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ABSTRACT

The reaction kinetics of electrochemical lithiation/delithiation in a composite consisting of black phosphorus and cup-stacked carbon
nanotube (BP-CSCNT) were investigated. Two semicircles were observed in Nyquist plots at the high and low frequency regions, which were
attributed to the resistance of lithium-ion transport through the surface film and the resistance of the alloying/dealloying reaction (charge-
transfer resistance), respectively. The activation energy using the charge transfer reaction was evaluated from the temperature-
dependence of the interfacial conductivity. Even with the use of ethylene carbonate-based and propylene carbonate electrolytes, the
activation energy was calculated to be 25-26 kJ mol™%, which is much smaller than that obtained with graphite electrodes and cathode
materials. These results indicate that the ionic charge transfer process in BP-CSCNT composite electrodes is not coupled with the
desolvation process and suggest that the charge transfer in BP-CSCNT is exceptionally fast compared to that in other insertion materials.

© The Author(s) 2021. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used as a
key power source for portable electric devices, electric vehicles
(EVs), and large-scale stationary energy storage systems (ESS).
However, several optimizations are needed to further promote the
application of LIBs, especially for use in EVs and ESSs. To date,
graphite which has a theoretical capacity of 372mAhg~!, has been
widely used as a negative electrode material for LIBs, but alternative
materials with higher capacity are being actively pursued. For
example, alloying-type materials such as phosphorus (P) and silicon
(Si) have attracted attention as new negative materials.'> These
materials electrochemically react with lithium ions to form lithium
alloys that can deliver an extremely high energy density compared to
graphite. Among the alloy-based anode materials, black phosphorus
(BP) has several attractive properties such as a high-rate capability
and large capacity in lithium storage (theoretical capacity of
2596 mAhg™").3 Furthermore, the relatively high electric conduc-
tivity of BP (~300Sm™!) is another reason why it should be
considered for LIB applications.*

Generally, the capacity of alloy-based anode materials deterio-
rates rapidly due to the change in the volume of active materials
caused by the insertion and deinsertion of lithium ions.'>> In the case
of BPs, composition with germanium (Ge) or graphite has been
widely studied and is known to be very effective in improving cycle
performance.®!" However, the details of the kinetics of the lithium-
ion transfer reaction at the active material interface that is newly
formed by composition are still unknown. The kinetics at the active
material interface is a very important factor in defining the electrode
performance, especially since the current per C-rate is large for
large-capacity anodes.
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We have previously studied the kinetic properties of various
systems including anode materials, cathode materials, and solid
electrolytes, and found that (i) the activation energy of interfacial
lithium-transfer reactions is around 50kJmol~! or higher, and (ii)
the activation energy depends on the type of solvent.!>!* Since
different solvents have different binding forces with lithium ions, ion
transfer from electrolyte to electrode shows different desolvation
energies in various electrolytes. To the best of our knowledge, no
previous studies have clarified the kinetic properties of BP-based
materials electrodes by describing the interfacial ion-transfer
reaction.

In this study, we used AC impedance spectroscopy to study the
kinetics of the charge transfer reaction for a hybrid material of BP
and cup-stack carbon nanotube (CSCNT). CSCNT is a nanotube
material with many exposed graphite edge surfaces,'*!> which are
highly reactive and suitable for effective composition with BP.

2. Experimental

BP powder and CSCNT were supplied by Rasa Industries Ltd.
and GSI Creos Corporation, respectively. Composites of BP and
CSCNT (mixed ratio of 1:1 by weight) were prepared by
mechanical ball-milling (PL-7, Fritsch) using ZrO, balls (5 mm) in
a 50mL ZrO, pot with a ball-to-powder mass ratio of 40 : 1. The
rotation speed was 450 rpm, and ball-milling was carried out under
an Ar atmosphere (solvent-free) for 12h. After the initial ball-
milling was completed, acetylene black (AB, HS-100, Denka) as a
conductive additive was subsequently added and mixed with
BP-CSCNT (150rpm, BP-CSCNT : AB =8 :1 by weight). After
blending with a binder in N-methyl-2-pyrrolidone solutions, a slurry
containing a mixture of BP-CSCNT powder (80wt%), AB
(10 wt%), and binder (10 wt%) was coated on a copper foil in a
glove box (H,O < 1ppm, O, < 1ppm). After being dried under
vacuum for 12 h, the slurry was pressed at 10 MPa for 4 s to enhance
the contact between BP and CSCNT. The morphology of the BP-
CSCNT powder was observed by transmission electron microscopy
(TEM) measurements using a Hitachi TEM H-9000 type NAR.
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The electrolyte solutions used were 1moldm™ (M) LiClOg4
dissolved in propylene carbonate (PC), a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) (EC+DEC, 1:1 by
volume), and a mixture of fluoroethylene carbonate (FEC) and
dimethyl carbonate (DMC) (FEC4+DMC, 3 : 7 by volume) (all of
these chemicals were purchased from Tomiyama Chemical Co.
Ltd.). Electrochemical measurements were carried out using 2032-
type coin cells (BP-CSCNT/Li metal) and three-electrode cells.
Cyclic voltammetry (CV) at a scan rate of 1mVs™! and constant
current charge/discharge tests (0.1 C rate) were performed in a
potential range of 0.001-2.5V. A Solartron 1480 Multistat
(Solartron Analytical) and an SI 1255 frequency response analyzer
were used for electrochemical measurements. After 3 cycles of CV,
electrochemical impedance spectroscopy (EIS) was performed over
a frequency region of 100kHz to 10mHz with an amplitude of
SmV. All charge/discharge capacity calculations were based on
the total weight of BP and CSCNT used as the active material
(1800 mAh g™h).

3. Results and Discussion

A TEM image of a BP-CSCNT composite powder is shown in
Fig. 1A. The structure of the BP particles was found to be covered
and wrapped by an amorphous layer of carbon material. It is thought
that the energy of mechanical ball-milling destroyed the cup-stack
structure of the CSCNT and formed a bond between C and P,
resulting in the ball-like shape. Based on this TEM image, Fig. 1B
offers a possible schematic of BP covered with amorphous carbon
material.

e

— Li*

Electrolyte /

Amorphous
carbon layer

Li,BP

Figure 1. (A) TEM image of a BP-CSCNT particle and (B)
proposed schematic diagram of possible electrochemical processes
at BP-CSCNT composite electrodes.

2

The results of constant-current charge-discharge measurements
and dQ/dV curves are shown in Fig. 2. Although there was an
irreversible capacity of about 370mAhg~" in the first cycle, the
discharge capacity was stable for up to three cycles at a value of
1250 mAh g~!. This discharge capacity is comparable to that of the
BP composite reported so far,!! indicating that it is possible to obtain
a high-capacity anode with excellent stability by using CSCNT as a
carbon material. The CVs measured with FEC+DMC (3:7 by
volume) and PC as electrolytes are shown in Fig. 3. As a result, the
peak current values of oxidation and reduction gradually decreased
with CV cycling. Thereafter, we proceeded with the experiment
using EC+DEC as the electrolyte, which had the highest stability.

To investigate the lithium-ion transfer reaction of BP-CSCNT
in detail, electrochemical impedance measurements were carried
out using a three-electrode cell. Figure 4A shows Nyquist plots
measured after three cycles of CV to form an SEI film on the
surface of BP-CSCNT electrodes. The Nyquist plot at OCV (2.5V)
shows one semicircle with a characteristic frequency of 3160 Hz.
When the electrode potential decreased below 1.0V, another
semicircle appeared with a characteristic frequency of 30-80 Hz.
Since a three-electrode system was used in this measurement, the
resistance from the lithium metal (counter electrode, CE) can be
ignored. Therefore, we can focus on charge-transfer resistances (R.)
and lithium-ion transport resistances within SEI films (Rsg) in this
system. The intercept component of the Z’ axis seen in the plot with
the highest frequency is the sum of the resistances associated with
electron conduction (R.) and solution resistance (Rg). The lithium
diffusion resistance in the electrode is also excluded from the
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Figure 2. (A) Charge-discharge curves and (B) dQ/dV curves for

a BP-CSCNT electrode in 1 moldm~ LiClO4/EC+DEC (1: 1 by
volume).
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Figure 3. Cyclic voltammograms of a BP-CSCNT electrode in
(A) 1moldm™ LiClO4/FEC+DMC (3:7 by volume) and (B)
1 moldm~3 LiClO,/PC.

charge-transfer resistances because the impedance has an almost 45°
tail in the low frequency region.

The equivalent circuit shown in the inset of Fig. 4A was used
to fit the electrochemical impedance measurement results. This
equivalent circuit consists of one resistive component (R, + Ry),
two RC parallel elements (R.//CPE and Rgg//CPE), and one
Warburg impedance. Figure 4B shows changes in Nyquist plots
in a potential range of 0.60—0.20V. The semicircle with a high
characteristic frequency remained at a constant diameter regardless
of the potential, while the semicircle with a low characteristic
frequency showed a rapid decrease in diameter as the potential
dropped below 0.6 V. Of the two RC parallel elements, R is the one
that exhibits potential responsivity, so the semicircles with a
characteristic frequency of 30-80Hz are attributed to interfacial
charge transfer. Based on the attribution of the impedance
measurement results, the variation of R, and Rgg; with respect to
the potential is shown in Fig. 4C. This Figure also shows that Rgp;
was constant regardless of the potential, but R decreased as the
potential decreased.

Next, we discuss the temperature-dependence of the charge-
transfer resistance. The interfacial conductivity (1/R.) obeys the
Arrhenius equation as follows:

L = Aexp (— E)
Rt RT
where 4, E,, R, and T denote the frequency factor, activation energy,
gas constant, and absolute temperature, respectively. Previous
studies have shown that the activation energy of the interfacial
conductivity is closely related to the desolvation energy of lithium
ion. In this study, we also investigated the temperature-dependence
of the interfacial conductivity using three different solvents.!'?!3:16
The interfacial conductivity (1/R) at 0.7V for cells with various
electrolytes is shown in Fig. 5. Each plot shows good linearity and
follows the Arrhenius equation shown above. From the slope of the
lines, the activation energy was calculated to be 25-26kJmol~!.
Interestingly, the activation energies with different solvent systems
are not very different from each other. Basically, these three solvents
have quite different affinities for lithium ions. Among the solvents
used here, the magnitude of the solvation ability for each solvent
molecule is in the order PC > EC > DMC~FEC."" In a
previous study using LisTisOy,, the activation energies were in the
order PC (64-66kJmol~") > EC4+DEC (1 : 1) (52-56kJmol~!) >
FEC+DMC (3 :7) (33-36kImol™"), which is in good agreement
with the solvation capacity of the solvent molecules.?’ However, our
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Figure 4. (A) Nyquist plot for a BP-CSCNT composite electrode
after 3 cycles at 0.4 V using an EC+DEC solution. (B) Nyquist plots
of BP-CSCNT in 1moldm™ LiClO,/EC+DEC at various poten-
tials after 3 cycles. (C) Potential dependence of the charge-transfer
resistance (R) and the ion-transport resistance in the SEI (Rggp). All
experiments were performed at 30 °C.

BP-CSCNT show the same activation energies in all three solvents,
suggesting that they are less related to the desolvation process.

We can offer two possible reasons why the activation energy
of interfacial conductivity was not solvent-dependent. The first
possibility is that the active material BP is covered with an
amorphous layer of carbon, as shown in the TEM image, and this
prevents the activation energy from being explained by simple
desolvation. The solvated lithium ions are desolvated stepwise
inside the amorphous layer of carbon, leading to a lower activation

3
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Figure 5. Temperature dependence of interfacial conductivities

(1/Ry) on BP-CSCNT in various electrolytes. The interfacial
conductivities were obtained from Nyquist plots at 0.7V in a
temperature range of 10-30°C.

barrier. For example, it is known that the activation energy changes
depending on the presence and type of SEI, and a similar
phenomenon may have occurred.?'?> The second possibility is that
the activation energy is different between the active material of the
insertion system and the active material of the alloy/de-alloy
system. Electrochemical impedance results for SiO (Si/SiO;), one of
the alloy anodes, also showed activation energies of 29-32 kJmol~!
in various solvents.'” The reason for the very low activation energies
of the alloy-based active materials is still unclear but may be related
to intrinsic differences in the electrode reactions. A more detailed
analysis is needed to clarify which hypothesis is correct.

As shown above, BP-CSCNT, which is a composite of BP and
CSCNT, is very attractive as an anode material because of its low
irreversible capacity during charging and discharging, high capacity,
and low activation energy of interfacial conductivity. It is expected
that higher-performance anodes may be constructed following
further studies on structural analysis, rate characteristics, and
optimization of the composite, etc.

4. Conclusions

A composite of black phosphorus and graphite material was
examined, and the results showed that the activation energy of
lithium-ion transfer at the interface is smaller than those for other
insertion electrodes such as graphite and cathode materials. There-
fore, the BP composite has a kinetic advantage over other insertion
materials. Furthermore, the activation energy of charge transfer

at the BP composite electrode did not change among different
electrolytes. These results suggest that the rate of charge transfer in
BP composites is not affected by the desolvation of lithium ions,
which is the rate-limiting step of charge transfer for other
conventional insertion electrodes.
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