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Abstract The purpose of this project was to develop and

validate a common process for separating the active ma-

terials from the copper and aluminum foils of post-vehicle-

application lithium-ion batteries. Batteries from two dif-

ferent manufacturers were disassembled, and anode and

cathode samples were used for recycling testing. The ma-

terials tested from a third manufacturer were scraps of

coated foils from the manufacturing process that had never

been assembled into cells. The cathodes from each

manufacturer were aluminum foils with coatings of dif-

fering chemistries. The anode foils from each manufacturer

were copper with a carbon coating. The process developed

used acid baths to separate the active materials from the

foils. To allow for separation of the differing active ma-

terials (depending on supplier and battery chemistry) from

the foils, the acids were selected to react with the alu-

minum and copper foils. The processes were stopped once

sufficient reaction had occurred so that the coatings no

longer adhered to the foils. The optimum recycling con-

dition was identified as the lowest acid concentration, the

lowest temperature, and the shortest time required for full

separation of the coatings from the foils for all cell che-

mistries (manufacturers). Full separation of the graphite

coating from the copper foils of the anodes was achieved

within 35 s by using 0.5 mol/L of H2SO4 (sulfuric acid) at

40 �C. Full separation of the active materials from the

aluminum foils of the cathodes was achieved within 83 s

by using 2.0 mol/L of HNO3 (nitric acid) at 70 �C.

Keywords Lithium-ion batteries � Battery recycling �
Material recovery � Electric vehicles

Introduction

Lithium-ion batteries (LIBs) have an efficient energy

storage mechanism, whose use in vehicles will continue to

expand with their electrification. The Corporate Average

Fuel Economy (CAFE) standards were recently approved

for 2017 through 2025, with a groundbreaking 54.5 miles

per gallon fuel efficiency standard by 2025 [1]. Increased

electrification of vehicles is one way that these aggressive

fuel efficiency standards can be met.

A fundamental question is what to do with LIB post-

vehicle application, which means that the battery has fallen

below regulatory standards for use in on-road vehicles.

Such a battery has additional economic value that can be

reclaimed in one of three ways: remanufacturing for reuse

in vehicles [4], repurposing the batteries into non-vehicle,

stationary storage applications [5–7], and recycling when

the cells are no longer able to hold a sufficient charge to

support any application [8–12]. With the continued

manufacturing and repurposing of LIBs, eventually each

cell will no longer be useable and require recycling due to

potential flammability and toxic cell components [13].

The lithium-ion batteries (LIBs) used in electric vehicles

have a life span of 8–10 years [2]. Foster et al. [3] present a

forecasting model which indicates that by 2035, there will

be between 1.376 million (in a pessimistic forecast) to

6.759 million (in an optimistic forecast) post-vehicle-ap-

plication LIBs. In addition, these authors suggest that the

only economical way to process post-vehicle-application

lithium-ion batteries is through an integrated process for
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repurposing and recycling, although this integrated ap-

proach has yet to appear in the marketplace.

When the batteries are no longer sufficient for vehicle

applications, the vast majority of cells comprising the

battery are still able to hold a charge and are thus suitable

for remanufacturing for continued use in vehicles and be-

ing repurposed for non-vehicular applications. Repurposing

of post-vehicle-application LIBs, however, is not currently

available in the marketplace. The remaining cells that were

not capable of further use must be recycled. Current in-

dustrial practice appears to be either to recycle all the cells

in the battery, which is not keeping with the principles of

sustainability, or to store the battery for an indefinite period

as a method of disposition is perceived to be lacking.

Currently, battery recycling companies such as Toxco

charge a fee to dispose of such batteries. Disposition ap-

pears to be accomplished by crushing and shredding the

batteries, attempting to recover some materials that can be

sold and burying the remainder. Again, this process is not

in keeping with the principles of sustainability.

LIBs produced by different manufacturers contain dif-

ferent active materials, particularly for the cathodes.

However, in all cases, the current collecting foils are

copper and aluminum. Thus, the potential for a common

recycling process, which would be highly desirable, exists.

Copper accounts for approximately 11–15 % of the bat-

tery by weight, and aluminum accounts for approximately

19–24 % of the battery by weight, depending on whether the

battery is intended for an electric vehicle (EV), a hybrid

electric vehicle (HEV), or a plug-in hybrid electric vehicle

(PHEV) [14]. By breaking down the batteries and separating

the coatings, copper and aluminum can be recycled. The

other components such as steels, plastics, and the active

materials can be either disposed of or recycled.

Most research being done in the recycling of lithium-ion

batteries uses cells with LiCoO2 as the cathode active

material and focuses on the recovery of cobalt and lithium

[15–20], with little attention to the copper and aluminum

within the cells. The methods used incorporate various acid

leaching and hydro- and pyrometallurgical processes [16–

19] and bioleaching techniques [20].

This paper discusses the separation of the active mate-

rials from the copper and aluminum foils of post-vehicle-

application LIBs. Batteries from three different manufac-

turers with differing chemistries/active materials were

studied. A common process was developed and validated.

Materials and methods

The batteries utilized for this work were from three dif-

ferent manufacturers, identified as A, B, and C. Batteries

from manufacturers A and B were disassembled, and the

anode and cathode samples were used for the recycling

testing. The materials tested from manufacturer C were

scraps of coated foils from the manufacturing process that

had never been assembled into cells. The cathodes were

aluminum foils whose coatings are of differing chemistries

for each manufacturer. Manufacturer A, B, and C use

lithium iron phosphate (LiFePO4), lithium nickel cobalt

aluminum oxide (NCA), and lithium manganese oxide

(LiMn2O4), respectively. The anode foils were the same for

all manufacturers: copper with a carbon coating.

Acid baths were used to separate the active materials

from the foils. The acids were selected to react with the

aluminum and copper foils. Thus, the same acids were used

for separation of foil coatings of varying chemistries which

depended on the supplier. By focusing on the reaction with

the aluminum and copper rather than the coating materials,

it was hypothesized that the same process would be ef-

fective for batteries from the different suppliers.

Sulfuric acid (H2SO4) was selected because of its re-

activity with copper, as shown in Eq. 1. It was hy-

pothesized that the H2SO4 would react with the copper foil,

thereby weakening the adhesion of the anode coatings to

the foil.

CuðsÞ þ 2H2SO4ðaq) ! 2H2O(l) þ SO2ðg)
þ CuSO4ðaq) ð1Þ

Nitric acid (HNO3) was selected for the reaction with

aluminum as shown in Eq. 2. The intent was for the HNO3

to react with the aluminum foil, thereby weakening the

adhesion of the carbon coating to the foil.

2Al(s) þ 6HNO3ðaq) ! 2Al(NO3Þ3ðaq) þ 3H2ðg) ð2Þ

Because SO2 and H2 gases are products of the above

reactions, all tests were conducted in a fume hood.

Experiments were designed and conducted to find the

lowest acid concentration, the lowest temperature, and the

shortest time required for full separation of the coatings

from the foils for each of the battery chemistries

(manufacturers). Such a combination was hypothesized to

result in the lowest cost of recycling. Experiments for each

battery chemistry were used to determine the shortest

separation time for the varying combinations of acid

concentration and temperature.

Sulfuric acid has been shown to react with copper in

concentrations as low as 0.5 mol/L [21]. Therefore, for

separation of the carbon coatings from the copper foils,

50 mL of 2.0, 1.0, and 0.5 mol/L solutions of sulfuric acid

(95.0–98.0 %, Sigma-Aldrich Co, St. Louis, MO) were

prepared. While stirring, 5 g of the coated copper foils

were placed in the sulfuric acid solution. The time taken for

the coatings to separate from the foils was recorded. Tests

were conducted at 25, 30, 40, and 50 �C. The tests were

repeated with samples from each manufacturer.
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For separation of the cathode active coatings from the

aluminum foils, 50 mL of 2.0, 1.0, and 0.5 mol/L solutions

of nitric acid (70 %, Sigma-Aldrich Co, St. Louis, MO)

were prepared. While stirring, 3 g of the coated aluminum

foils were placed in the nitric acid solution. The time taken

for the coatings to separate from the foils was recorded.

Tests were conducted at 25, 30, 40, 50, 60, and 70 �C. The
testing combinations were repeated for each manufacturer.

The purpose of the testing was to identify a common

process and process parameters for LIB recycling for all

manufacturers. Thus, if it was found that the samples from

a particular manufacturer were separating at faster times,

the number of test combinations was reduced so that higher

concentrations and temperatures were not tested if the

lower concentrations and temperatures for a particular

manufacturer were not limiting the separation time when

compared to the time required for the samples from the

other manufacturers.

Results and discussion

Separation of carbon coatings from copper foils

Upon immersion of the coated copper foils into the sulfuric

acid solutions, bubbles of SO2 gas formed on the surface.

There was also minor heat dissipation (approximately 4 �C
temperature rise) during the tests, and the solution turned

slightly blue, indicating the formation of copper sulfate

(CuSO4) due to the reaction of the copper with the sulfuric

acid. This reaction did cause a degradation of the adhesion

of the carbon coating to the copper foils, as was intended.

The H2SO4 concentrations, temperatures, and times re-

quired for full separation of the coating from the copper

foils for the samples from manufacturers A, B and C are

given in Tables 1, 2, and 3, respectively.

Increasing the H2SO4 concentration had very little effect

on decreasing the separation times. At temperatures of 25

and 30 �C, increasing the sulfuric acid concentration from

0.5 to 1 mol/L and 2 mol/L resulted in separation times of

7–14 s faster for samples from manufacturer A and

separation times of 5–23 s faster for samples from

manufacturer C. However, when the temperature was

raised to 50 �C, increasing the concentration had no effect

on decreasing the separation times.

The separation of the carbon coatings from the copper

foils occurred within 65 s for all concentration and tem-

perature conditions tested. The fastest separation time of

5 s occurred with the samples from manufacturer B, with

an H2SO4 concentration of 0.5 mol/L and temperature of

25 �C. For the samples from the other manufacturers,

higher temperatures were required to achieve the fastest

separation times. For the samples from manufacturer A, the

shortest separation time was 35 s using an H2SO4 con-

centration of 0.5 mol/L at a temperature of 40 �C. For the
samples from manufacturer C, the shortest separation time

was 16 s at both the 1 and 0.5 mol/L concentrations, at a

temperature of 50 �C.
It was noted that there were separation times for the

samples from manufacturer C at lower temperatures that

were still below the shortest separation time for the samples

from manufacturer A. Using the same H2SO4 concentration

of 0.5 mol/L and temperature of 40 �C, which was identified
as the optimum condition for the samples frommanufacturer

A, the separation time for the samples from manufacturer C

was 26 s. Using common conditions of an H2SO4 concen-

tration of 0.5 mol/L at a temperature of 40 �C results in the

separation of samples from all manufacturers within 35 s.

Table 1 Separation times for carbon coatings from copper foils from

manufacturer A for varying H2SO4 concentrations and temperatures

H2SO4 concentration (mol/L) Temperature (�C) Separation time (s)

2 25 57

2 30 49

2 40 37

1 25 50

1 30 40

1 40 37

0.5 25 64

0.5 30 47

0.5 40 35

Table 2 Separation times for carbon coatings from copper foils from

manufacturer B for varying H2SO4 concentrations and temperatures

H2SO4 concentration (mol/L) Temperature (�C) Separation time (s)

0.5 25 5

Table 3 Separation times for carbon coatings from copper foils from

manufacturer C for varying H2SO4 concentrations and temperatures

H2SO4 concentration (mol/L) Temperature (�C) Separation time (s)

2 30 35

2 40 29

2 50 20

1 30 53

1 40 25

1 50 16

0.5 30 58

0.5 40 26

0.5 50 16
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Separation of cathode active material coatings

from aluminum foils

Upon immersion of the coated aluminum foils into the

nitric acid solutions, bubbles of H2 gas formed on the

surface of the aluminum foils. There was also minor heat

dissipation (approximately 2 �C temperature rise) during

the tests. The reaction between the HNO3 and aluminum

resulted in a degradation of the adhesion of the cathode

coatings to the foils, as was intended. The HNO3 concen-

trations, temperatures, and times required for full separa-

tion of the coating from the aluminum foils for the samples

from manufacturers A, B and C are given in Tables 4, 5

and 6, respectively.

For the conditions tested, the separation of the cathode

active material coatings from the aluminum foils tended to

take longer time than the time required for the separation of

the carbon coatings from the copper foils for each

manufacturer. The fastest separation time of 26 s was

achieved with an HNO3 concentration of 2 mol/L at 40 �C
for the samples from manufacturer B. For the samples from

manufacturer A, anHNO3 concentration of 1 mol/L at 40 �C
resulted in a separation time of 35 s. The samples from

manufacturer C had much longer separation times than the

samples from the other manufacturers. The shortest separa-

tion time for the samples from manufacturer C was 83 s,

using an HNO3 concentration of 2 mol/L at 70 �C.
The common condition for the separation of the active

materials from the aluminum foils would then be to use an

HNO3 concentration of 2 mol/L at 70 �C, and the separa-

tion would occur within 83 s for samples from all

manufacturers. It would also be possible, however, to use

lower temperatures which would work for the samples

from manufacturers A and B but would approximately

double the separation time for the samples from

manufacturer C. An HNO3 concentration of 2 mol/L at

50 �C would be able to achieve separation for the samples

from manufacturer C in 180 s (3 min).

Future work

These results have shown that it is possible to identify a

common acid concentration and temperature that will

separate the differing active materials from the current

collecting foils in a reasonable length of time (within

3 min). Once separated, the copper and aluminum foils can

then be recycled. The next step will be to consider the other

components of the cells such as steels, plastics, and the

active materials. The recycling or disposal of each of these

must be considered.

Summary and conclusions

The use of acid baths to separate the active material

coatings from the collecting foils of post-vehicle-applica-

tion LIBs of varying chemistries from three different

manufacturers was evaluated. A process was developed

and verified to separate the carbon coatings from the cop-

per foils of the anode using sulfuric acid. The reaction

between the H2SO4 and the copper resulted in the

Table 4 Separation times for cathode active material coatings from

aluminum foils from manufacturer A for varying HNO3 concentra-

tions and temperatures

HNO3 concentration (mol/L) Temperature (�C) Separation time (s)

2 25 55

2 30 46

1 25 54

1 30 43

1 40 35

0.5 25 67

0.5 30 62

0.5 40 40

Table 5 Separation times for cathode active material coatings from

aluminum foils from manufacturer B for varying HNO3 concentra-

tions and temperatures

HNO3 concentration (mol/L) Temperature (�C) Separation time (s)

2 25 35

2 30 32

2 40 26

1 25 41

1 30 39

1 40 29

0.5 25 44

0.5 30 40

0.5 40 33

Table 6 Separation times for cathode active material coatings from

aluminum foils from manufacturer C for varying HNO3 concentra-

tions and temperatures

HNO3 concentration (mol/L) Temperature (�C) Separation time (s)

2 50 180

2 60 161

2 70 83

1 50 273

1 60 210

1 70 120

0.5 50 [300.00

0.5 60 219

0.5 70 125
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degradation of the adhesion of the carbon coatings to the

foils. The combination of H2SO4 concentration of 0.5 mol/

L and temperature of 40 �C resulted in the shortest time for

full separation of the coating from the foil, within 35 s. A

method was identified to separate the coatings from the

aluminum foils of the cathodes using nitric acid.

The reaction between the HNO3 and aluminum weak-

ened the adhesion of the cathode coatings to the foils, re-

sulting in their separation. The differences between the LIB

chemistries from the three manufacturers resulted in

greater variations in the conditions required for full

separation of the cathode active material coatings than of

the anode coatings. The results of testing various HNO3

concentrations and temperatures identified that full

separation of the coatings from the aluminum foils was

possible within 83 s for samples from all manufacturers by

using an HNO3 concentration of 2 mol/L at 70 �C.
Given these results, the development of a common

process with common parameter values for recycling the

valuable materials in post-vehicle-application LIBs of

varying chemistries that cannot be remanufactured or re-

purposed is shown to be possible.
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