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Abstract

As the anode materials of lithium-ion battery, the hard carbon has the higher
power performance while the graphite has the higher energy performance,
respectively. In this work, novel mixed hard carbon/graphite anodes are pre-
sented showing the coupling effect of power and mixed anodes was investi-
gated at the varying charging rates, showing the tunable behaviors dependent
on the hard carbon/graphite ratios. By studying the specific capacity evolu-
tion in different split potential ranges, we found that the mixed anodes with a
higher proportion of hard carbon were advantageous when working in the
cut-off potential greater than 0.10 V. The electrochemical impedance spec-
troscopy was measured at various anode potentials, which depicted the evolu-
tion of cell resistance with the state of charge. With the aid of electrochemical
impedance spectroscopy, we found that the capacity evolution with mixed ra-
tio is attributed to the lithiation-level induced difference of charge transfer
resistance and Warburg resistance. A coupling effect was discovered showing
a great potential in balancing the power-energy performance of mixed anode
by simply controlling the ratio of hard-carbon/graphite.
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1. Introduction

Graphite has been commercialized as anode active material of lithium (Li) ion
batteries for years because it has the merits of high reversible capacity (370

mAh/g) and excellent cycling performance with the formation of stable solid
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electrolyte interphase (SEI) during cycles [1] [2]. However, graphite has the
limited rate performance that cannot support the higher power need of the next
generation Li-ion batteries [3] [4]. Moreover, graphite is not well matched with
the high power cathodes such as active carbon in the newly developed Li-ion
capacitors for higher power application [5] [6].

In addition to graphite, a series of carbon material such as soft carbon [7],
hard carbon [8], were investigated as the anodes of Li-ion batteries. Among all
the candidates, the hard carbon is promising with various merits. First, com-
pared with the parallel aligned structure of graphite, the hard carbon has more
porous, random, and small-dimensional graphene layers. As the hard carbon has
different physical properties with graphite, Li ion can intercalate in layered car-
bons such as graphite, and it adsorbs on the surfaces of single carbon layers in
hard carbons. The adsorbing shows a higher rate than the intercalating. There-
fore, the disordered structure of hard carbon is more capable of Li-ion accom-
modation which can contribute to the higher power performance at high rate
[9]. Second, compared with graphite, the structural stability of hard carbon re-
sults in the better cycling performance. The significant deformation of the gra-
phite electrode is from the expansion and shrinkage of d002 spacing during
charge and discharge cycles resulting in poor cycling performance, while the
d002 spacing of hard carbon is large enough for the Li doping without leading to
electrode expansion [10]. However, the major drawback of hard carbon is the
relatively higher irreversible capacity loss during the first cycle compared with
the graphite, because hard carbon with the higher porosity consumes more
Li-ions in electrolyte for formation of SEI. Moreover, compared with graphite,
the commercialized hard carbon shows higher cost and lower specific capacity
which is not efficient for the large quantity of application.

Researchers have kept studying the use of hard carbon with higher power
performance as the alternative of graphite, but the lower energy density limits its
wide use in Li-ion chemistry [11]. Based on the differences of energy-power
performance between graphite and hard carbon, the combination of these two
materials has shown some promising characteristics in Li-ion system [12] [13].
By adding the graphite particles into the hard carbon, the modified anode shows
an improved packing density and a higher anode specific capacity compared
with the porous hard carbon [14]. Moreover, by adding the hard carbon into
graphite, the modified anode gains more porous channels for ion transportation
and a higher power performance compared with graphite [15]. On the other
hand, the state of charge (SOC) of Li-ion batteries is usually monitored by the
cell voltage change. Because the graphite has a dramatic platform voltage profile,
the SOC is highly sensitive to the minor change of open circuit voltage (OCV).
This issue becomes even more severe when graphite anode is coupled with the Li
iron phosphate cathode which also has a very flat platform. Hence, the hard
carbon was added to the graphite electrodes to introduce more sloping features
to the voltage profile which improved the sensitivity of OCV-SOC relationship
[16].

DOI: 10.4236/msce.2021.91002

17 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2021.91002

Y.L Yinetal.

Despite the recent research efforts, the mechanism of coupling the hard car-
bon and the graphite is still not well understood. The previous research focused
on the material modifying technology to couple the hard carbon and graphite
but did not pay many efforts to searching proper methods to study the mechan-
ism in coupling hard carbon and graphite. The biggest difficulties in under-
standing more deeply the coupling between graphite and hard carbon include
the well-designed electrochemical experiments, more accurate measurement of
electrode potential, resistance. A well-designed three-electrode measurement
and systematic analysis are needed to address the coupling effect of energy and
power performance based on the mixed hard carbon/graphite anodes. A well
analyzed results and modeling of electrochemical impedance spectroscopy are
needed to analyze the resistance evaluation in coupling hard carbon and gra-
phite.

In this work, we constructed a series of mixed anodes with various ratios of
hard carbon: graphite, and carefully studied the effect of hard-carbon: graphite
ratio on their coupling electrochemical properties. The coupling effect of energy
and power is investigated through some new perspective routes, including the
characteristics of rate performance of anodes during the split potential range.
The electrochemical impedance spectroscopy (EIS) was measured at various
anode potentials and analyzed quantitatively to depict the evolution of cell resis-

tance varying with the state of charge (SOC).

2. Experimental
2.1. The Fabrication of Mixed Anodes

A series of mixed anodes with various ratios of hard carbon/graphite were made
through the following wet method. First, we obtained a slurry of carbon active
material and Polyvinylidene fluoride binder (PVDEF, HSV 900, Arkema Co.) with
the ratio at 94:6 dissolved in N-Methyl-2-pyrrolidone solvent (NMP, Sig-
ma-Aldrich). The active materials were mixtures of hard carbon (Carbotron: P,
Kureha Co.) and graphite (MGS, China aviation Li-ion battery Co.) with quanti-
tiesat 10.0g:0g, 7.5g:2.5g,5.0¢:5.0¢g,2.5¢g: 7.5g, and 0 g: 10.0 g to achieve
the ratios at 100:0, 75:25, 50:50, 25:75, and 0:100, respectively. We use the ball
milling method to achieve the slurry mixing: the weight ratio of solvent: solid is
14 g: 10 g; the ball number is 15 with average diameter of 10 mm and average
weight of 1.4 g; the rotating speed: 180 c¢/min; the rotating time is 6 hours.
Second, we blade-coated slurry on a Cu foil with the thickness of 10 pm followed
by drying in air at room temperature for 12 hours. Third, the obtained anode
sheets were dried again in constant flowing air at the temperature of 80°C for 12
hours. Then, the anode sheets were compressed to the same thickness by a
heat-rolling mill method. Finally, the anode sheets were punched into round size
with an area of 1.27 cm? and dried at 120°C for 12 hours inside a vacuum oven.
Here, all the anodes have the same electrode thickness and area so that no

thickness or geometry difference will affect the electrode performance [17] [18].
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2.2. The Characterization of Mixed Anodes

The Brunauer-Emmett-Teller (BET) surface area of the mixed anodes was
measured through the nitrogen adsorption-desorption isotherms (Autosorb-iQ,
Quantachrome Instruments, USA). The pore size distributions of all the anodes
were analyzed based on the Barett-Joyner-Halenda (BJH) method. The micro-
structural analysis of the mixed anodes was carried out by a Field Emission
Scanning Electron Microscope (FE-SEM, JSM-7401F, JEOL, USA). The electrical
conductivity of the mixed anodes was measured by the 4-probe method. For this
measurement, the powder of active materials was pressed to disks with the

diameter of ¥ inch by the pressing tools.

2.3. The Construction of the Three-Electrode Cells for the Mixed
Anodes

Because the overpotential will dramatically affect the electrode potential in the
charge-discharge measurement, a three-electrode cell was constructed to moni-
tor the real electrode potential of mixed anodes (see Figure 1) [19]. First, the fa-
bricated mixed anodes with various ratios were used as working electrodes.
Second, a Li foil with the thickness at 0.25 mm was punched to a round size with
the area at 1.60 cm? and used as the counter electrode. Third, to form a reference
electrode, a Li slice with a square size of 2 mm x 2 mm was cut off from the same
Li foil, and then compressed on one tip of a 10 pm-thick Cu strip with the
rectangular size of 3 mm x 20 mm. As Costard et al reported [20], the geometries
of the reference electrodes will greatly affect the results of the three-electrode sys-
tem testing, so we kept all the reference electrodes at consistent geometries in our
cells.

We used the commercial electrolyte with 1 mol/L LiPF6 in ethylene carbonate
(EC): dimethyl carbonate (DMC) with the ratio at 1:1 by weight (LP30, Badische
Anilin-und Soda-Fabrik, USA). Two pieces of glass microfiber filters (Whatman,
GE Healthcare Life Sciences, USA) with the thickness at 0.26 mm were punched
to a round size with the area at 1.98 cm? as the separator.

_ring _Cu Foil
o rl\ng “Plastic Film Carbon Anode

Li Foil a5t )
(Reference Electrode) i FOil(Reference Electrode) (Working Electrode)
Steel Case

Three Electrodes Cell ~ Electrolyte Separator
(a)

Li Foil(Reference Electrode)

" l §
Li Foil Carbon Anode

(Reference Electrode)  (Working Electrode)

(b)

Figure 1. The structure of the three-electrode cell: (a) schematic diagram, (b) Digital
photo.
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A coin cell (CR2032) was finally assembled containing all above items. Here,
two pieces of 10 um-thick plastic paper with the rectangular size of 4 mm x 15
mm were used as the insulator to separate the reference electrodes with the steel
coin cases. 3 pieces of 0.5 mm-thick steel spacers and 1 piece of 0.3 mm-thick

steel spring were used to keep every cell at constant internal pressure.

2.4. The Characterization of the Three-Electrode Cells for the
Mixed Anodes

The voltage profile at different rates was obtained from the cells by the galva-
nostatic charge-discharge testing (BTS3000, Neware Technology, China). Here
we setup the three-electrode cell testing by giving current through working elec-
trode and counter electrode and monitoring the cutoff voltage between the
working electrode and the reference electrode.

The EIS curves were separately measured for the cells (Reference 3000, Gamry
Instruments, USA). We used the same method as described above for initial SEI
formation. After that, all the cells were charged at 0.1 C to various potentials
ranging from 1.00 V to 0.01 V, then charged at constant-voltage until the current
reduced to 10% of the 0.1 C current, respectively. Cells were rested for 6 hours at
the final OCV. Finally, cells were tested at the galvanostatic model with the fre-
quency range from 0.01 Hz to 1 M Hz, the AC current at 0.1 mA, and DC current
at 0 V. To reduce the surrounding electromagnetic interference, the positive and

negative wires of analyzers were twisted in a pair.

3. Results and Discussion
3.1. The Porosity of Mixed Anodes

The final anode parameters are listed in Table 1. With increasing hard carbon

content, the density of mixed anode decreases from 1.23 g/cm’® to 0.94 g/cm?,

Table 1. Characterizations of the electrode parameters for the three-electrode cells. Hard
Carbon (HC), Graphite (G).

Reference
Working Electrodes Counter Electrodes
Electrodes

Weight Thickness Area Density Porosity Area Thickness Area Thickness

Ratio

(mg) (um)  (cm®) (g/em®) (%)  (cm?) (um) (cm?)  (um)
HC: G

7.1 59 1.27 0.94 57% 1.60 250 0.04 100
(100:0)
HC: G

7.4 58 1.27 0.99 55% 1.60 250 0.04 100
(75:25)
HC: G

7.9 60 1.27 1.05 52% 1.60 250 0.04 100
(50:50)
HC: G

8.6 59 1.27 1.15 48% 1.60 250 0.04 100
25:75)
HC: G

9.2 60 1.27 1.23 44% 1.60 250 0.04 100
(0:100)
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while the porosity increases from 44% to 57%. This result shows that the addi-
tion of hard carbon can tune the density and porosity of the mixed anodes. The
SEM images are given to characterize the anode morphology as shown in Figure
2. The particles show the size in tens of um and the homogeneous distribution.
The microstructure of hard carbon shows a sharp edge (Figure 2(a), Figure 2(b)),
while the graphite shows close-to-round shapes (Figure 2(i), Figure 2(j)). More
geometry space may form between hard carbon particles with sharp edges com-
pared with the close-to-round graphite particles. This difference can possibly
result in the porosity variation with the hard carbon content change in Table.

A detailed characterization of porosity is given by BET test as shown in Figure
3. From N2 adsorption-desorption in Figure 3(a), all the mixed anodes show

Type IV isotherm according to the IUPAC classification, which is typical for

Figure 2. The SEM of mixed anodes with various hard carbon (HC): graphite (G) ratios
at ((a), (b)) 100:0, ((c), (d)) 75:25, ((e), (f)) 50:50, ((g), (h)) 25:75 and ((i), (j)) 0:100, re-
spectively.
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Figure 3. The BET results of mixed anodes. (a) N2 adsorption-desorption isotherms, (b)
Pore size distributions.

mesoporous materials. These isotherms have classical hysteresis loops which
are associated with the occurrence of pore condensation. The initial low P/P0
part of the isotherms have inflection points that can be attributed to monolay-
er-multilayer adsorption. From the isotherm, the specific surface areas were cal-
culated as 0.827, 0.785, 0.761, 0.633 and 0.478 (m?*/g) for hard carbon: graphite
ratios at 100:0, 75:25, 50:50, 25:75 and 0:100, respectively. The specific surface
area increases with the hard carbon content, which is consistent with the calcu-
lated porosity in Table 1 and particle microstructure in Figure 2. From Figure 3
b, all the anodes show the very low content of pores with pore size less than 2
nm. In the range of pore size higher than 2 nm, the pore volume increases more
dramatically with the hard carbon content, which shows that hard carbon can
introduce more meso-pores into the anodes. The more porous structure of
mixed anode with higher hard carbon content is more capable of ions transpor-
tation, which contributes to the potential of the higher power performance as

reported in literature [9].

3.2. The Electrical Conductivity of the Mixed Anodes

As shown in Figure 4, the electrical conductivity of mixed anodes changes from
0.48 (£0.03) S/cm to 42.57 (+11.13) S/cm with the hard carbon: graphite ratio
changing from 100:0 to 0:100. This result shows that graphite has better electric-
al conductivity than that of hard carbon. The effect of hard carbon addition on
cell ohmic resistance will be discussed in the Section 3.3 of this article. We

measured the conductivity at the constant room temperature.

3.3. The Rate Performance Comparisons of the Mixed Anode Cells

Before being tested at various rates, cells were first tested at 0.05 C current for 1
cycle based on the theoretical specific capacity (graphite 372 mAh/g, hard Car-
bon 210 mAh/g). Then, cells were cycled at 0.1 C for 3 cycles for well-formation

of solid electrolyte interface (SEI) on the surface of the anode. Finally, cells were
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Figure 4. The electrical conductivity of the mixed anodes.

tested at varying C-rate currents. After the first few cycles of discharge and
charge, the reversible capacity of graphite at the rate of 0.1 C (280 mAh/g) is
comparably lower than the theoretical specific capacity of graphite (372 mAh/g)
but is still higher than that of hard carbon (210 mAh/g). During the full interca-
lation of Li-ion with the potential ranging from 1.50 V to 0.01 V, the potential
profile as a function of specific capacity of mixed anode with various hard-carbon:
graphite ratios at rates ranging from 0.1 C to 10 C were shown in Figures
5(a)-(h). Here, 0.1 C is defined as the rate with the time of Li-ion intercalation
at around 10 hours, and other rates are calculated accordingly. Because the po-
tential profiles of mixed anodes with higher ratio of hard-carbon: graphite are
more sloping, the average potential increases with the ratio of hard carbon: gra-
phite. The higher average potential gives larger driving force for Li-ion migra-
tion which results in a faster Li intercalation into the anodes. This contributes to
the higher rate performance of mixed anode by increasing the hard carbon: gra-
phite ratio. As summarized in Figure 5(i), the anodes show decreasing specific
capacity with the increasing hard carbon content at low rates ranging from 0.1 C
to 0.2 C, and the profile is reversed at high rates ranging from 0.5 C to 10 C.
Hence, a reversal point should exist between 0.2 C and 0.5 C for the specific ca-
pacity of mixed anodes changing with the hard carbon content.

The rate performance that is shown in Figure 5 is based on the full intercala-
tion of Li-ion into anodes during the potential range starting from 1.50 V and
ending at 0.01 V that is very close to 0 V. However, in the real batteries, it is not
necessary to force the anodes to a potential close to 0 V when the Li dendrites
are easy to grow on the anodes, which could cause the short-circuit of batteries.
Because the graphite anode has a wide potential platform close to 0 V, the Li
dendrites will be easy to grow at most of the potential range. In contrast, the
hard carbon anode has a sloping curve with a small potential range close to 0 V,
so the potential range that is suitable for Li dendrites growing will be shrinking
by the addition of hard carbon into graphite. Hence, it is safer to only use a par-
tial potential range of the mixed anode for the best-balanced performance of
energy and power. To further address this issue, a detailed analysis is carried out
through comparing the rate performance within a series of anode potential
range. Figures 6(a)-(d) show the specific capacity as the function of the rate for
the mixed anodes with various hard carbon: graphite ratio based on a series of
the potential range starting from 1.50 V and ending at 1.00 V (Figure 6(a)), 0.50 V
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(Figure 6(b)), 0.20 V (Figure 6(c)), and 0.10 V (Figure 6(d)), respectively. The
mixed anodes with higher hard carbon: graphite ratio show the higher specific
capacity at all rates ranging from 0.1 C to 10 C. Figure 6(e) and Figure 6(f)
show the specific capacity as the function of the rate based on the potential range

starting from 1.50 V and ending at 0.05 V (Figure 6(e)) and 0.01 V (Figure
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6(f)), respectively. Being different from Figures 6(a)-(d), the mixed anodes in
Figure 6(e) and f show the lower specific capacity with increasing hard carbon:
graphite ratio at the low rates ranging from 0.1 C to 0.2 C, while the specific ca-
pacity is higher with increasing hard carbon: graphite ratio at the high rates
ranging from 0.5 C to 10 C.

The rate performance dependence on the ratio of hard carbon: graphite may
be attributed to the impedance evolution with the ratio. Figures 7(a)-(f) show
the Nyquist plots of mixed anodes with various hard carbon: graphite based on
various potential at 1.00 V, 0.50 V, 0.20 V, 0.10 V, 0.05 V, and 0.01 V, respec-
tively, corresponding to the ending potentials in Figure 6.

The difference of Nyquist plots is visible but needs to be quantified, so the
Nyquist plots were fitted by the equivalent circuit model in Figure 8. Here, Rs
shows the ohmic resistance of cell from its electrolyte, separator, and electrical
contacts, etc. The in-series units of G-Ry, G-R, and G- R; show the migration of
Li-ion through SEI multi-layers. Both Cj (double layer capacitance) and R.
(charge transfer resistance) show the charge transfer kinetics at the elec-
trode/electrolyte interface. Z, (Warburg element) shows the ion diffusion in the
electrodes, which resembles the property of a constant phase element. The

Warburg element is calculated according to
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Figure 7. The Nyquist plots with fitted curves in different splited potential ranging from
1.50 V to (a) 1.00 V, (b) 0.50 V, (c) 0.20 V, (d) 0.10 V, (e) 0.05 V and (f) 0.01 V, respec-
tively.
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Figure 8. The equivalent circuit model used for the Nyquist plots fitting.
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where R, is the Warburg ion impedance, 7, is the characteristic diffusion time
constant, w is the angular frequency of the applied AC signal, C, is the differen-
tial capacitance associated with the intercalation process at the low frequency,
and p denotes the finite space behavior or porosity of the electrode. As shown in
Figure 7, all the fitting curves are well matched with the Nyquist plots, which
ensures the data reliability.

As listed in Table 2, a summary of fitting parameters with the open circuit
potential (OCP) at 1.00 V is shown as an example at which the anode is in state
lack of Li. The Rs and the resistances and capacitances of SEI multi-layers (R; j=
1, 2, 3) are similar for different hard carbon-graphite ratios showing that the ad-
dition of hard carbon into graphite anodes does not increase the ohmic resis-
tance of contacts in electrodes, even though hard carbon has a lower electrical
conductivity than graphite. Meanwhile, the difficulty of Li-ion migration in SEI
also does not change. However, R, and R, decrease with increasing ratio of hard
carbon: graphite. This result shows that the addition of hard carbon into gra-
phite anodes can promote the charge transfer kinetics at the electrode/electrolyte
interface and enhance the ion diffusion in the electrodes.

By summarizing all the fitting parameters at a series of ending potential, we
give Figure 9 to compare the charge transfer resistance of the mixed anodes. At
the ending potential of 1.00 V, 0.50 V, and 0.20 V, respectively, the anode has
lower charge transfer resistance with increasing ratio of hard carbon: graphite.
At the ending potential of 0.10 V, the anode has the same charge transfer resis-
tance with various ratios of hard carbon: graphite. At the ending potential of
0.05 V and 0.01 V, the anode has higher charge transfer resistance with increas-
ing hard carbon: graphite.

By summarizing all the fitting parameters at a series of ending potential, we
give Figure 10 to compare the Warburg resistance of the mixed anodes. At the

ending potential of 1.00 V and 0.50 V, respectively, the anode has lower

Table 2. Summary of fitting parameters for the cells with mixed anodes at the OCP of
1.00 V.

Ohmic SEI layers Charge Transfer Warburg (Z)

Ratio g G ®BR G R G R G R« R T

(@) ®» @ ® @ ® © ® @ e 7
HC: G _ s s )
(100:0) 28 56x107 1.5 34x10"° 3.7 22x107 89 27x10" 6.9 43.0 358 0.4
HC: G . 6 s L

43 6.0x107 1.5 2.7x10° 48 41x10” 6.8 6.1x10" 9.2 52.6 48.6 0.4
(75:25)
HC: G - 6 s ”

38 73x107 1.8 35x10™° 44 49x107 6.4 72x10" 11.5 745 46.3 0.4
(50:50)
HC: G _7 -6 -5 -4

35 56x107 22 42x10"° 42 59x10™” 7.1 7.5x107" 17.7 215.1 85.9 0.4
(25:75)
HC: G _ s s S
(0:100) 32 56x107 1.4 31x10° 3.1 3.7x10” 3.1 59x107 20.4 260.2 18.4 0.4

DOI: 10.4236/msce.2021.91002

26 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2021.91002

Y.L Yinetal.

35

5 i-_._--r

.o HC:G=100:00

01 0.1
Open Circuit Potential (V vs Li/Li*)

(a)

HC:G=0:100

5 “~.._-l-—"

.01 0.1

Open Circuit Potential (V vs Li/Li*)

(b)

1

-u-0CP=0.01V

30 —*- OCP=0.05V

4-0CP=0.10V

25} -v-0CP=0.20V

¢ 0CP=0.50V

§20[ . 0CP=1.00V -

15 e

\

. I~ e . \\ :
<« p—

e
100:0 75:25 50:50 25:75 0:100
HCG

©

Figure 9. The charge transfer resistances as a function of ending open circuit potential for
(a) Hard Carbon: Graphite (100:0) and (b) Hard Carbon: Graphite (0:100), respectively.
(c) The charge transfer resistances as a function of Hard Carbon: Graphite ratio at various

ending open circuit potential.

10°
HC:G=100:00
n
10°F
a \
;’g 103 \ .
\
102 ‘a - - . _
10' i
0.1
Open Circuit Potential (V vs Li/Li*)
(a)
10° HC:G=0:100
g b g
l!31l')2 T--nm N 7
N
N o
-
1
10 X
Open Circuit Potential (V vs Li/Li*)
(b)
1050 % ~®- 0CP=0.05V/
A- 0CP=0.10V
\ -v- 0CP=0.20V|
104 i 4 0CP=0.50V
~<4-0CP=1.00V|
a .
A0 ~
«—
2 N, 2
10 et 2—
*
100 S S S—
100:0 75:25 50:50 25:75 0:100
HC:G
(c)

Figure 10. The Warburg resistances as a function of ending open circuit potential for (a)
Hard Carbon: Graphite (100:0) and (b) Hard Carbon: Graphite (0:100), respectively. (c)
The charge transfer resistances as a function of Hard Carbon: Graphite ratio at various

ending open circuit potential.
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Warburg resistance with increasing ratio of hard carbon: graphite. At the ending
potential of 0.20 V and 0.10 V, respectively, the anode has the comparable War-
burg resistance with various ratios of hard carbon: graphite. At the ending po-
tential of 0.05 V, the anode has higher charge transfer resistance with increasing
hard carbon: graphite. The Warburg resistance at 0.01 V has unacceptable error
bar so this data was not reported here.

The difference of charge transfer resistance and Warburg resistance may be
attributed to the SOC evolution with the ending potential. Here, SOC is defined
as the ratio of charged capacity to the full charged capacity, and the SOC at 0.01
V is defined as 100%. As presented in Table 3, the SOC of mixed anodes at a se-
ries of potential ranging from 0.01 V to 1.50 V are different based on various
hard carbon: graphite ratios. At the potential ranging from 0.01 V to 0.10 V, the
anodes with higher ratio of hard-carbon: graphite show lower SOC than that of
anodes with lower ratio. However, at the potential ranging from 0.20 V to 1.00
V, the anodes with higher ratio of hard-carbon: graphite show higher SOC than
that of anodes with lower ratio. Here, there should be a reversal point of the SOC
evolution between 0.10 V and 0.20 V. The SOC evolution is mostly matched
with the evolution of the charge transfer resistance difference in Figure 9 and
the evolution of Warburg resistance in Figure 10. The SOC is corresponding to
the level of anode lithiation, therefore the various levels of anode lithiation may
result in the different charge transfer resistances and Warburg resistance. From
the above results, the specific capacity evolution of mixed anodes at various po-
tential range should be attributed to the lithiation level differences. The ohmic
resistance and SEI layers (capacitances and resistances) should not be sensitive
to the SOC after some initial cycles, so the Rs and the resistances and capacit-
ances of SEI multi-layers (R, j = 1, 2, 3) are similar for different hard car-
bon-graphite shown in Table 2.

In summary, the above results indicate a power-energy coupling effect of
mixed anode: 1) At the rates lower than 0.2 C, the mixed anodes with lower hard
carbon: graphite ratio exhibit the higher energy performance without losing the
power performance. At the rates higher than 0.5 C, the mixed anodes with high-
er hard carbon: graphite ratio exhibit the higher energy performance with the
comparable power performance. 2) The mixed anodes with higher ratio of
hard-carbon: graphite is advantageous if working in the potential range with the

Table 3. The SOC of the mixed anode cells at various potential.

Anode Potential vs Li/Li* (V)

Ratios

0.01 0.05 0.10 0.20 0.50 1.00
HC: G (100:0) 100% 76.0 64.3% 50.4% 25.8% 3.8%
HC: G (75:25) 100% 79.1 58.7% 39.5% 19.9% 1.8%
HC: G (50:50) 100% 84.7 55.4% 30.5% 12.9% 0.4%
HC: G (25:75) 100% 86.0 46.5% 17.5% 6.4% 0.4%
HC: G (0:100) 100% 88.1 42.1% 9.0% 2.6% 0.2%
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ending potential higher than 0.10 V; the ratio of hard-carbon: graphite should be
designed according to the required rates if working in the potential range with
the ending potential lower than 0.10 V. 3) The power-energy coupling effect may
be attributed to charge transfer resistance evolution. The structure and conduc-
tivity difference of the hard carbon and graphite result in their specific potential
capacity profiles at various rates. The difference of potential capacity profiles is
corresponding to the electrode lithiation level evolution which affects the charge
transfer resistance and Warburg resistance. From a practical point view, the final
(power) performance of a cell should be determined by the combination of all
resistances including ohmic resistance, SEI layer, the charge transfer resistance,
and Warburg element. Therefore, we can design the mixed anodes with the spe-
cific energy-power requirements by controlling the ratio of hard carbon: gra-
phite.

4. Conclusion

In summary, we have well designed a series of mixed anodes with various ratios
of hard carbon and graphite, which show the potential profiles with the shape
combined of sloping characteristics of hard carbon and platform characteristics
of graphite. The mixed anodes show lower specific capacity with increasing hard
carbon content at the low rates, while showing higher specific capacity with the
increasing hard carbon content at the high rates. Furthermore, their specific ca-
pacity evolution is studied in different split potential ranges. With the aid of EIS,
we found that the capacity evolution with mixed ratio is attributed to the lithia-
tion-level induced difference of charge transfer resistance and Warburg resis-
tance. The ohmic resistance and SEI layers (capacitances and resistances) were ve-
rified not sensitive to the SOC after some initial cycles. These results present the
new quantified approach to design the mixed anodes for the balance of energy and

power performance of the Li-ion batteries.
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