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The industrial-grade black mass of LiFePO4/LiNixMny04/C from spent lithium-ion battery is difficult to
be recovered because of its complex composition. In this study, a recycling of graphite and compre-
hensive recovery of valuable metals from industrial-grade black mass of spent lithium-ion battery was
proposed. Acid leaching can separate graphite and cathode materials well. The separated graphite was
purified by roasting, and its electrochemical properties were tested. The specific discharge capacity of
graphite purified at 600° are the best, which reach 342.46 mA-h-g~! at 0.1 C. After 50 cycles at 0.1 C, the
capacity retention rate was 98.26%. The charge-discharge cycle stability was improved at high rates.
Nearly 100% of copper can be recovered from leaching solution by electrodeposition. FePO4-2H,0 is
recovered by adjusting the pH of the solution to 2, and a-FePO, is obtained by roasting. Ni, Mn and Li can
be recovered by precipitation separation. The optimum conditions for the recovery process was
determined, and the mechanisms of the leaching and electrodeposition process were characterized by
XRD, XPS, SEM-EDS.
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1. Introduction

Lithium-ion batteries (LIBs), as an excellent electrical energy
storage carrier with the advantages of higher cell voltage, higher
energy density, long life, have been widely used in the fields of
electronic products and electric vehicles [1]. With the continuous
development of the lithium-ion battery industry, more and more
lithium-ion batteries are facing the depletion of their service life
leading to end-of-life. By 2030, the annual capacity of retired po-
wer batteries is estimated to be 100—120 GW-h globally [2], and
spent LIBs contain a large amount of metals, such as lithium,
nickel, manganese, and copper, which, if not handled appropri-
ately, can cause serious pollution of the soil and groundwater, and
will also become a resource of scrap metal. Therefore, from the
point of view of resource recycling and environmental protection,
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the resource recycling of valuable metals from spent LIBs is of great
significance to the economy and the environment [3].

Currently, the more mature recycling technologies for spent
lithium-ion batteries are mainly divided into hydrometallurgy and
pyrometallurgy, and pyrometallurgy mainly extracts and refines
metals through high-temperature smelting and redox reactions
[4,5]. Scholars have conducted a series of research, including
chlorination roasting [6], sulfurization roasting [7,8], reduction
roasting [9,10], etc. The main problem in pyrometallurgy is that
lithium cannot be recovered effectively, and at the same time, the
high energy consumption and the problem of generating exhaust
gases are unavoidable. Different from pyrometallurgical technol-
ogy, hydrometallurgy is achieved by placing cathode powder in a
liquid phase system and transferring valuable metals as ions from
the solid phase to the liquid phase through a series of chemical
reactions. All kinds of valuable metals in the liquid phase are
recovered, and the liquid-solid reaction cannot be carried out
without the addition of inorganic acid or organic acid. Generally,
the inorganic acids mainly include sulfuric acid solution [11], hy-
drochloric acid [12], nitric acid [13], phosphoric acid [14], etc., and
the organic acids mainly include citric acid [15], DL-malic acid [16],
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ascorbic acid [17], tartaric acid [18], etc. Inorganic acids are more
widely used due to the fact that inorganic acids exhibit stronger
acidity and lower cost [19]. Since the crystal structure of the black
mass of spent Li-ion batteries constructed by high-valence metals
is difficult to destroy, the use of additives in the leaching process
makes the solid—liquid leaching reaction proceed more thor-
oughly, and the most commonly used additive is hydrogen
peroxide [20]. After the battery is disassembled, the aluminum foil
and copper foil are separated, and the metal is mainly concen-
trated in the cathode active material [21], so the recycling work is
mostly concentrated in the recovery of the metal in the cathode
material. However, larger scale mechanical splitting was widely
used in the lithium battery recycling process. Different types of
cathode materials and graphite anodes are mixed, because its color
is black, and called black mass of spent lithium-ion battery.
Moreover, copper foils and aluminum foils are difficult to sieve
completely during the separation process, which made the
composition of black mass more complicated than cathode active
materials. Therefore, recycling of valuable metals from black mass
was a difficult challenge.

A process on the recycling of industrial-grade black mass of
spent lithium-ion battery was investigated in this study. The main
metals in the black mass was Li, Fe, Ni, Mn, Cu and a little of Al.
H,S04 and additive H,0, were used to separate graphite and
cathode materials, and the purified graphite is re-prepared into an
anode. The main objectives are as follows: (1) to reveal the rela-
tionship between electrochemical properties of re-prepared
graphite anode and purification temperature; (2) to study the re-
covery of copper by electrodeposition and explore its mechanism;
(3) to synthesize iron phosphate directly in the solution and
recover Li, Ni and Mn.

2. Experimental
2.1. Black mass and reagents

The black mass of spent Li-ion batteries (main components:
LiFePOy4, LiNixMnyO4 and C) was provided by a battery recycling
company of Shandong.  Graphite electrode  sheets
(100 mm x 20 mm x 1 mm) used in the electrodeposition process
were supplied by Inner Mongolia Wanxing Carbon Co. Ltd. and a
dual DC regulated power supply (ATTEN APS3005S-3D) was used
as the power source for electrodeposition. All chemicals (H2SO4,
30% (mass) H205, Na,COs3) were of analytical grade, and deionized
water was used for all experimental procedures.

2.2. Recycle of graphite and re-preparation of anode

Because the cathode material in the black powder is soluble
and the graphite is insoluble in acid, sulfuric acid solution is used
as the leaching agent and H,0; is used as the reducing agent to
realize the separation of cathode material and anode graphite [22].
In order to remove the small amount of adhesive remaining in the
graphite, the graphite was roasted in a tube furnace under N, at-
mosphere at 300, 450, and 600 °C for 30 min each. The roasted
graphite is ground with a mortar to less than 0.0450 mm. The
graphite, acetylene black and polyvinylidene fluoride (PVDF) at a
mass ratio of 8:1:1 were dissolved homogeneously in N-methyl
pyrrolidone (NMP) solution by using a homogenizer. And the
mixed slurry was evenly coated on the surface of collector Cu foil
and dried in a vacuum drying oven at 120 °C for 4 h. After drying,
the anode is cut into a circular negative plate with a radius of
6 mm. CR2032 half-cell was assembled with the circular negative
plate as anode, pure lithium as counter electrode, celgard-2400 as
the separator, and 1 mol-L~! LiPFg (ethylene carbide (EC): ethyl

carbonate (DEC): ethyl methyl carboxylate (EMC) = 1:1:1, volume
ratio) as the electrolyte specification.

2.3. The recovery of copper by electrodeposition in leach solution

Graphite sheets were used as electrode in electrodeposition
process, and the output voltage was controlled by a dual DC
regulated power supply. The effects of reaction voltage (1.5-3.5 V),
electrode spacing (1.0-3.0 cm), electrodeposition time (2.0—4 h)
and electrolyte concentration on the recovery efficiency of copper
were investigated, and to the best experimental condition was
determined.

2.4. The recovery of iron phosphate

Fe2t, Fe3*, and PO}~ existed in the solution, and FePO4 would
precipitate under certain conditions. Ferric ions in the leach so-
lution after electrodeposition was used as the iron source and POz~
was used as the phosphorus source. The initial pH of the leaching
solution was about 0.5, sodium hydroxide solution was used to
adjust the pH of the leaching solution after electrodeposition to 2.
The slurry continued to be stirring for 2 h under air reflux, then
aged at 90 °C for 2 h. After aging, the slurry was filtered, filtrate (1)
was obtained, and the cake was dried at 60 °C for 6 h to obtain
amorphous iron phosphate. The amorphous iron phosphate was
roasted in a muffle furnace at 600 °C for 24 h to obtain a-quartz
crystal iron phosphate. The effect of pH (1.5—-3.5) on the precipi-
tation process of iron phosphate was investigated.

2.5. The recovery of Li, Ni and Mn

The pH value of filtrate (1) was adjusted to 8 by adding sodium
hydroxide solution to remove a small amount of Al and Fe, and
filtered, the filtrate (2) was obtained. The pH of filtrate (2) was
adjusted to 11, then filtered. The precipitate of manganese hy-
droxide containing nickel and filtrate (3) containing Lit was ob-
tained. The filtrate (3) was concentrated at 90 °C. A certain amount
of sodium carbonate was added and stirred for several minutes,
and filtered immediately. The precipitate of Li,CO3 and filtrate (4)
was obtained. The Li,CO3 was dried at 60 °C for 6 h. The filtrate (4)
was evaporated to get the product of Na;COs.

2.6. Characterization techniques

The elemental composition of black mass was measured by
XRD and X-ray fluorescence analyses (XRF: ZSX Primus IV). The
morphology and structure of the spent black mass, graphite, FePO4
and Li,COs products were analyzed using a scanning electron
microscope (SEM, Quanta 250, 3 kV of acceleration voltage), and
the elemental distributions of black mass and graphite were
measured using an energy spectrum analyses (EDS, 15 kV of the
acceleration voltage and the SE2 secondary electronic detector as
the detector). The electrochemical test of re-prepared graphite
anode was performed at a voltage range of 0.01-2 V, using the
NEWARE battery test system (CT-ZWJAS-T-1U). The cyclic vol-
tammetry (CV) and electrolytic impedance spectroscopy (EIS) of
the re-prepared graphite anode was tested by Chenhua Electro-
chemistry Workstation (CHI760E, B18441). The composition and
structure of black mass, leaching residue, FePO4, Mn(OH), pre-
cipitate containing nickel, and Li,COs3 products was measured
using an X-ray diffractometer (XRD, Bruker AXS D8 Advance, the
sweep speed 2 (°)-min~ !, the tube voltage 40 kV, the current
40 mA) equipped with Cu-K,; and the stability of FePO4-nH,0 was
analyzed by a thermogravimetric analyses (TGA, SHIMADZU DTG-
60H, 50 ml-min~! of Np/Air gas flow rate and 2 °C-min~" of the
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Table 1

Main chemical components of the spent scrap.
Element Li Mn Ni Fe Cu Al
Composition/% 2.10 6.89 0.46 6.00 1.18 0.96
Element C (0] F P Others

Composition/% 40.04 32.50 5.88 3.12 0.87

heating rate), and the number of crystalline water was
determined.

3. Results and Discussion

3.1. Characterization of the black mass from spent lithium-ion
battery

The content of each element in the black mass was shown in
Table 1, and the distribution diagram was shown in Fig. 1(a). The
XRD spectra was shown in Fig. 1(b), and it can be seen that the
diffraction peaks of LiFePOy, LiNiyMny0O4 and C in the black mass
were obviously presented. The TGA curves of the black mass were
shown in Fig. 1(c), three stages of mass loss of the black mass can
be observed. The first stage was below 200 °C, the mass was lost
slowly, which was caused by the removal of moisture; the second
stage was from 200 to 450 °C, the TG curve showed about 9% loss
of mass, and such a loss was due to the pyrolysis of the organic
binder and the organic solvents included; the third stage was after
450 °C, the TG curve showed a strong peak with a maximum loss of
about 37%, which was due to the oxidation reaction of C in the
black mass and the escape of the generated CO, gas [23] (see
Tables 2 and 3).

The SEM and EDS images of the black mass were shown in Fig. 1
(d) and (e), respectively, from which the main substances of the
black mass can be clearly observed. Combining with the distri-
bution of Fe elements in the EDS image, we can see LiFePO4 with a
class-circular structure, as well as the flake graphite and LiNiyM-
ny04 with a spinel structure, which consisted of tetrahedral and
octahedral small crystalline particles.

3.2. Recycle of graphite and electrochemical properties of the re-
prepared anode

The graphite was separated from cathode material by acid
leaching, and characterized by XRD, SEM and EDS. The results were
presented in Fig. 2. The XRD spectrum (Fig. 2(a)) showed that the
composition of leaching residue is C, and there was no other
diffraction peak. Compared with Fig. 1(b), the diffraction peaks of
LiFePOy, LiNiyMn,O4 disappeared, which proved that after the
leaching process, LiFePO4 and LiNixMn,04 were well leached into
the solution, and the leaching residue C was relatively pure. The
SEM image (Fig. 2(b)) of the leaching residue showed that C in the
leaching residue was flake graphite. The EDS surface-scan analysis
(Fig. 2(d)) of the leaching residue showed that the elemental
mapping of C was consistent with the structure of the flake. EDS
spectrum (Fig. 2(c)) and elemental composition showed that the
weight percentage of C is 97.30%, and the atomic percentage is
99.43%, which also indicated that the flake graphite after leaching
was relatively pure. The thermogravimetric analysis (Fig. S1, Sup-
plementary Material) on the graphite in an air atmosphere and
found that the mass percentage content of the graphite was
roughly consistent with the results obtained from energy-
dispersive X-ray spectroscopy (EDS) testing.

As shown in Fig. 3(a), the XRD patterns of graphite purified at
300, 450, and 600 °C exhibit a dominant (0 0 2) peak at ~26.4°,

confirming the preservation of the graphite structure. Notably, the
peak intensity increases with higher temperatures, likely due to
impurity removal (e.g., binders). The layer spacing is calculated
according to Bragg equation (Eq. (1)), and the result shows that the
corresponding layer spacing is 0.3379, 0.3375, 0.3371 and
0.3366 nm, respectively. This is because that the carbon atoms of
the graphite after high temperature purification migrate from the
disordered structure to the ordered crystal structure, and the layer
spacing decreases, which improves the degree of graphitization of
the material [24]. The layer spacing has a direct effect on the
properties of graphite such as conductivity, lithium ion diffusion
rate and cycle stability. The smaller layer spacing can improve the
conductivity of graphite and promote the speed of electron con-
duction, thus improving the discharge performance, charging
speed of the battery, the cycle stability of graphite anode and
prolonging the service life of battery.

The Barrett-Joyner-Halenda (BJH) method is used to evaluate
the pore size and specific surface area of the recovered graphite
material. Fig. 3(b)—(d) shows the nitrogen elution curve and pore
size distribution of graphite and purified graphite at 300, 450°C
and 600 °C. According to the classification method of IUPAC (In-
ternational Union of Pure and Applied Chemistry), graphite and
the purified graphite at 300 °C belong to the H3 hysteresis
isotherm. According to the adsorption and desorption curve, it
belongs to the H3 type flat slit structure, which is mainly
composed of slit holes formed by the accumulation of flake par-
ticles, and tends to have no adsorption saturation at high relative
pressure. It can be seen from the pore distribution that there is a
wide void distribution between 10 and 50 nm, which is mainly a
mesoporous structure. Fig. 3(d) shows that the graphite purified at
600 °C belongs to the H4 type and is also a narrow-slit hole. The
pore size distribution shows a high peak value at 5 nm and a wide
pore distribution at 10—50 nm. With the increase of graphitization
degree, the proportion of micropores increases and the specific
surface area is higher, which can provide more insertion sites for
Li'.

After grinding the graphite, the button cell was reassembled
and its charge-discharge cycle performance was tested. Fig. S2
((a) — (d)) shows the cyclic performance at small magnifications
(01 G 0.2C 0.5 Cand 1C). As can be seen from the figure, the
specific discharge capacity of the anode reaches 283.15, 276.62,
270.34 and 230.18 mA-h-g~!, respectively. The anode material
prepared from unpurified graphite contains impurities that cause
material volume changes, fatigue of the structure, and even frac-
ture, resulting in poor stability during the charge-discharge cycle.
After 50 cycles at 0.1 C rate, the capacity was 272.45 mA-h-g~!, and
the capacity of 96.22% was maintained. The coulomb efficiency is
low in the first round, but reaches more than 99% after multiple
cycles. During the first charging process, a solid electrolyte inter-
face (SEI) film is formed, which is the key to protect the stability of
the battery, and may also lead to some charge loss, thereby
reducing the first coulomb efficiency [25]. It also shows good
charge-discharge properties at magnifications of 2 Cand 5 C.

The graphite contains a small amount of binder, which has a
great impact on the battery capacity and cycle stability of the
anode, so the recovered graphite is purified at different tempera-
tures (300, 450, 600 °C). The cyclic properties after purification at
300, 450°C and 600 °C were shown in Figs. S2—S3 and Fig. 4. The
specific electric capacity of the purified material at 300 °C can
reach 313.65, 311.34, 302.45, 254.68 mA-h-g 1at 0.1 C,0.2C,0.5C,
and 1 C (Fig. S3). Compared with unpurified graphite (Fig. S1), the
capacity was greatly improved. After 50 cycles at 0.1 C, the capacity
was 308.72 mA-h-g~!, and the capacity retention rate was 98.43%.
Roasting at 300° does not completely remove the binder, resulting
in poor stability of the charge-discharge cycle. The specific
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Fig. 1. Elemental content diagram (a); TGA curves (b); XRD spectra (c); SEM image (d); EDS image (e) of black mass spent lithium-ion battery.
capacity of the material purified at 450 °C can reach 341.65, temperature purification, the binder is removed and the degree

338.95,312.57, 264.51 mA-h-g~ ' at 0.1 C,0.2 C, 0.5 C and 1 C (Fig. of graphitization is increased, and the highly graphitized material
S4). Compared with the purified graphite at 300 °C, the capacity has better structural stability and electrical conductivity, which
was improved. After 50 cycles at 0.1 C, the capacity was

327.31 mA-h-g~!, the capacity retention rate was 95.80%, and the Table 2

stability of the charge-discharge cycle was improved. The specific Reduction potential of metal ions.

capacity of the purified material at 600 °C can reach 342.46, Reactions o RT, (0] oIV
336.81, 315.75 and 270.15 mA-h-g ' at 0.1 C, 02 C,0.5Cand 1 C =o' +png

(Fig. 4). After 50 cycles at 0.1 C, the capacity was 336.51 mA-h-g~!, Fe™* 1 e — Fe** 0771 — 0.025 In[Fe2] + 0,025 In[Fe**]  0.701—0.841
and the capacity retention rate was 98.26%. The charge-discharge Cu?* 42" =Cu 0337 + 0.012 In[Cu?"] 0.287
cycle stability of the purified graphite anode at 600 °C was Ni®* +2e" =Ni  —0.246 + 0.012 In[Ni*"] —0.266

improved at high rates 2 C, 5 C(Fig. S5(e)—(f)). After high- Mn** 4+ e~ = Mn?* 1.510 — 0.025 In[Mn?*] + 0.025 In[Mn>"] 1.443-1.577
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Table 3
Data on hydroxide precipitation.

339

specific capacity increases at low magnification and changes little
at 2 C and 5 C, but the stability is significantly improved.

Substance  Cy(M) Cmin(M)  PHstare(M)  PHena(M)  Ksp CV cyclic voltammetry curve and EIS impedance test results
Ni(OH), 204x104 1x10° 842 915 2.00 x 10-15 are shown in Fig. S6 and Fig. 5. The CV curve shows the voltage
Mn(OH), 3.01x103 1x105 891 10.15 2.00 x 10-13 response of the battery prepared with graphite as anode material
AI(OH)3 610x 107 1x107° 411 471 1.3 x 1073 under different charging and discharging states. The oxidation
Fe(OH);  139x10* 1x10° 282 3.20 4x10% peak is about 1.0 V, the reduction peak is about 0.25 V, the CV

can enhance the electrical conductivity and increase the charging
and discharging efficiency of the battery. Materials with a high
degree of graphitization have a more homogeneous pore structure
and a larger specific surface area, which favors the diffusion and
embedding of lithium ions inside the material and enables the
storage of more lithium ions, improving the energy density and
power performance of the cell. In short, after purification, the
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curve shape and the characteristic peak position of the graphite
roasted at different temperatures are similar, indicating that the
electrochemical reaction of the materials is the same. Due to the
different degree of graphitization of graphite at different tem-
peratures, the shape and sharpness of the peak tip are slightly
different due to the effect of electrochemical reaction rate and
electrolyte diffusion. All the four samples have good electro-
chemical reversibility.
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Fig. 2. XRD spectrum (a); SEM image (b); EDS energy spectrum (c); and elemental mapping (d) for the graphite.
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Fig. 3. XRD of graphite at different purification temperatures (a); nitrogen absorption and desorption curve of recovered graphite (b); nitrogen absorption and desorption curve of
purified graphite at 300 °C (c); nitrogen adsorption and desorption curve of purified graphite at 600 °C (d).

3.3. Copper recovery by electrodeposition and mechanism analysis

In LiFePO4 materials, Fe?" is oxidized to Fe>* under the action of
oxidizing substances (H20,, Ni**, Mn**), while in LiNiyMnyO4
materials, Ni**, Mn** are reduced to Ni** and Mn?* by reducing
substances (H,0,, Fe?+), The chemical equation is shown in Eq. (1).
Under the action of sulfuric acid solution and H,0», the copper foil
doped in the black powder dissolves and transforms into Cu®*.

LiNixMn_,0, + 6H" + H,0, + LiFePOy4

—xNi** + (1 —x)Mn?" +2Li* + Fe>t + PO,>* + 4H,0 (1)

The variation of voltage during electrodeposition was directly
related to the electrochemical reaction rate and energy con-
sumption. The effects of voltage (1.5—3.5 V), electrode spacing and
electrodeposition time on the copper recovery were experimen-
tally investigated. The effect of voltage on the recovery efficiency
was shown in Fig. 6(a), it could be seen that the recovery efficiency
of Cu increased with increasing the voltage. When the voltage
reached 3.5 V, the recovery efficiency of Cu reached 87.50%. The
increase of voltage promoted the movement of electrons and
increased the current density, which improved the efficiency of ion
migration and electrodeposition efficiency, leading to an increase

in the recovery efficiency. After the voltage increased to 3.5 V, the
H™ would gain electrons violently, and the increase in secondary
reactions is detrimental to the deposition of copper and results in
more electrical energy consumption.

The effect of electrode spacing (1.0—3.0 cm) on copper recovery
was investigated at a voltage of 3.5 V and electrodeposition time of
2 h. The results were shown in Fig. 6(b) and showed that the re-
covery efficiency of Cu decreased with the increase of electrode
spacing, and the recovery efficiency reached 94.28% at an electrode
spacing of 1.0 cm. When the electrode spacing increased to 3.0 cm,
the recovery efficiency of Cu decreased to 65.34%. With increasing
electrode spacing, the ohmic loss due to electrolyte ionic resis-
tance increased, which led to a decrease in the recovery efficiency.
On the other hand, the larger electrode spacing, the higher the
mass transfer resistance, the longer the diffusion path, and the
longer the electrodeposition time.

The relationship between recovery efficiency and electrode-
position time was shown in Fig. 6(c), it could be seen that with the
increase of time, the recovery efficiency of Cu increased, and
reached 100% after 2.5 h. The recovery efficiency of Cu was
improved with the increase of time. Fig. 6(d) showed the rela-
tionship between the concentration factor and the recovery effi-
ciency under the experimental conditions: 3.5 V of voltage, 1.0 cm
of electrode spacing, 3.0 h of electrodeposition time. It could be
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Fig. 4. The charge-discharge cycle performance of the anode material prepared from purified graphite at 600 °C.

seen that under the same experimental conditions, the recovery
efficiency did not decrease proportionally with the increase of
concentration multiples. The trend of the decreasing in Cu recov-
ery efficiency gradually became slower, which was due to the fact
that with the increase of concentration multiples, the concentra-
tion of ions in the solution increased, which in turn increased the

conductivity of the solution and decreased the resistance of the
solution.

Fig. 7 showed cathodic graphite sheet picture after electrode-
position and XRD spectrum of deposited copper, it could be
observed that a layer of purplish-red material was deposited on
the graphite sheet, which was formed by reduction of copper in
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Fig. 5. CV(a), EIS (b) and magnification performance diagram (c) of the anode re-prepared by purified graphite at 600 °C.

the leaching solution in the cathodic deposition during electro-
deposition process. XRD spectrum showed that the electro-
deposited products were mainly monomeric Cu and Cuy0, which
was because of two microelectrochemical steps in the electrode-
position reduction process of Cu(II). Cu(Il) would first be reduced
to the Cu(I) valence state to form the product Cu,0, and then Cu(I)
would be reduced further to form Cu(0) as shown in reactions( Egs.
(2) and (3)).

2Cu?* 4+ H,0 + 2~ = Cuy0 + 2H' (2)

Cuy0 +2e~ +2H" = 2Cu + H,0 (3)

Fig. 8 showed the mechanism of the electrodeposition process,
the reduction reaction occurred at the cathode, the Cu?* in the
leaching solution migrated to the cathode under the action of an
electric field, got electrons to be reduced to the low valence state
(Cu,0 and Cu), and deposited on the surface of the graphite sheet.
Mn3*/Mn?* and Fe**/Fe?* electrode pairs had higher reduction
potentials than those of Cu?*/Cu, which were more helpful to gain
electrons at the cathode for the reduction reaction, Mn>* was
reduced to Mn?*, and Fe>* was reduced to Fe?>*. However, since
they were in ionic state, they did not affect the quality of copper. At
the same time, Fe>* was free in the electrolyte, so Fe>" would lose
electrons to be oxidized to Fe>* at the anode, and Fe>* would gain
electrons to be reduced to Fe?* at the cathode, so after the

electrodeposition process, Fe?* and Fe3* existed in solution at the
same time.

3.4. Recovery of FePO4 and analysis of recovery products

When the iron ions in the leachate after electrodeposition are
used as the iron source and PO3 "~ as the phosphorus source, and the
pH is adjusted to 2, FePO4-nH,O is generated. The picture of
FePO4-nH,0 product and its XRD spectrum was shown in Fig. 9(a),
the obtained FePO4-nH;0 is a white solid, in the spectrum there is a
broad peak between 20° and 30°, which indicated that the product
is poorly crystalline and the amorphous phase was dominant [26].

To determine the number of water molecules in FePO,4-nH,0,
thermogravimetric analyses of FePO4-nH,0 were conducted at a
heating rate of 5 °C-min~ L The TG-DTA curve of FePO,4-nH50 in air
atmosphere was shown in Fig. 9(b). From the figure, it could be
seen that apparent mass loss appeared in the range of 100—-200 °C,
and the heat absorption effect of DTA occurred mainly at 180 °C.
The mass loss in the TG curve after stabilization was measured to
be 22.01%, which is similar to the ideal value of FePO4 binding two
water molecules (19.28%), the excessive mass loss was probably
due to water adsorption by the sample. The mass after dehydration
was about 78%, corresponding to the formation of FePOg4 [27].

Fig. 9(c), (d) showed the SEM images of a-quartz crystalline
FePOy, it could be seen from the figure that the microscopic state of
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FePO,4 is made of many fine particles, which was caused by crystal the XRD spectrum of the product obtained at pH 1.5 and 2.0
aggregation of amorphous FePO4-nH;0 during the roasting pro- matched with a-quartz FePO4 (PDF#84-0876), which proved it was
cess at 600 °C. Fig. 9(e) showed the XRD spectrum of the recovered FePO,4. The XRD spectrum of the product obtained at pH 2.5, 3.0
iron product by adjusting different pH values, it could be seen that and 3.5 showed NasFe;(PO4)3 and Fe,0s3 diffraction peaks, and the

characteristic peak of FePO4 disappeared, which proved the kind of
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Fig. 7. Cathodic graphite sheet picture after electrodeposition and XRD spectrum of
deposited copper. Fig. 8. Mechanism diagram of electrodeposition process.



344 S. Liu et al. / Chinese Journal of Chemical Engineering 88 (2025) 335—347

Intensity

10 pum
IE———

(c)
* —N33FC:( P04}3 v—FtTEOI H35
o Lo ey o7 pass| P
OB I T § SR, A5 o '
ll‘.ln.n_.lbl - o pH30
N TR Sk pH25| pH3.0
= '~
G pH20| pH25
o | Y N A il
E
pH 2.0
1 S N T v - e A le.S
pH 1.5
PDF#84-0876 FePO, #
lll w bl bien Law b o wit o
20 30 40 50 60 70
200°)
(e)

Removal effeiency/%

100 9
— DTA

90 L
g 3
: =
= fa)

80

70 -

L L L 1 L
100 200 300 400 500 600
Temperature/C
(b)

5 um
p===== ==

(d)

98.93 99.21
94.7 FLI4 ’

1.5 2.0 25 3.0 35
pH
n

Fig. 9. XRD of amorphous FePO4-2H,0 (a); TG-DTA of amorphous FePO4-2H,0 (b); SEM images of FePO4 (c-d); XRD of precipitate corresponding to Fe at different pH values (e);

recovery efficiency of Fe at different pH values (f).

products changed. When pH value was is greater than 2.5, Fe(OH)3
is precipitated in the solution, Fe;03 was formed during roasting.

In addition, the color of the product at pH 1.5 and 2.0 was light
pink, while after the pH exceeded 2.0, the color of the product
changed to reddish brown, which corresponded to the color of Fe;0s.

combined with Fig. 9(f) the recovery efficiency of iron under different
pH conditions, with the increase of pH value Fe recovery efficiency
increased, but due to the pH value over 2.0, precipitation product was
no longer the target product FePQOy, so in adjusting the pH value of the
recovery of FePO4 process should be strictly control the pH value [28].
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3.5. Recovery of Li, Ni and Mn

To recovery nickel and manganese from the leach solution,
based on the initial concentration of nickel and manganese in the
leach solution, pH was calculated for the precipitation of nickel
and manganese based on the relationship between the solubility
product constant (Ksp) and pH of M(OH),. The initial concentration
of precipitation was set to be C;(M), and the concentration at the
time of complete precipitation was set to be
Cmin(M) = 10~ mol-L~. Therefore, according to Eqgs. (4)—(6), the
starting precipitation pHgr(M) and the complete precipitation
PHend(M) could be obtained.

Ksp = [M"T][OH]" (4)
Kw = [H"]J[OH ] =10"14 (5)
pH = —Ig[H"] (6)

When the pH is less than 11, all the nickel and manganese could
be precipitated, therefore, adding NaOH solution and controlling the
pH to 11, the precipitation of Ni(OH), and Mn(OH), were obtained.

The XRD figure of the precipitation product was shown in Fig. 10(a),
and the precipitates were mainly MnO(OH) and Ni(OH),, Because
Mn(OH), was easily oxidized, it was oxidized to MnO(OH) by oxygen
during the precipitation process in the air atmosphere. Fig. 10(b)
showed the SEM image of the precipitate, it could be seen that its
micro-morphology was many fine round-like particles.

After precipitation of nickel and manganese, the leaching so-
lution was evaporated to concentrate the concentration of
enriched lithium ions, and then at 90 °C, adding the same stoi-
chiometric amount of sodium carbonate to treat the enriched
lithium solution, then precipitated lithium in the form of lithium
carbonate, thus achieving valuable metal recovery of lithium.
Because the solubility of Li,CO3 in aqueous solution was inversely
proportional to temperature [29], so the precipitated Li,CO3 was
washed using boiling deionized water to remove residual sodium.
SEM and XRD images of Li,CO3 were shown in Fig. 10(c) and (d). It
could be seen from the SEM image that the recovered Li,CO3
exhibited clusters of flocculent agglomerates with rod-like distri-
bution. The XRD diffraction peaks of the recovered Li,CO3 were
excellent agreement with the standard spectrum (PDF#80-1307),
which indicated the high purity of the recovered Li;COs3.
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Fig. 11. Recycling flow chart.

3.6. Recovery process of spent lithium-ion battery black mass

In this study, a process for sustainable recovery of black mass
was proposed, and the technological flowchart is shown in Fig. 11.
The black mass was obtained after spent lithium-ion battery was
dismantled and crushed. Sulphur acid solution was used to leach
the valuable metals therein, and H,0, was added at the same time
in order to leach the metals more efficiently. Manganese, iron,
lithium, nickel, aluminum and copper ions were in the leaching
solution, and the composition of the leaching residue is graphite.
Metallic copper was recovered by electrodeposition, then the pH
value was adjusted to 2 to precipitate iron phosphate. The
remaining solution was purified by adjusting the pH to remove the
small amounts of aluminum and residual iron. Then, a purifying
solution containing nickel, manganese and lithium was obtained.
The precipitate of manganese hydroxide containing a small
amount of nickel by adjusting the pH to 11 with NaOH solution.
Lithium carbonate was recovered by adding Na,COs to the solu-
tion, and NaySO4 was recovered by evaporation and crystallization.

4. Conclusions

In this study, an integrated recovery technology of valuable
metals from spent lithium-ion battery black mass was developed.
A technical route was proposed: acid leaching metals, electrode-
position recovery of copper, recycling of iron phosphate at pH
value of 2, removal of aluminum and residual iron at pH value of 7,
and precipitation of manganese hydroxide containing a small
amount of nickel hydroxide at pH value of 11, and recovery of
lithium carbonate by adding Na;COs. The graphite and cathode
materials are separated by sulfuric acid solution leaching. Graphite
was purified at 600° and then re-prepared into anode material

with good electrochemical properties; The copper was well
recovered by electrodeposition at the cathode. Good crystalline a-
FePO4 was obtained by adjusting the pH to 2, precipitation and
roasting. Finally, high purity manganese hydroxide containing
nickel was obtained, and lithium is recovered as lithium carbonate.
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