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ABSTRACT

The lithium-ion battery (LIB) recycling is considered as an important component to
enable the industry sustainability. A massive number of LIBs in portable electronics,
electric vehicles and grid storage will eventually end up in wastes, leading to serious
economic and environmental problems. Hence, tremendous effort has been made to
improve hydrometallurgical recycling process since it is the most promising option for
handling end-of-life LIBs owing to its wide applicability, low cost and high
productivity. Despite these advantages, some extra elements (Al, Fe, C, F, etc.) remain
as impurities in the removal process and retain in the solution which is a great challenge
to obtain high-quality cathode material. In this work, the impacts caused by fluorine
impurity on LiNigsC002Mng202> (NCM622) cathode via hydrometallurgical co-
precipitation are intensively investigated for the first time. Our results show that up to
1 at% fluorine impurity brings positive influence on the recovered material due to a
higher Ni?* ratio on the surface of cathode particles. In addition, the presence of fluoride
ion during co-precipitation could lead to the formation of holes in cathode particles
which improves rate capability and cyclability dramatically. Compared to virgin, the
capacity of NCM622 material with 0.2 at% fluorine impurity is boosted by ~8% (167.7
mANh/g) with a remarkable capacity retention of 98.0% after 100 cycles at 0.33C.
Besides, cathode with 0.2 at% fluorine impurity shows a far better rate performance,
especially at high rates (~7% increased at 5C), than that of virgin. These results

convince that low concentration of fluorine impurity is desirable in hydrometallurgical
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recycling process. More importantly, this study offers implications in the design of high
performance NCM622 cathode materials via co-precipitation production with ion

doping in the near future.

1. Introduction

Rapid expansion in the global market of lithium-ion batteries (LIBs) from portable
devices to electric vehicles is imperative, to bring convenience to consumers, to meet
targets for reducing carbon emission and to modernize our daily life. Since LIBs were
firstly commercialized by Sony in 1991, they have gradually shown dominance in a
variety of energy storage applications because of their high energy, light weight, long
cycle-life and other advantages.™? In 2019, sales of electric vehicles (EVs) exceeded
two million cars worldwide. The fast-growing EV markets, which expanded by an
annual average of 60% between 2014 and 2019, reached the stock of 7.2 million in
2019. According to conservative estimates, the stock volume would grow to above 30
million by the end of this decade.®* Besides, mainstream cathode materials used in LIBs
(NCM for example) consist of heavy metals such as nickel and cobalt which are not
only toxic but also expensive and limited. Undoubtably, the cumulative burden of
battery waste in the coming decades will pose a big threat to environment as well as
sustainable economy unless there is an ultimate solution to manage end-of-life LIBs.
Motivated by this fact, researchers have been working on developing favorable LIB-
recycling technologies for years. To date, the reported recycling technologies mainly
include three categories as follows: pyrometallurgical recycling, hydrometallurgical
recycling, and direct physical recycling. Hydrometallurgical process, due to its high
recovery efficiency, large-scale production capability as well as low energy cost, has
been widely adopted both in research and industry as a promising approach for battery
recycling.>®

A high-efficiency closed-loop hydrometallurgical recycling method was developed
by our group for recycling end-of-life LIBs.>"%1! In this process, spent LIBs were
dismantled, crushed, and sieved. Then, the mixed powder went through leaching and
subsequent purification process. Afterward, the purified solution was adjusted to the
desired concentration ratio to be ready for the following co-precipitation to produce
precursors. Final recovered cathode material was obtained by high-temperature
sintering of the precursors. This novel recycling method has a high recovery efficiency

(~90%) and it is applicable to a wide range of cathode materials (LiNixCoyMn,Oz,
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x+y+z = 1). Above all, the recovered cathode products possess a similar or even better
electrochemical properties compared to the commercial counterparts. However, the
impurity concern, caused by incomplete purification, is a potential issue for the
hydrometallurgical technique. In fact, it is difficult to separate all impurity elements
such as Al, Fe and Cu from useful transition metals in the solution due to their similar
properties. In addition, to remove every single undesired impurity during the
purification process is not technically and economically feasible especially in industrial
scale aspect.5"1214 Until recently, study of the impacts on the recovered cathodes as a
result of impurities has drawn greater attention among researchers. For example, metal
ions such as AI**'° Fe®* 16 and Cu?*,'"*8 are demonstrated to have positive influences
on the final recovered cathodes only if the impurity level is very low. In particular, these
cations could replace transition metal ions within cathode crystal by forming
precipitates during synthesis. Based on reports, a better ordered structure or slightly
expanded lattice that triggered by tiny ion substitution leads to the enhancement of rate
capability and capacity retention, whereas excess impurity ions would interfere the
structural arrangement, resulting in a bad cathode morphology as well as the formation
of impurity phase which causes significant deterioration in cathode electrochemical
performance.>!® Carbon, a common insoluble impurity coming from conductive
additives, is proved to be an adverse factor in hydrometallurgical recycling. Although
carbon impurity does not participate in co-precipitation, cathode particles will show a
much higher surface Co?* concentration under the presence of carbon after sintering
which contributes to the worse cation mixing and poor average capacity.® Beyond
those impurities mentioned above, another critical concern is the anion impurity, for
example fluorine released by LiPFe lithium salt,2%22 but little effort has been made to
investigate the impacts on synthesized products via hydrometallurgical recycling due
to the existence of F in the solution. Hence, designing a series of trial reactions with
different amount of fluorine impurity to monitor the change in the recovered precursors
and cathodes is essential to achieve a better understanding of impurity control in
hydrometallurgical recycling.

In this study, a comprehensive investigation on the performance of recovered
NCM622 materials under the influence of fluorine impurity via hydrometallurgical
synthesis is firstly conducted. Extra fluorine source NaF with the content of 0.2 at%, 1
at% to 5 at% (relative atomic percent of the total transition metals, Ni+Co+Mn = 1) is

added in metal sulfate solution prior to co-precipitation reaction as an impurity involved
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in recycling process. The NCM622 virgin material (denoted as VNCM) and fluorine
impurity affected materials (denoted as 0.2FNCM, 1FNCM and 5FNCM) are examined
and studied. It is revealed that fluoride ions during co-precipitation lead to the creation
of holes inside precursor particles. After sintering, fluoride ions are found to occupy
oxygen sites in cathode crystal and mainly form bonds with Ni ions (NiF2) which
notably increases the ratio of Ni?*/Ni®* on the particle surface. Also, bulk diffusivity
gets better owing to a minor lattice expansion and a well-ordered structure when
fluorine impurity level is not too high. Both 0.2FNCM and 1FNCM samples display an
excellent discharge capacity of ~167 mAh/g (~8% better than VNCM) with a superb
capacity retention of ~98% (VNCM 94.8%) after 100 cycles at 0.33C. Moreover,
compared to virgin, all FNCM cathodes possess a superior rate capability, especially at
high rates. Indeed, holes in cathode particles, high surface Ni?* content and improved
bulk lithium diffusivity surely demonstrate the positive role of fluorine impurity in
hydrometallurgical recycling. However, the cobalt oxidation state on cathode surface
would be affected if too much fluoride is introduced in NCM622 crystal lattice. A high
Co?* concentration is detected on 5SFNCM cathode surface, resulting in a poor cation
ordering and structure stability which makes it the worst among all F-doped NCM622
in terms of electrochemical properties. The results indicate that fluorine impurity has a
very positive effect in battery hydrometallurgical recycling and a very high level of
fluoride ion content (> 1 at%) should be prevented during the process. Furthermore, our
study proves the feasibility of mass production of “boosted” NCM622 cathodes by

hydrometallurgical approach with the help of fluoride additives.

2. Experimental section
2.1. Material synthesis

Cathode materials were synthesized by co-precipitation reaction and post-sintering
process, in which transition metal ions M?* (M = Ni, Co, Mn) coprecipitate to form
Nio.6C00.2Mno2(OH). precursor in alkaline solution then a mixture of dried precursors
and lithium salt was sintered to obtain LiNiosC002Mno202 (NCM622) as the final
cathode samples.1%3

Metal sulfate hydrates NiSO4:-6H20, CoSO4-7H20 and MnSO4-H20 were added into
deionized (DI) water at a stoichiometric ratio of 6:2:2 to obtain 2 M metal sulfate
solution. For impurity-involved sample preparation, NaF salt was mixed into the metal

sulfate solution with different concentrations (0.2 at%, 1 at% and 5 at%). Prior to the
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start, 0.5 M NHz-H>O was filled into a 5 L continuous stirred-tank reactor (CSTR) as a
complexing agent. Then, the metal sulfate solution and ammonia solution were pumped
into the reactor with a controlled flow rate. Meanwhile, 7.5 M NaOH solution was
added into the reactor by a peristaltic pump to keep the reaction at a desired pH
condition. The co-precipitation reaction was operated continuously for 12 hrs at a
steady condition of pH = 11 and T = 55°C under nitrogen protection. After reaction,
synthesized precursors were filtered and washed with DI water to remove residuals until
pH reduced to 7, then precursor powders were dried in oven at 130 °C overnight. To
obtain cathode materials, precursors were mixed with LioCO3z in a mortar at a
stoichiometric ratio of 1:1.05 (5% excess of lithium salt was used in order to
compensate for the loss of lithium ions during sintering). Next, the mixture underwent
a two-step sintering process: (I) heated up to 450 °C for 5 h then cooled down to room
temperature, (II) heated up to 850 °C for 18 h then followed by a same cooling method
(ramp rate was fixed to 2 °C per minute).?>819 In the end, a total number of four cathode
materials were obtained: LiNio.sC002Mno.202 (VNCM), and LiNio.sC00.2Mno.2FxO2-x (X
=0.002, 0.01 and 0.05, named as 0.2FNCM, 1IFNCM and 5FNCM, respectively).

2.2. Material characterization

The particle morphologies and microstructures were observed by scanning electron
microscopy (SEM, JEOL JSM-7000F) coupled with energy-dispersive spectroscopy
(EDS) to analyze element composition. Inductive coupled plasma mass spectroscopy
(ICP-MS) was utilized to measure the precise concentrations of all metallic elements in
the cathodes. The phases of each sample were identified by powder X-ray diffraction
(XRD, PANalytical Empyrean) with Cu Ka (A = 1.54 A) and a step size of 0.02° per
scan. To acquire lattice parameters, the following Rietveld refinement was conducted
via FullProf software and the powder structure of LiNiosC002Mng202 (PDF# 00-066-
0854) was chosen as the reference model. X-ray photoelectron spectroscopy (XPS) data
for all cathodes was acquired using PHI 5000 VersaProbe II system (Physical
Electronics) to investigate element composition and the oxidation state of transition
metals. The X-ray source was operating at 25 W equipped with monochromatic Al Ka
(hv = 1486.6 €V) which was set at Ar" ion and electron beam sample neutralization,
fixed analyzer transmission mode. The XPS spectra were calibrated against C-C at
284.8 eV before subsequent deconvolution simulation (spectra were fitted to multiple

Gaussian-Lorentz peaks) which was processed on XPSpeak software.
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2.3. Electrochemical measurement

CR-2032 coin cells, which consist of cathode electrode, separator, electrolyte and
lithium metal as the anode, were assembled in an argon-gas filled glovebox (H20, Oz <
1 ppm) to study the electrochemical performance. The electrodes were prepared by
mixing active materials (cathode powder, 80 wt%), conductive carbon (C65, 10 wt%)
and polyvinylidene fluoride binder (PVDF, 10 wt%) in N-methyl-2-pyrrolidone (NMP)
solvent to form a slurry. The mixed slurry was then cast on an aluminum foil by a doctor
blade (MTI) and dried at 60 °C overnight. Round electrodes (® = 12 mm) were
calendared and punched from dried electrode sheet to get a final thickness ~40 um with
an active mass loading of 3.5~4.0 mg/cm?. The electrode samples were further dried at
120 °C overnight in vacuum oven to remove residual NMP and moisture. A trilayer
polypropylene-polyethylene-polypropylene membrane (® = 16 mm) and 1 M LiPFs in
ethylene carbonate/ethyl methyl carbonate (EC/EMC, 3:7 in wt%) were used as the
separator and electrolyte, respectively. The electrochemical performance was tested on
Land battery testing system (LAND, CT2001A) between 3.0V and 4.3V (vs. Li/Li").
Specifically, cells were measured under current density of 0.33C and 5C in cycle test,
while the current densities were set from 0.1C up to 5C in rate performance test (1C =
175 mAh/g). Tests of cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were conducted on an electrochemical analyzer (Bio-Logic SAS,
VMP3) using the EC-Lab program. In CV test, scanning potential was set between 3.0V
and 4.5V (vs. Li/Li*) at a rate of 0.1 mV/s. In EIS test, cells before and after cycles
were measured within the frequency range from 100 kHz to 10 mHz at an amplitude of

10 mV. All electrochemical measurements were carried out under the room condition.

3. Results and discussion
3.1. Structure and composition analysis

To monitor the morphology of hydroxide precursors during the synthesis, sample
was collected every 3 hrs then analyzed with SEM. Figure S1 shows the precursor
morphology at different times in which the average particle diameter and sphericity
increases as the reaction time gets longer. At each specified time, no clear difference is
observed between samples from 0.2FNCM to 5FNCM, indicating that the presence of
fluoride ions within alkaline environment during co-precipitation does not form extra

precipitates to inhibit particle growth as well as to impede particle sphericity. The
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particle morphology has a close correlation with its physical properties, powder tap
density for instance. In Table S1, the tap density also rises as the reaction goes and all
FNCM samples share a similar density level at each time section. It is noted that
compared to FNCMs, virgin group has a lower powder tap density at 3 hrs, 6 hrsand 9
hrs which is about 77%, 79% and 89% of the average value of precursors affected by
fluorine impurity. However, when the precipitation process reaches to the end at 12 hrs,
all samples approach to a same density level (~1.90 g/ml). This phenomenon suggests
that fluorine impurity has influenced the co-precipitation process, due to an increased
powder tap density that caused by faster nucleation and particle growth at its early
stages, while brings no prominent changes in the particle morphology and tap density
when the reaction comes to steady state.

Figure 1 shows the SEM images of all synthesized NCM622 samples from precursor
(column 1), cathode (column 2) to cross-sectional cathode (column 3). A typical near
spherical secondary particle composed of numerous tiny flake-like primary particles is
observed in Figure la;-c1. Primary particles are the most fundamental building blocks
of synthesized materials. During the reaction, the growth, attachment and aggregation
of primary particles produces the spherical secondary particles.?* For all cathodes
shown in Figure 1a.-c», the shape of primary particles turns from flake to polygon after
high-temperature precursor sintering. Both precursors and cathodes have a consistent
surface morphology as well as secondary particle dimension (~8 um) which implies
that fluorine impurity has negligible impacts on final cathode morphology. However,
the particle interior is completely different. According to cross-sectional images given
in Figure las-cs3, holes are found inside FNCM cathode particles (marked by yellow
arrows). Besides, with the increase of impurity concentration from 0.2 at% to 5 at%,
the hole formation within cathode particles also rises. It can be inferred that fluorine
impurity is a key factor to the formation of holes in cathode particles and this
extraordinary feature could promote the electrochemical performances based on recent
reports.?>-2’

SEM-EDS mapping results of as-prepared cathodes are given in Figure S2 to show
the distribution of elements. Transition metal elements Ni, Co and Mn are distributed

homogeneously throughout the particles. The images with purple signals also provide



the evidence of fluorine presents in FNCM cathodes. The precise composition of each

Figure 1. SEM images of 0.2FNCM (ai-as), LFNCM (b:-bs) and 5SFNCM (c1-c3) with precursors (column
1), cathodes (column 2) and cathode cross-sectionals (column 3) (scale bar 10um). (Insets: images at
higher magnification with scale bar 2um).

element in NCM622 cathodes at different impurity level was measured by ICP-MS. As
shown in Table S2, the atomic ratio of Ni, Co and Mn in all samples keeps close to the
theoretical value (6:2:2). Specifically, exact atomic ratio among NCM is calculated to
be 6:2.05:2.00, 6:2.11:2.01, 6:2.10:2.00 and 6:2.15:2.05 (Ni = 6) for VNCM, 0.2FNCM,
1FNCM and 5FNCM, respectively. On top of that, the lithium composition remains
stable regardless of variation in impurity concentration. Therefore, it can be concluded
that fluoride ions do not occupy the sites of cations but to replace oxygens in cathode
crystal during the synthesis process.

Further investigation on composition and inner structure of precursor particles was
done by cross-sectional SEM-EDS shown in Figure 2. Precursor particles (12 hrs) with
holes (marked by yellow arrows) could be confirmed in 5FNCM samples whereas the
interior structures of virgin counterparts are completely intact. According to element
mapping results in Figure 2az-by, the uniform distribution of Ni, Co, Mn and O is also

true for synthesized precursors. More importantly, fluorine signal is detected over the



entire cross-section of 5SFNCM precursor particles which reveals the participation of F

Figure 2. SEM cross-sectional images of precursors for (a;) 5FNCM and (b1) VNCM (scale bar 10um)
with corresponding SEM-EDS mapping of each element for (a2) 5SFNCM and (b2) VNCM.

ions during the co-precipitation process.

The typical mechanism for the synthesis of dense and spherical hydroxide particles
via co-precipitation has been mentioned by several groups.?>?42 There are two steps to
form the precipitates: transition metal ions first coordinate with the ammonia complex
agent (1), then slowly precipitate out of the base solution (2). Relevant two-step

reactions are as follows:

M?* + nNH; - [M(NH3),]** (1)
[M(NH3),]?* + 20H~ —» M(OH), | + nNH, (2)

At the initial stages, relatively sufficient fluoride ions could lead to the reaction:
[M(NH3),]** + 2F~ > MF, + nNH,4 (3)

which consumes the complex ions [M(NH3)a]** and pushes the equilibrium of the
reaction (2) to the left. In this case, the dissolution rate of primary particles exceeds re-
crystallization so that holes are created in precursors.?*2°

Phase and structure of prepared materials are analyzed by powder X-ray diffraction
with patterns shown in Figure 3. All patterns in Figure 3a have the same diffraction
peaks, corresponded to B-Ni(OH). (PDF# 00-059-0462), which is a layered metal
hydroxide. There are nine noticeable diffraction peaks in XRD spectra of all cathodes
in Figure 3b, perfectly matched LiNio.6C00.2Mno.202 (PDF# 00-066-0854), which refers



to a typical layered transition metal oxide. No extra phases or structure changes are

NCM622

PN} (001) (003)

g

= (001)
(100)
w11

(102)

(110
(1)

SFNCM

L ptomy
F(mammy

I [
/ ;\\_J. b

1FNCM

P S e A e ]

Intensity (a.u.)
Intensity (a.u.)

I I neFNoM | | | 02FNCM

I i
|

e A A ..JL . L NeM

VNCM

i
80 185 186 187 188 189
2 Theta (Deg.)

1 20 30 40 S0 60 70 80 180 185 190 195 200 205 1 20 30 40 s 60 70
2 Theta (Deg.) 2 Theta (Deg.) 2 Theta (Deg.)

VNCM

0.2FNCM C3 1FNCM C4 SFNCM

Ve e
Yeae Yoo Yeuc | Yese
YeouYome YeraYeme -

Bragg Position (R-3m) Bragg Position (R-3m)

o
Q
N

Intensity (a.u)

l

hd o

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

T W

R S S N, S . ; |

0 20 30 40 S0 &0 70 80 80 10 20 30 40 50 80 70 80 90 10 20 30 40 S0 60 0 B0 90

10 20 30 40 50 80 70 80 a0
2 Theta (Deg.) 2 Theta (Deg.)

2 Theta (Deg.) 2 Thata (Deg.)

Figure 3. X-ray diffraction patterns of (a) precursors with expansion of (001) plane, (b) cathodes with
expansion of (003) plane; (ci-c4) Refinement profiles of VNCM, 0.2FNCM, 1FNCM and 5FNCM

cathodes.
found in both precursor and cathode patterns. Meanwhile, a pure-phase and well-
layered cathode material are maintained. Nonetheless, the (001) peak of FNCM
precursors broadens a bit as shown in Figure 3a due to a decrease in primary particle
size. Also, (003) plane slightly moves to lower angles for all FNCM cathodes (Figure
3b) as a result of the expansion of c-axis in crystal lattice. It is worth noting that 5FNCM
has the lowest l(o3)/l(104) ratio (1.59), while other cathodes VNCM (1.81), 0.2FNCM
(1.80) and 1FNCM (1.76) hold a much higher value. The higher lo3)/l(104) Value
indicates a lower Li*/Ni?* mixing in cathode materials, resulting in a superior
electrochemical performance.®*3! Thus, recovered cathode under the influence of high
concentration fluorine impurity (5 at%) is unlikely to be competitive in comparison
with the others.

In order to obtain lattice information of recovered cathodes in more detail, Rietveld

refinement was used to calculate structure parameters and the rhombohedral crystal

Table 1. Rietveld refinement results of the prepared NCM622 cathodes.

Sample a-axis (A) c-axis (A)  volume (A% Op.uice Ni; (%) 2
VNCM 2.866 14.214 101.07 2.003 3.85 2.77
0.2FNCM 2.866 14.216 101.14 1.992 3.78 2.90
IFNCM 2.866 14.216 101.13 1.983 3.77 2,76
SFNCM 2.867 14.218 101.20 1.934 4.41 3.33

system with space group R3m was used as standard. Figure 3ci-c4 shows fitted XRD
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patterns of all cathode materials and refined crystallographic data are listed in Table 1.
As presented in Figure 3c1-C4, a satisfactory consistency is achieved between calculated
and observed patterns. Plus a relatively small %2 is attained for each fitting operation
(Table 1), which guarantees all refined results in this work are of high quality.®? It is
clear that the expansion of c-axis is related to the increase of fluorine impurity level,
which is consistent with previous studies.*34 In fact, the inter-slab distance ¢ of VNCM
(14.214A) is enlarged ~0.03% to 14.218A for SFNCM, accompanied with a ~0.13%
expansion in cell volume. It should be elucidated that such an expanded lattice will not
only reduce the resistance for Li diffusion, but also it could cut down the energy barrier
of cation exchange (Li*/Ni?*) between layers.®® Apparently, compared to 0.2FNCM and
1FNCM, 5FNCM suffers from the worst cation mixing (4.41%) due to its excess lattice
expansion, whereas other cathodes with minor modification in crystal structure remain
in good condition. The replacement of O with F~ is believed to be the reason to induce
appreciable changes to the NCM lattice parameters. It has been reported that the
inclusion of fluorine can lead to the reduction of TM ions for charge compensation.
Since TM ions with lower oxidation state have a larger radius, when an increasing
number of O? is substituted by F~ under the influence of higher impurity concentration
(which is further proved by the decline in Ovatice Value), the presence of more bigger
TM ions conforms to the greater lattice expansion.®*3* These results suggest that
fluorine impurity (< 1 at%) could enhance Li diffusivity in cathodes via optimized
lattice modification, whereas the well-ordered structure would be damaged when too

much impurity (> 5 at%) is involved.

3.2. Valence and diffusion analysis

XPS test was employed to investigate materials composition and elements valence
states in the as-prepared cathodes. The high-resolution XPS spectra of Ni 2p, Co 2p and
Mn 2p were discovered as shown in Figure S3. The binding energy of C 1s (284.8 eV)
is used to calibrate all the other spectra to compensate for the charging effect.®® Two
main peaks (2ps;2 and 2p1/2) are found in all spectra because of the spin-orbital splitting.
The binding energy of TM elements at about 854 eV (Figure S3a), 780 eV (Figure S3b)
and 642 eV (Figure S3c) correlates to Ni?*, Co®" and Mn** respectively, which is in line
with typical TM valences in NCM cathodes. It is worth mentioning that a strong
widening of the main peak (~780 eV) and a noticeable satellite peak (~786 eV) in bulk

Co 2p spectra indicate a strong presence of Co?* at the center of cathode particles.3” A
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survey scan on Na 1s in Figure 4a shows no signal in all samples. Combining the ICP
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Figure 4. XPS spectra of (a) Na 1s survey scan, (b) F 1s surface and (c) F 1s bulk for cathodes; XPS
deconvolution profiles of (d) Ni 2p, (e) Co 2p in surface layer of cathodes; Percentage of (f) Ni2*, Ni*
ions and (g) Co?*, Co®* ions in surface layer of cathodes.

results given in Table S2, this ensures that Na-related substances do not exist in final
recovered materials. Figure 4b and Figure 4c display F 1s spectra of surface and bulk
for all cathode samples. A strong peak is observed in surface spectra of FNCM cathodes.
In Figure 4c, on the contrary, there is no fluorine signal at all. It means that the fluoride
ions are mainly clustered at the surface rather than inner part of cathode particles. In
addition, the peak (~685 eV) in Figure 4b closely coincides with metal fluorides like
LiF and TMF, (TM = Ni, Co or Mn).38%° Moreover, with the impurity concentration
rises from 0.2 at% to 5 at%, the peak intensity increases relatively. Thus, XPS analysis
verifies the inclusion of fluoride into cathode materials by the substitution for oxygen,
and more importantly, fluoride ions largely reside near the particle surface to form a
layer with elevated levels of low valence (+2) TM ions.

To clearly determine the relevant contents of Ni?*/Ni** and Co?*/Co%" in cathode
materials, the spectra deconvolution of 2ps> peak region was performed to calculate the
accurate percent ratio of different TM ions. The fitted spectra of Ni 2pz» shown in
Figure 4d and Figure S4a indicate a mix of Ni?* and Ni®* in cathodes. Particularly, the
Ni 2pas/2 peak can be split into Ni?* (854.7 eV) and Ni** (856.5 eV). Similarly, as shown
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in Figure 4e and Figure S4b, Co 2ps, peak can be divided into Co?* (782.1 eV) and
Co%* (780.2 eV), respectively. 264941 According to Figure 4f, the ratio of Ni%* at particle
surface has increased about 4% from 40.1% (VNCM) to an average of 43.8% for all
FNCM cathodes. In Figure S4c, as a contrast, the content of Ni* within the core is only
little affected by the additional fluorine impurity, with a largest ratio change less than
1% between VNCM and 5FNCM. This further confirms the fact that more Ni2* ions
exist near surface of FNCM cathodes, which could contribute to a higher reversible
capacity during cycling. Figure 4g shows only a small amount of Co?* appears in virgin
cathode surface. The percentage of surface Co?* increases to ~13% for 0.2FNCM and
1FNCM and reaches as high as 35.2% for 5FNCM. It can be inferred that the reduction
of cobalt ions also occurs at the particle surface, especially in the case of a high level
of fluoride incorporation (5 at%) into the cathode particle. It should be noted that the
large size and charge differences between Li* and Co3* ensure a good cation ordering,
which is critical for fast lithium-ion diffusion in cathodes.? Thus, with a remarkably
low surface Co®" concentration, it is not surprising that SFNCM has a bad cation mixing
as revealed previously by XRD analysis. In Figure S4d, similar to nickel, the ratio of
Co?* keeps stable (~36%) for all samples at the bulk of the particles.

A series of cyclic voltammetry (CV) tests at various scan rates, Figure S5, were used
to determine Li diffusion coefficient (Dvi) by using Randles-Sevcik equation:64!

I2 = (2.69 x 105)?n3A2D,;,C%v (4)
where n is the number of electrons transferred in redox reaction (n = 1); A is the
electrode surface area (1.13 cm? in this work); C is the theoretical molar concentration
of Li-ion in NCM crystal (0.05 mol/cm?) and Dy is the Li diffusion coefficient. The
ratio of the squared peak current (Ip?) to the scan rate (v) is proportional to the lithium-
ion diffusivity (Dvi). The linear relationship between these two variables (I? vs. v) is
depicted in Figure 5a,b where the slope of fitted lines directly reflects the diffusion rate
of Li-ion in NCM materials. Then, the slope values are plugged into Randles-Sevcik
equation to calculate Dy; and the relevant data are given in Table S3 and Figure 5c. The
anodic slopes and cathodic slopes shown in Figure 5a,b confirm a strong correlation
between anodic and cathodic diffusivity which represent the Li diffusion during de-
lithiation and lithiation, respectively. The Dri of VNCM is calculated to be 1.57 x 10
10 em?/s (anodic) and 4.24 x 10t cm?/s (cathodic), which are in accordance with recent
reports.*?43 According to the slopes, 0.2FNCM and 1FNCM have a larger value of D
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compared to the virgin standard, while the Li-ion diffusion condition in 5FNCM is
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side and (b) cathodic side; (c) Calculated Li-ion diffusion coefficient, and (d) illustration of Li-ion
diffusion within different cathode crystals.

the worst of them all. In particular, 0.2FNCM has the highest Li diffusion coefficient
of 2.04 x 1071° cm?/s (anodic) and 4.83 x 10! cm?/s (cathodic) which are about 30%
and 14% greater than that of virgin standard, indicating that 0.2FNCM could possess
the best electrochemical performance among all prepared samples. The lattice images
in Figure 5d demonstrate the effects on ionic diffusion caused by different level of
fluoride inclusion in NCM crystal. It should be noted that the octahedral sites (marked
by red x) between close-packed oxygen ions are essential for Li-ion diffusion within
layers. When minor fluoride substitution occurs (< 1 at%), the diffusion paths will still
remain feasible. Since fluoride ions have a smaller ionic radius (~1.3 A) and charge
number compared to oxygen ions (~1.4 A), such a substitution could result in an
enlarged interspace and a reduced energy barrier that is responsible for the increase of
Li-ion diffusivity.** However, excessive fluoride inclusion (> 5 at%) will trigger a
considerable deterioration in cation ordering. Therefore, more diffusion routes will be

blocked by the mismatched Ni?* ions which leads to a bad diffusion efficiency.

3.3. Mechanisms and electrochemical performance
Figure 6 is a schematic diagram to illustrate the positive influences on the recovered

NCM®622 cathodes that are caused by fluorine impurity. By intervening the reaction
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equilibrium during co-precipitation, fluoride ions promote the dissolution of primary
VNCM FNCM (<1%F) FNCM (>5%F)

No hole

A

@0%ion @Fion *TMion e Ni2*ion e Li*ion

Figure 6. Schematic illustration of the impacts on the NCM622 structure caused by fluorine impurity.
particles and result in the formation of cavity in the precursors. Evidently, after
precursors are sintered, cathode particles with a hollow structure could be obtained in
all FNCM materials. It is convinced that such a special structure has positive effects on
cathode rate performance and cycle stability because the presence of holes reduces the
overall Li diffusion distance and could improve particle stability by restraining volume
change during cycling.?>?% Besides, due to charge compensation, a surface layer with
an increased ratio of Ni?* is confirmed in all FNCM cathodes, which substantially
increases the reversible capacity of materials. Some recent reports also suggest that
reducing the amount of high valence Ni®* at near surface is the key to maintain the
surface stability.*>#" In addition, the Li diffusion coefficient will be improved in the
FNCM cathodes (< 1 at%) where a tiny portion of lattice oxygens are replaced by
fluoride ions which results in a better structure and energy level for ion transport in the
lithium layer. Despite all those positive roles, an undesired high level of cation disorder
is found in 5SFNCM cathode, which in turn brings negative impact on Li diffusion.
According to the evidence mentioned so far, it can be inferred that low level of fluorine
impurity is beneficial on the recovered NCM622 cathodes via hydrometallurgical
process.

In order to understand the electrochemical behavior of the prepared materials, the
cyclic voltammetry (CV) was recorded at a scan rate of 0.1 mV/s with a voltage range
from 3.0 V to 4.5 V. As shown in Figure S6a-d, one pair of redox peaks (Ni?*/Ni*")
with similar pattern is observed in all samples which means the electrochemical
reaction during cycling remain unaffected in FNCM materials. At the first cycle, the
oxidation peak of 5SFNCM has a noticeable shift to higher voltage (> 4 V) whereas the
peaks of others stay around 3.9 V, indicating an increased polarization along with
irreversible capacity loss that SFNCM encounters at the formation cycle. The redox
peaks of all materials keep steady at about 3.78 V/3.69 V after a couple of cycles. In

15



particular, the potential difference between anodic and cathodic peaks at the 5™ cycle
(AE), which represents the reversibility of Li-ion transport during cycling, is relatively
small (< 0.1 V) for all cathode materials. The results demonstrate that fluorine impurity
(< 5 at%) only has a limited impact on cathode electrochemical reversibility during
charge/discharge process. To further analyze the effects of fluorine impurity on ionic
conduction, electrochemical impedance spectroscopy (EIS) was measured before and
after cycles (150 cycles) at a discharged state in the frequency range from 100 kHz to
10 mHz. The Nyquist plots and the corresponding resistances (Rs, Rct) are given in
Figure S6e,f and Table S4. Each of the impedance curve has three characteristics: the
initial intercept representing the electrolyte resistance (Rs), a semicircle in the high
frequency region associated with the charge transfer resistance (Rc) at the
electrode/electrolyte interface and a sloping line in the low frequency region
corresponded to the Warburg impedance.*® As presented in Table S4, the Rs values for
all samples are similar and remain stable after cycles, suggesting that the electrolyte
composition and conductivity are not influenced by the F-doped cathodes. Notably, the
charge transfer resistances (Rct) of all FNCM samples are much lower than those of
virgin. Specifically, the R¢ values decline about 24%/50% from VNCM to 0.2FNCM
before/after cycles, which signifies the positive roles of fluorine impurity with
improved Li-ion diffusion as well as electrode surface stability. It is worth noting that
the growth of R¢t along with the increase of impurity level points out the occurrence of
minor side effect caused by fluoride substitution. In general, these results confirm the
advantages of fluorine impurity on the NMC622 cathode materials.

A series of electrochemical tests were conducted at the potential range of 3.0 V to
4.3 V (vs. Li/Li") in order to evaluate the differences in electrochemical performance
among synthesized cathodes. The cycling performances at current density of 0.33C and
5C (1C = 175 mAh/g) are measured for 100 cycles. As shown in Figure 7a, cathodes
with fluorine impurity (< 1 at%) have a discharge capacity of 167.7 mAh/g after 100
cycles, which is about 8% higher than that of virgin. Meanwhile, according to Figure
7e, both 0.2FNCM and 1FNCM exhibit a superior capacity retention (> 97%), in
contrast, VNCM only maintains 94% of its original capacity at 0.33C after 100 cycles.
Similar situations are also found in 5C cycling tests. In Figure 7b, 0.2FNCM and
1FNCM has a discharge capacity of 129.2 and 121.1 mAh/g, accompanied by a capacity
retention of 95% and 90%, respectively. Virgin cathode, in contrast, has a much poorer

properties (112.3 mAh/g, 86%) without the positive impacts from fluorine impurity.
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The rate capabilities of prepared samples are analyzed from 0.1C to 5C and the detailed
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Figure 7. Electrochemical performance of as-prepared samples. (a) cycle at 0.33C, (b) cycle at 5C, (c)
rate to 5C, (d) initial charge-discharge profile, (e) retention after 100 cycles, and (f) retention at specific
rate relative to formation cycle (0.05C).

values are listed in Table S5. Clearly, all impurity-based cathodes show a better
performance in both capacity and retention as shown in Figure 7c,f. In fact, such an
improvement over the virgin standard becomes more obvious with the increase of
current rate. Therefore, the data from electrochemical tests confirm the positive
influence of fluorine impurity which contributes to the outstanding cycle and rate
performances of FNCM cathodes. Figure 7d shows the initial charge-discharge profile
of different cathodes at 0.05C.VNCM exhibits the lowest capacity of 196.4 and 171.7
mANh/g in the initial charge and discharge process. In the meantime, FNCM cathodes
deliver an average capacity of 210 and 177 mAh/g in the formation cycle. Evidently,
the boosted initial capacity of FNCM materials is caused by the higher ratio of Ni%*
ions in the cathodes which allows more Li* to be activated during cycling. Hence, it can
be concluded that the electrochemical property of NCM622 cathode could be
significantly improved by fluorine impurity. Moreover, 0.2FNCM and 1FNCM exhibit
a far better electrochemical performance than that of VNCM which suggests the
potential of using NaF additive to enhance NCM cathode properties via

hydrometallurgical synthesis in the future.

4. Conclusion
In this work, a systematic analysis of influences on recovered NCM622 cathodes by

fluorine impurity in hydrometallurgical recycling is first reported. It is proved that
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fluorine impurity brings lots of positive effects on the synthesized cathode materials.
Specifically, the participation of fluoride ions in co-precipitation affects the reaction
equilibrium which leads to the creation of holes in hydroxide precipitates. As a result,
cathode particles with a hollow structure are obtained after post-sintering, leading to an
improved rate capability and cycle stability. Additionally, fluorine impurity has no clear
impacts on the morphology, structure, composition and element distribution of the
cathode materials. The successful fluoride substitution on oxygen sites in NCM622 near
the cathode surface, as proven by XPS, contributes to a higher material capacity and a
better cathode surface stability as a result of an increased surface Ni?* content. A minor
fluoride inclusion (< 1 at%) in NCM622 lattice is also found to be satisfying since the
bulk Li-ion diffusivity is greatly promoted.

The electrochemical characteristics of prepared cathode materials have achieved
different levels of improvement due to the positive effects from fluorine impurity. In
particular, cathode with 0.2 at% impurity exhibits the best electrochemical performance.
0.2FNCM delivers a reversible capacity of 167.7 mAh/g and a capacity retention of
98.04% after 100 cycles at 0.33C. Besides, the rate capability of FNCM samples is
superior to that of VNCM, especially at high current. To sum up, positive roles of
fluorine impurity in hydrometallurgical recycling suggest fluoride is not the priority
impurity ions which should be completely removed from recovered solution. More
importantly, we believe that by adding fluorine additives into reaction, it is feasible to
use hydrometallurgical method to produce NCM-based cathodes with enhanced

properties in the future.
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