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Abstract

For environmental and sustainability reasons, spent Li-ion batteries must be recovered and
recycled so that the full promise of an electrified future is realized. Li-ion battery recycling
streams pose a serious challenge to all existing recycling technologies due to their unknown
and diverse chemistry. In the work described in this paper, four representative recycling
streams were used to demonstrate the flexibility of the recycling process developed at
Worcester Polytechnic Institute (WPI) to accommodate a variable feed and generate
consistent quality cathode material, LiNi3sMn13C01302 (NMC111).
Ni3Mn13COw3(OH)2 precursors derived from four recycling streams were produced by a
hydroxide co-precipitation method in a continuous stirred tank reactor. It took two days for
the co-precipitation reaction to reach steady state. A possible evolution of the precursor
particles up to the steady state was proposed. Both the precursors and cathodes from these
four different recycling streams exhibit similar morphology, particle size distribution, and
tap density. Moreover, these recovered cathode materials display similar electrochemical
properties. Surprisingly these recovered NMC111s have better rate capability than a
commercial NMC111 prepared from virgin materials. The different chemical compositions
of the incoming recycling streams were shown to have little observed effect on the
recovered precursor and resultant cathode material generated by the WPI-developed
recycling process with advantages including no sorting, low temperature, and high quality
recovered battery materials. Therefore, the WPI-developed process applies to different

spent Li-ion battery waste streams and is therefore general.
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Introduction

Due to their many desirable attributes including high energy density, long cycle life, light
weight, and no memory effect, lithium ion (Li-ion) batteries are widely used in an ever-
growing list of consumer electronics, electric vehicles, aerospace and defense, industrial,
hobby, and other applications. The global Li-ion battery market was valued around USD
31.17 billion in 2016 and is expected to reach USD 67.70 billlion by 2020 because of
increasing demand for electric vehicles (EV),* and other factors. Although Li-ion batteries
play an ever-increasing role in our daily lives, a substantial and growing amount of spent
Li-ion battery waste is generated each year. >* Irresponsible disposal of spent Li-ion
batteries would result in environmental pollution, > and hence pose a threat to health of
human beings. Moreover, resource availability poses serious constraints for Li-ion
batteries.® There are potential risks associated with the supply of materials for Li-ion
batteries. For sustainability and strategic material considerations, precious resources must
not be disposed of as waste. Therefore, in order to protect the environment, ensure industry
sustainability, and harness the full benefits of electrification, it is necessary to develop
technologies to recover and recycle spent Li-ion batteries efficiently and economically.
Many technologies have been developed to recover and recycle spent Li-ion batteries,
including pyrometallurgical, hydrometallurgical, electrochemical, and bioleaching

methods. %3 Hydrometallurgical processes are considered to be a favorable method for

3
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recycling spent Li-ion batteries because of their high recovery vyield, high purity of
recovered materials, low energy consumption, and potential zero emissions. ** A novel
closed-loop hydrometallurgical process for recycling spent Li-ion batteries has been
developed in our group. > In this process, spent batteries were crushed. No sorting is
needed. The spent batteries can be any size and shape. The pulverized batteries were sieved.
Cathode powders were leached, resulting a leaching solution which was purified. The
recovery efficiency is high. The purified solution was adjusted to a desired stoichiometry
of Ni, Mn, and Co. The stoichiometry can be 1:1:1, 5:3:2, 6:2:2, 8:1:1, or others. Then the
adjusted solution was employed to synthesize precusor by coprecipitation. Cathode
material was produced from the precursor by calcination. The recovered cathode material
display a very good electrochemical performance. Besides cathode materials, other
materials also be recovered. The no sorting feature is a significant advantage and addresses
one of the key challenges faced by battery recyclers today.

Currently, over 50% of a battery’s material cost is associated with the cathode material. *
Accordingly, a lot of attention has been directed towards efficiently and economically
recovering and recycling the cathode material. LiCoO2 (LCO) is the first generation
cathode material used in Li-ion batteries. Recycling LCO in spent Li-ion batteries has been
widely investigated. '8 Over time, the chemistry of the cathode material has evolved in
pursuit of higher energy density, lower cost and improved abuse tolerance. Today, a broad
spectrum of lithium compounds are employed as cathode materials in addition to LCO,

including LiMn204 (LMO), LiNixMnyCo:02 (NMC, x+y+z=1), LiNio.s5C00.1Al0.0502
4
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(NCA), and LiFePOa4 (LFP), and others. In addition, blending different cathode materials
together is a common technique used in making Li-ion batteries for EVs. %20 Several
commercial automotive battery suppliers have developed Li-ion cells with cathodes
composed of a mixture of two or more different active materials. Ford’s Focus Electric and
General Motor’s (GM’s) Chevy Wolt utilize pouch cell batteries which use a blend of NMC
and LMO. °

The cathode chemistry in spent Li-ion batteries is occasionally unkown, often with mixed
lots of batteries arriving at the recycler’s dock. In practice, spent Li-ion batteries come from
a variety of sources, including XEVs, consumer electronics, other applications, and are
often the subject of intermediate handling, partial disassembly, repurposing etc. This can
obscure provenance, and thereby introduces significant challenges to the recyclers. It is
reasonable to define recycling stream by incoming cathode chemistry given that, in general,
a graphite-based anode is used in most commercially available Li-ion batteries. Recycling
stream can be either simple or complex. It can be LCO, if the cathode chemistry is only
LCO. If blended cathode chemistries are used like NMC and LMO, the recycling stream
can be defined as NMC+LMO. If cathode chemistries from various sources are complex,
including LCO, NMC, NCA, LMO, and LFP, the recycling stream is
LCO+NMC+NCA+LMO+LFP.

Synthesis of cathode materials from various recycling streams has been studied. 2 For
example, the LiNiwsMny3C01302 (NMC111) cathode material was synthesized from

NMC+LCO and NMC+LCO+LMO recycling streams. 223 However, in the literature there
5
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were few studies comparing the cathode material recovered from different recycling
streams. The goal of this is to systematically compare the both precursor
NiwsMn13Cow3(OH)2 and cathode NMC111 synthesized from intentionally different
recycling streams. For this purpose, we studied four representative recycling streams. The
precursors and cathodes derived from the four different recycling streams were compared
in morphology, tap density, particle size distribution, and electrochemical performance.
Experimental

In this study, four different recycling streams of spent Li-ion batteries were employed:
NMC+LMO, NMC+LMO+LFP, NMC+NCA+LMO, and NMC+NCA+LMO+LCO+LFP.
These recycling streams were obtained from Ford EV batteries, GM EV batteries, Fiat
Chrysler Automobiles (FCA) EV batteries, A123 LFP batteries, and consumer electronics
batteries. The cathodes derived from these four recycling streams via our process are
designated as #1INMC111, #2 NMC111, #3NMC111, and #4NMC111, respectively, as
shown in Fig.1. A commercially procured virgin cathode material, designated #0NMC111,
was used for comparison. #0NMC111 is a high-quality commercial cathode from a leading

cathode supplier. In each experiment, about 30kg spent Li-ion batteries were used.
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Fig.1. Schematic representation of four different recycling streams, and the process
to obtain the cathode material NMC111 from spent lithium ion batteries

The recycling process has been described in detail in a previous paper. '° Briefly, the
process consists of mechanical treatment of the spent Li-ion batteries, magnetic separation
of steel, sieving, density separation, leaching of cathode powders, and removal of
impurities in the leaching solution by adjusting pH. H2SO4 and H20:2 are used for the
leaching. Before and after removal of impurities, the concentrations of lithium (Li), nickel
(Ni), manganese (Mn), cobalt (Co), iron (Fe), aluminum (Al), and copper (Cu) elements in
the leaching solution were measured by inductive coupled plasma optical emission
spectrometry (ICP-OES). Total carbon analyzer is employed to detect carbon. The recovery
efficiencies for Ni, Co and Mn were over 90%. The molar ratio of Ni:Mn:Co in the leaching
solution was adjusted to 1:1:1 by adding NiSO4-6H20, MnSQO4-H20, and CoSO4-7H20, as
required. The concentration of metal sulfate in the leaching solution was 2.0 M. The
concentration and molarity were confirmed by ICP-OES.

Precursor NiysMn13Cow3(OH)2 was synthesized by a hydroxide co-precipitation method.
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The adjusted metal sulfate solution was slowly pumped into a continuous stirred tank
reactor (CSTR, 5 L) under nitrogen atmosphere. At the same time, a 5.0 M NaOH solution
and appropriate amount of NH4+OH solution(aq) as chelating agent were also separately
metered into the reactor. pH and stirring speed were controlled at desired values. The
temperature was controlled at 60°C. The experiments ran for seven days each. Samples
were collected throughout the process. The precursor was dried overnight.

The recovered NiwzsMny3Co13(OH)2and 5% excess Li2COs were mixed together
thoroughly. The mixture was first calcined at 450°C for 5 h, and then heated to 900°C for
15 h in air, to produce the final NMC111 cathode powders.

Scanning electron microscopy (SEM) and laser diffraction instruments were used to
analyze morphology and particle size distribution of the precursors and cathode materials.
The tap density of these materials was measured. The measurements of particle size
distribution and tap density were independently conducted by A123 systems, a leading
lithium ion manufacturer in North America.

The electrochemical properties of the cathodes derived from different recycling streams
were independently characterized in CR2032 coin cells by A123 systems. Making cell and
all electrochemical tests were carried out in terms of industrial standards. The positive
electrode consisted of the active material (recovered NMC111, 94 wt%), carbon black (3.5
wt %), and polyvinylidene difluoride (PVDF) binder (2.5 wt%). The loading level of the
active material in the positive electrode was about 20 mg cm. The mixture was coated

onto an aluminum foil and dried under vacuum at 80°C for 12 h. The cells were assembled

8
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in a high-purity argon-filled glove box with lithium metal as the counter and reference
electrode, Celgard 2500 membrane was employed as the separator, and 1.0 M LiPFs in
ethylene carbonate (EC) and ethylmethyl carbonate (EMC) (3:7 volume ratio) was used as
the electrolyte. The cells were tested in the voltage range from 2.7 to 4.3 V at various
constant current rates at room temperature.

Results and discussion

It is vital to precisely control the morphology of NiwzsMn13Co13(OH)2 particles to produce
the desired precursor materials, as they in turn play a large role in determining the
morphology and electrochemical properties of the resulting cathode materials. The
precursor particles are secondary ones, composed of smaller primary particles. As co-
precipitation starts in the CSTR, the primary particles are formed and agglomerate into
secondary particles due to thermodynamic driving forces. In the early stages, these
secondary particles are very small and porous. As the reaction proceeds, the secondary
particles grow bigger and denser. The growth is likely to be ascribed to insertion of new
primary particles and the growing of the existing ones. They also become more and more
spherical as a result of grinding as the particles collide.?* The primary particles comprising
the secondary ones thicken until there is no space available for further growth, nor is there
adequate room for further insertion of new primary particles. At this stage, relatively
uniform and dense particles are obtained. Beyond this stage, new small secondary particles
appear, and the existing particles continue their growth. These existing particles most likely

cease to grow after a certain time. This may be attributed to strong hydrodynamic shear

9

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

force exerted on the larger particles, which inhibits continued surface growth.? This
mechanism describes the assumed evolution of the secondary particle during its lifetime in
the CSTR. Eventually, a stable range of secondary particles from new small agglomerates,
growing particles, to growth-terminated larger particles coexist, and the reaction reaches
steady state.

Fig.2 shows the morphology of precursors at different reaction times. At 6h, the secondary
particles are uniform, porous, and small. At 24h, the secondary particles are uniform and
dense. As the reaction continues, the particles continue to grow and become spherical. At
36h, new small particles emerge, and the existing particles become larger. At 42h, particles
at all evolution stages appear, and fewer larger particles are observed. At 48h, there is no
significant difference compared to particles at 42h. The biggest particles do not grow
during this additional 6h period, and the reaction reaches steady state. Fig. 3 exhibits the
dependence of tap density of the samples for different reaction times. The tap density of
the particles increases with the reaction time up to an asymptotic value. This asymptotic

behavior also indicates that a steady state is reached after 48h.

10
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23 Fig.2. SEM images of Ni13Co13Mn13(OH)z2 as a function of reaction time for (a) t =6 h;
24 (b) t=12 h; (c) t = 24h; (d) t = 36h; (e) t =42 h; (f) t = 48 h.
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44 Fig.3. The tap densities for the precursor samples at different reaction times.

46 For mass production, consistent precursor can reliably be collected after the reaction attains
49 its steady state. In our case, the precursors from each recycling stream were collected after
51 two days. The precursors were then collected daily for five additional days. These

54 precursors were labeled Day3, Day4, Day5, Day6, and Day7, respectively. The
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morphology of the representative precursors at Day3, Day5, and Day7 from each recycling
stream was analyzed. Fig.4 a-c shows the SEM images of the precursors from recycling
stream NMC+LMO. The precursors all display features characteristic of steady-state.
Particle size varies over a full spectrum from less than 1um to about 20um, and small
particles dominate consistently over large ones. The sphericity of the particles increases
with size. The largest particles exhibit almost perfect spherical shape. In addition, the
packing of the particles become denser with increasing size. The morphology and particle
size distribution of the precursors harvested on different days is quite similar. Their tap
density is almost identical, around 2.1g/cc as shown in Fig.5. Therefore, as expected,
particle morphology, particle size distribution, and tap density remain stable after steady
state is reached.

Fig.4 d-f, Fig.4 g-i, and Fig.4 j-1 show the SEM images of the precursors from the recycling
streams NMC+LMO+LFP, NMC+NCA+LMO, and NMC+NCA+LMO+LCO+LFP.
Comparing the precursors from different recycling streams, very slight differences are
observed. For instance, the precursor from the recycling streams NMC+LMO and
NMC+NCA+LMO has the highest tap density of approximately 2.10 g/cc. The tap density
of the precursor from the recycling stream NMC+LMO+LFP is the lowest, around 2.00
g/cc. The precursor from the recycling stream NMC+NCA+LMO+LCO+LFP has an
intermediate tap density of about 2.04g/cc. In addition, it should be noted that all SEM
images were not taken selectively. However, it appears that the sizes of the particles from

the recycling streams NMC+LMO and NMC+NCA+LMO are slightly larger than those
12
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from the streams NMC+LMO+LFP and NMC+NCA+LMO+LCO+LFP. The very tiny

variations in tap density and particle size may be attributed to experimental errors. In spite
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Fig.4. SEM images of precursors for (a) Day3, (b) Day5, (c) Day7 derived from recycling
stream NMC+LMO; (d) Day3, (e) Day5, (f) Day7 from stream NMC+LMO+LFP; (g)
Day3, (h Days5, (i) Day7 from stream NMC+NCA+LMO; (j) Day3, (k) Day5, (I) Day7
from stream NMC+NCA+LMO+LCO+LFP.
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Fig.5. Tap density of the precursor products of each day from the four different recycling
streams

For each recycling stream, all of the obtained precursors from Day3 to Day7 were used to
synthesize NMC111 cathode. Fig.6a, b, d, e show the morphology of the cathodes from the
four streams. They exhibit similar morphology and size distribution as previously seen in
precursors. Particles from #1NMC and #3NMC appear slightly larger.  Fig.6f shows the
particle size distributions of the four recovered NMC111 cathodes. The size (D50) of
#INMC, #2NMC, #3NMC, and #4NMC is 13.9um, 10.7um, 11.9um, and 9.8um,
respectively. This variation is expected, correlating according to the morphology of their
precursors. The tap density for the four cathodes also is similar, as indicated in Fig.6c.
#INMC111 and #2NMC have the same tap density, 2.56g/cc, while the tap density of
#3NMC is a slightly higher at 2.65g/cc, and #4ANMC has a slightly lower density of
2.50g/cc. Therefore, all of four recovered cathode materials have similar morphology,
particle size distribution, and tap density. As cathode materials, their electrochemical

properties are critical, and are described in the following sections along with the

14
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commercial control #O0NMC.
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26 Fig.6. SEM images of (a) #INMC111, (b)#2NMC111, (d) #3NMC111, (e) #4NMC; (c)
27 The tap density for the cathode materials from the four different recycling streams; (f)
28 particle size distribution of the four cathodes.

30 The electrochemical performances of #INMC111, #NMC111, #3NMC111, #NMC were
33 obtained by fabricating coin cells with the recovered materials. Equivalent control cells
with commercial NMC111 were also made. Fig. 7a shows the typical discharge curves of
38 #INMC in the voltage range between 2.7 and 4.3 V versus Li*/Li° at the various C-rates.
The charging current is 0.5C. As shown in Fig. 7a, the specific capacity of the cathode
43 decreases with increasing C-rate due to the polarization effect. The specific capacities at
46 0.2, 0.5, 1, 2, 5, and 10C are around 152.3, 144.2, 137.1, 127.9, 74.7, and 22.2 mAh/g,
respectively. #2NMC, #3NMC, and #4NMC also display similar rate performance, as
51 shown in Fig.7b. This illustrates that cathodes synthesized using our recycling process from

chemically diverse recycling streams exhibit similar electrochemical performance.
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Fig.7. (a) Discharge curves of #NMC at various rates; (b) Rate performance of #1NMC,
#2NMC, #3NMC, #4NMC, and control.

For comparison, coin cells prepared with commercial (virgin) cathode #0NMC111 were
also tested. Specific capacities at 0.2, 0.5, 1, 2, 5, and 10C were measured as 144.5, 136.7,
131.4,120.8, 46.8, and 7.5 mAh/g, respectively. At rates of 0.2, 0.5, 1 and 2C, the cathodes
from the recycling streams exhibit electrochemical performances slightly better the than
the control #0NMC111. Remarkably, at the highest rates of 5 and 10C, the recovered
cathodes have much higher discharge capacity than the commercial one. This comparison
shows that the recovered cathodes from all four lots consistently exhibit superior rate
capability than commercial control. According to the results of ICP and total carbon
analyzer, the control and recovered materials are pure without detectable impurities like
Na, Cu, Al, Fe, Mg, S, and C. Therefore, the better rate capability cannot be ascribed to
impurities. It is noted, however, that the control has a little higher tap density than the
recycled materials, while it has similar particle size with them, 9.7um. This suggests that
the control has a little lower porosity. Pore volumes and pore sizes of these materials

(recycled and control) were evaluated by BJH method. The cumulative pore volumes of
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the recycled materials are between 0.000130 and 0.000150 cm®/g, and their average pore
diameters are between 20.70 and 20.90 A. The control has lower pore volume 0.000080
cm®/g with similar pore size 20.50 A. Given that the control and recycled materials have
similar particle size and are pure, it may reasonable to attribute the better rate capability to
the higher pore volume and hence higher porosity in the recycled materials.?® Cycling life
of the controlled recycled materials is still under independent evaluation. We will report
these results in the future.

Conclusions

Four recycling streams of differing composition were investigated; NMC+LMO,
NMC+LMO+LFP, NMC+NCA+LMO, and NMC+NCA+LMO+LCO+LFP.
NiwsMn13Cow3(OH)2 precursors derived from these recycling streams were prepared via
hydroxide co-precipitation in a CSTR in a 7-day operation per lot. It took 48h for the co-
precipitation reaction to reach steady state, after which morphology, particle size
distribution, and tap density did not significantly change. A possible evolution mechanism
of the precursor particles was proposed. The precursors were collected after steady state
was reached. All precursors from these four different recycling streams exhibit similar
morphology, particle size distribution, and tap density, as do the recovered cathodes
synthesized from these precursors. Most important, cathode materials from the different
recycling streams display similar electrochemical properties when evaluated in coin cells.
Coin cells made using the recovered NMC111s have similar rate capability at low C rates

(0.2,0.5, 1, and 2C) as cells prepared with commercial (virgin) NMC111, and significantly
17
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better rate performance at high rates (5 and 10C). These results demonstrate that the
recycling stream composition has minimal effect on the high-quality precursor and cathode
material recovered using our closed-loop recycling process with advantages including no
sorting, low temperature, and high quality recovered battery materials. Therefore, the
closed-loop process applies to multiple spent Li-ion battery waste streams and is therefore
general.
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Regardless of Li-ion battery waste stream, recovered cathode exhibits consistent rate
capability, which is superior to that of the commercial control.
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