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In the current study, we investigated sigmoidal current collector in lithium-ion battery (LIB).

Traditionally, the active material in an LIB electrode is coated on a flat current collector. By ren-

dering the current collector sigmoidal-shaped, cracking and debonding of active material layer

could be promoted, which would considerably increase the internal impedance, as the LIB is

mechanically abused, beneficial to thermal-runaway mitigation. The energy absorption capacity

is also improved, enabling multifunctional LIB cell design. This technique has important rele-

vance to large-sized LIB systems, for which cell robustness and fire safety are prioritized.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973585]

I. INTRODUCTION

Lithium-ion battery (LIB) has been widely applied in a

wide variety of areas, such as personal electronics, electric

vehicles, etc.1 Recently, to promote “greener” and more effi-

cient energy use, large-scale energy storage systems are

being intensively studied [e.g., Ref. 2].

At the cell level, LIB has a specific energy around

150–250 W�h/kg and a low specific cost about $200–$300/

kW�h, both of which are superior to acid batteries, pseudo-

supercapacitors, and other options.3 However, there are a

number of issues that must be solved before this technique

can be more broadly employed in the industry. Much

research has been conducted to further increase the specific

energy and to reduce the specific cost [e.g., Ref. 4].

Important “secondary” hurdles of LIB include battery safety

and robustness, which will be the focus of the current

investigation.

The overall electrochemical process in LIB is exother-

mic.5 Under regular working condition, the generated heat of

an LIB can be offset by the heat transfer from internal compo-

nents to cell case.6 In a small LIB cell, as the surface-to-

volume ratio is large, the temperature change is often trivial.

Even in a large-sized system, with appropriate battery thermal

management system (BTMS) and battery management system

(BMS), the cell temperature variation can be controlled within

1 �C. However, when an accident takes place and the battery

cell is damaged, internal short circuits could be formed. In an

LIB, the cathode and the anode are typically in thin film form,

sandwiched with a membrane separator. The membrane sepa-

rator must be highly porous and as thin as possible to optimize

the ion conductivity.7 If the battery cell is abused mechani-

cally, the membrane separator can rupture and, consequently,

the cathode and the anode are in direct contact, leading

to uncontrolled discharge. The local temperature can rise

up to 100–120 �C in a few seconds, which triggers a series

of aggressive exothermic electrochemical and chemical reac-

tions. The reactions speed up as the temperature further

increases, resulting in thermal runaway.8 Moreover, the elec-

trolytes contain highly flammable organic solvents,9 which

may undergo combustion or even explosion.

The concern of system robustness and fire safety contin-

uously promotes the study on thermal-runaway mitigation.10

Due to the high energy density of LIB, direct electrochemi-

cal approaches may worsen the situation. Over the years,

people investigated a few indirect methods, all of which

were aimed at reducing the internal short circuit current

(ISCC). For instance, White et al.11 investigated membrane

separators of low melting points. As the membrane melts,

it can suppress ion conduction in the electrolyte. For another

example, positive thermal coefficient (PTC) additives can

be mixed with the active materials.12 The resistivity of

PTC additives drastically rises when the local temperature

approaches 110–135 �C and, therefore, the overall internal

impedance increases. These mechanisms are thermally trig-

gered, inefficient in severe shorting caused by intense

mechanical abuse. To address mechanically induced thermal

runway, we investigated mechanically triggered thermal-

runaway mitigation methods, e.g., by adding damage homog-

enizers (DHs)13 or thermal-runaway retardants (TRRs)14 in

LIB cells. The DH additives could be microparticles of car-

bon black (CB) or carbon nanotubes.15,16 When the battery

cell was deformed, DH promoted widespread cracking and

voiding in active material layers, which raised electric resis-

tivity and lowered ISCC. With �1 wt. % DH additives, the

generated heat of a impacted LIB cell could be decreased by

�40%. While this result was interesting, the rate of tempera-

ture increase and the peak temperature were not affected.
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In the current research, we show that modifying the

geometry of current collector (Fig. 1(a)) could trigger crack-

ing and debonding of active material layer during impact

and, thus, can increase the internal impedance and limit

ISCC (Fig. 1(b)). The non-planar configuration also

improves the energy-absorption capability of the LIB cell,

which may enable multifunctional design of battery system.

II. EXPERIMENTS

Reference current collector was a flat 18-lm-thick alumi-

num (Al) sheet. Sigmoidal current collector was created by

sandwiching the flat Al sheet in between two layers of stainless

steel mesh. The steel wire diameter was 500 lm and the spac-

ing was 2 mm. The steel-Al-steel stack was quasi-statically

compressed at 10 MPa for 10 s using a type-5582 Instron

machine. The loading plates were covered by 1-mm-thick

polyurethane layers. A modified current collector is shown in

Fig. 2(a).

Cathode active material was prepared by blending 9.3 g

of Toda America NMC-04ST, 3 wt. % Timcal carbon black

(CB), and 4 wt. % Sigma-Aldrich 182702 polyvinylidene

fluoride (PVDF) in a mortar for 30 min, followed by an addi-

tion of 4 ml N-methyl-pyrrolidone (NMP; Product No.

328634, Sigma-Aldrich). The active material of electrode

was R�3m polycrystalline LiNi0.5Mn0.3Co0.2O2 (NMC532).17

The slurry was mixed by a sonicator (Model Q55, Qsonica)

for 30 min at the power level of 70%, coated on Al current

collector using a film applicator (EQ-Se-KTQ-100, MTI),

with the initial thickness of �300 lm. The electrode was

dried under vacuum at 70 �C for 24 h. The final thickness of

the composite electrode layer was around 140 lm.

Impact tests were performed on the current collectors

coated by cathode active material. The coated current collec-

tor was cut into 14.3-mm-diameter circular pieces. Before

FIG. 1. (a) Schematic of sigmoidal

current collector. (b) Comparison of

structural changes of electrodes based

on flat (top) and sigmoidal (bottom)

current collectors. The blue arrows

show the internal short circuit current.

FIG. 2. (a) A modified current collector. (b) An impacted electrode based on modified current collector. (c) An impacted electrode based on reference current

collector. The insets show microscopy taken by an Omano optical microscope.
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test, 100 ll BASF electrolyte (1 M LiPF6 in 1:1 EC-EMC)

was dropped onto the NMC532 layer, and the sample was

immediately impacted by an Instron Ceast 9350 drop tower,

with the hammer mass of 2.77 kg and the impact velocity of

0.85 m/s. Figures 2(b) and 2(c) show the modified and the

reference electrode layers. The surface electric resistance of

the sample was measured by a BK precision multimeter

before and after impact, across two probes 5 mm away from

each other (Fig. 3(a)).

Impact tests were also carried out on multiple layers of

reference and sigmoidal current collectors. The current col-

lectors were sized to 20 mm� 20 mm square and formed a

10-layer stack. The layer stack was placed on a 304 stainless

steel substrate and impacted by a flat steel hammer dropped

by the Instron Ceast 9350 machine, with the hammer mass

of 2.77 kg and the impact velocity of 1 m/s. Figure 3(b)

shows typical impact profiles as a function of the hammer

displacement.

Reference and sigmoidal LIB pouch cells were produced

by using the same cathode and electrolyte materials. The

anodes were made from graphite, CB, and PVDF, with the

mass ratio of 93:1:6. The width, length, and thickness of the

pouch cell were 74.6 mm, 101.3 mm, and 3.74 mm, respec-

tively. During the last step of cell packaging, the cell was

vacuum-compressed on a set of parallel 200-mm-diameter

steel bars, leading to the sigmoidal configuration shown in

Fig. 4(a). The magnitude and the wavelength were 8.4 mm

and 101.3 mm, respectively. Reference pouch cells were

compressed by planar steel plates.

Quasistatic compression was conducted on the sigmoi-

dal pouch cells using an Instron 5582 machine. The pouch

cell was confined by a 10-mm-thick U-shaped aluminum

channel. The width, length, and height of the channel were

20 mm, 80 mm, and 100 mm, respectively, as illustrated in

Fig. 4(b). The load cell block had the same dimension as the

inner channel so that it could be self-guided. The open circuit

voltage (OCV) of each cell was measured by a BK precision

multimeter before and after compression. The testing result

is shown in Fig. 5(a). Before compression, the pouch cells

were cycled from 3.0 V to 4.2 V under ambient condition at

the rate of 0.3 C for 400 cycles. The initial capacity of each

pouch cell was around 2.1 A h. Typical cycling performance

is shown in Fig. 5(b).

III. DISCUSSION

There is little debonding or cracking in an impacted ref-

erence electrode. Upon the dynamic loading, the compressive

stresses are nearly uniformly distributed, and no evident dam-

ages are induced. Upon the same impact loading, a modified

current collector demonstrates widespread debonding and

cracking. Unlike the reference current collector, a modified

current collector contains a number of stress concentration

sites, and the tilted sections promote shearing and smearing.

The stress concentration factor may be assessed as:18

ð1þ 2
ffiffiffiffiffiffiffiffi
a=q

p
Þ � 3:2, where a � 300 lm and q � 250 lm are

the characteristic size and the radius of curvature, respec-

tively. The stresses at the crests and along the edges of the

surface features are triaxial, so that cracking and debonding

are pronounced. As the active material layer debonds from

the current collector, the overall electric resistance will

increase significantly. Before impact, the initial resistances of

the electrodes based on reference and modified current collec-

tors are similar, as they should, since the configuration of sub-

strate does not affect the electric conductivity. The resistance

of the electrode on modified current collector tends to have a

slightly higher resistivity, probably due to the increase in

effective surface roughness. As the electrode is impacted,

FIG. 3. (a) Increase in electric resis-

tance of modified and reference current

collectors after impact. (b) Comparison

of force-displacement curves of modi-

fied and reference current collectors.

FIG. 4. (a) Setup for sigmoidal battery

cell processing. (b) Quasi-static com-

pression experimental setup.
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with a reference current collector, the resistance increases by

5%–10%. The slight increase in resistance may be caused by

the loss of electrolyte. For the electrode based on modified

current collector, the impact loading drastically raises the

resistance by nearly an order of magnitude, associated with

the evident breakage of the PVDF bonds among NMC532

particles and at the interface of active material layer and cur-

rent collector. More than 50% of the NMC532 layer is sepa-

rated from the Al sheet, compared to 0%–4% in reference

electrodes.

In an LIB system, when a battery cell is impacted, the

cell case can deform, which in turn compresses the electro-

des and the membrane separator. The membrane separator

has a small thickness around 10–20 lm and a low strength

around a few MPa in transverse direction19 and can be quite

easily ruptured. As the cathode and the anode are in contact,

a large ISCC will be generated, which could rapidly trigger

thermal runaway if the system does not have an appropriate

safety mechanism. The impact test result of modified current

collector demonstrates that, upon impact, a dense microcrack

network is formed inside the active material layer, in addi-

tion to a number of broad interface cracks between the active

material and the current collector. Consequently, the internal

impedance, R, considerably rises. According to Ohm’s law,

heat generation rate may be assessed as q¼U2/R, where U is

the electric potential different between cathode and anode

and R is the effective impedance. When R raises by 8–9

times as measured in our experiment (Fig. 3(a)), q would be

reduced to only �12% of the reference value, lower than the

capacity of heat transfer.14 Under this condition, the temper-

ature increase would be much lowered.

The modified current collector also enhances the energy

absorption performance of the electrode when it is impacted.

In Fig. 3(b), it can be seen that, as the modified and the refer-

ence current collectors are subjected to similar impact load-

ings, the damping effect of the former is more evident. With

the peak impact pressure of �3 MPa, the modified current

collector undergoes plastic deformation through buckling

and bending. In comparison, the reference current collector

leads to a peak impact pressure �12 MPa, about 4 times

higher. This pressure is much lower than the yield strength

of aluminum and, therefore, the flat current collector only

undergoes elastic deformation, offering little protectiveness.

The total absorbed energy of the electrode with modified cur-

rent collector can be calculated as W¼
Ð

Fdu, where F is the

impact force and u is the displacement. The calculated W is

1.8 J, �90% of the total impact energy of the drop hammer

(�2 J). The absorbed energy density per unit volume is

�900 J/l. The volume of a large-scale LIB system, e.g., the

battery pack in an electric vehicle, is on the scale of

0.2 m3,18 suggesting an energy-absorption capacity on the

scale of 180 kJ, equivalent to the kinetic energy of a 2-ton

vehicle at the speed of �30 MPH.

Quasi-static compression test on sigmoidal pouch cells

demonstrates its remarkable deformability, with a maximum

strain of �75% and the peak pressure of �5 MPa (Fig. 5(a)).

Before and after compression, the cell voltage was measured,

respectively, as 3.58 V and 3.57 V, nearly the same. That is,

the sigmoidal pouch cells may provide additional energy

absorption capability without triggering internal short circuit.

They can serve as not only critical energy storage units but

also non-critical structural elements in an electric vehicle.

The current collector shape does not influence the bat-

tery chemistry. In fact, it tends to improve the bonding of

NMC532 layer on current collector, as the effective surface

area of current collector increases. Figure 5(b) suggests that

the charge-discharge capacities of battery cells based on ref-

erence and sigmoidal current collectors are similar in the first

250 cycles. After 250 cycles, the sigmoidal current collector

results in a faster degradation rate, probably due to the

repeated swelling of active materials amplified by the stress-

concentrating structure.

IV. CONCLUSION

To summarize, as the current collector of lithium-ion

battery (LIB) is sigmoidal, the stress concentration promotes

widespread cracking and debonding as the LIB cell is

impacted. Consequently, the electrode resistivity increases

substantially by nearly an order of magnitude, which can

help mitigate thermal runaway. Moreover, the sigmoidal

configuration leads to an enhanced energy absorption capac-

ity, which can enable multifunctional design of LIB packs:

that is, LIB packs can be employed as load-carrying

FIG. 5. (a) Mechanical response of a sigmoidal battery cell; the initial cell length is 101.3 mm (excluding the tabs). (b) Comparison of the cycling performance

of sigmoidal and reference battery cells.

015303-4 Wang et al. J. Appl. Phys. 121, 015303 (2017)



components, so as to reduce the overall system weight and

cost. The electrochemical performance of LIB based on the

sigmoidal current collector is similar to that of reference LIB

in the first 250 charge-discharge cycles and degrades faster

afterwards.
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