electrochemical performances of AG, HC/G-1and HC/G-3 samples: (a) rate capability from 0.1C to 3C; (b) cycle performance at a current

rate of 0.3C; (c) Nyquist plots before cycling and (d) the relationship curves between Z’ and w
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Table 3 EIS parameters of the three samples

Sample R: (Q) R (Q) 6 (Qs?) Dy (em? s
AG 1.8 4.0 0.381 1.03 x 1077
HC/G-1 1.1 2.4 0.297 1.71 x 1077
HC/G-3 1.3 2.6 0.321 1.47 x 1077
Z =R, + Ry + 6w 2 (2)

where w is the angular frequency; both R. and R, are the kinetic
parameters independent of frequency and thus, ¢ is the slope of
the plot of Z' vs. the reciprocal square root of the lower angular
frequencies (w~/?). Based on the linear fitting of Z' vs. /> in
the low-frequency region (Fig. 8d), the calculated average Dy;
values of HC/G-1 (1.71 x 10" em* s~ ') and HC/G-3 (1.47 x 10~
cm?® s~ ') are higher than that of pristine AG (1.03 x 10”7 cm?
s~"). The increased Dy of the HC/G composites suggests that
the in situ anchoring of hard carbon onto the graphite surface
can efficiently enhance Li" diffusivity in the pristine graphite.
According to the superior electrochemical performance, HC/G-1
with an optimal HC-to-AG ratio can be a promising alternative
anode for lithium-ion batteries.

4. Conclusions

Novel hard carbon/graphite composites are successfully
synthesized by a facile in situ particle anchoring method. The
obtained samples are evaluated in detail with the assistance of
SEM, XRD, Raman and nitrogen adsorption and applied as
high-performance graphitic anode materials for lithium-ion
batteries. The results show that the specific surface area of
the obtained composites gradually decreases with the increase
in hard carbon amount. Among the samples tested in this study,
HC/G-1 with an optimal HC-to-AG ratio displays the most
favorable initial reversible capacity (366 mA h g™ '), cyclic
capacity retention (349 mA h g~ after 100 cycles at 0.3C), and
rate capability (capacity retention of 12.1% at 3C). The improved
electrochemical performance is due to the presence of a proper
ratio of isotropic and porous hard carbon, which can offer fast
transport channels for lithium ions and help electrolyte
permeation, thus alleviating capacity fading during long
cycling. In conclusion, this HC/G composite has great potential
to be an excellent candidate for anodes in high-energy and high-
power-density lithium-ion batteries.
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