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Abstract   16 

The huge consumption of rechargeable Li-ion batteries (LIBs) make it necessary to recover and 17 

reuse the different components of spent batteries, thus favouring sustainable development. Graphite 18 

is a critical material in the manufacture of the current LIBs so recycling it should be prioritized in 19 

the management of spent batteries. In this work, graphite was manually recovered from spent 20 

batteries used in smartphones. The impurities from the different components of the batteries were 21 

drastically reduced by simple leaching with HCl. This treatment significantly improved the 22 

delivered specific capacity, with an average value of 300 and 390 mAh g
–1

 without and with 23 

leaching, respectively. To test recycled graphite as anode material in real cells, it was paired with 24 

LiNi0.5Mn1.5O4, the most promising cathode material for high-voltage batteries. As a novelty, LiCl, 25 

produced directly via the chlorination process of spodumene, was used as Li source to obtain the 26 

spinel sample. The real cell showed satisfactory values of both the initial specific capacity (100 27 

mAh g
-1

) and the capacity retention after 100 cycles. These results are comparable to and in some 28 

cases even better than those of cells that use commercial graphite and conventional Li sources as 29 

primary raw materials. Moreover, the cell showed a good performance during the rate capability 30 

test, where the delivered capacity values decreased smoothly from 73 to 62 mAh g
-1

 while the rate 31 

increased from 0.1C to 1C, respectively. 32 
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Introduction 37 

Forthcoming banning of fossil fuel vehicles will boost the mass production of electric vehicles 38 

(EVs). In this context, the next challenge will be to manufacture affordable EVs for worldwide 39 

users by lowering production costs. Most EVs are powered by rechargeable batteries, mainly 40 

lithium-ion batteries (LIBs).
[1]

 This and other conventional and emerging sectors, such as smart 41 

devices, renewable energy storage, and automation of equipment in industry, will be responsible for 42 

a predictable spectacular increase in demand and, hence, for the expected Li-ion battery market 43 

growth to $92.2 billion by 2024. In 2018, sales were around $37.4 billion, which means an annual 44 

growth rate of more than 16 %. The spectacular increase in consumption will involve tremendous 45 

growth in spent LIBs. This growth is predicted to stand for 11 millions of tons of spent LIBs by 46 

2030.
[2]

 Spent LIBs are composed of diverse materials: 31% cathode material, e.g. LiCoO2, 47 

LiMn2O4, LiFePO4, as well as other metal oxides; 8% aluminium; 22% anode material, e.g. 48 

graphite; 17% copper; 15% organic electrolytes; 3% membrane separator; 4% carbon black and 49 

binder, e.g. PVDF.
[2]

 The recycling of these waste batteries is not only beneficial from an economic 50 

point of view because of the valuable materials they contain but also an imperative in harmony with 51 

sustainable development since they are considered hazardous waste due to the presence of toxic 52 

metals and corrosive electrolytes.
[3]

 53 

Two of the key functional constituents of LIBs are present in the positive and negative electrodes, 54 

i.e. cathode and anode materials. Most marketed LIBs use mixed oxides of Li and other metallic 55 

elements (Co, Ni, Mn, and Al) as the cathode material. Other compounds such as LiFePO4 are 56 

cheaper and more benign towards the environment, but they provide lower voltages, so their use is 57 

more limited. The anode is less versatile in terms of materials used. In commercial batteries, the 58 

only material currently used is carbon (C) in the form of graphite. Promising alternative systems 59 

include Si, but its use is so far very limited.
[4]

 Indeed, around 1.2 million tons of graphite were used 60 

in the manufacture of LIBs. Only in electric vehicles, the consumption was 40000 tons, about 30 % 61 
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higher than the three previous years.
[5]

 In fact, demand for raw material graphite in battery 62 

applications is forecast to grow by 17-23 % per year between 2017 and 2027. These figures 63 

constitute a powerful argument to recycle and reuse graphite from spent batteries, a subject that has 64 

received less attention than the recycling of cathode components. To our knowledge, in the last two 65 

years, five reviews 
[6–10]

 have reported on the recycling of LIBs in which more than 90 % of the 66 

content involved the recovery of the cathode components. By contrast, only one review, published 67 

in 2016
 [11]

, deals in depth with anode recycling. In our opinion, recycling and reusing graphite from 68 

spent batteries are as important as recycling and reusing the cathode component within the so-called 69 

"circular economy" aimed at minimizing waste and making the most of resources.
[12]

 70 

In this article, we focus on different strategies to lower the cost of electrode materials and combine 71 

the optimized materials to evaluate their electrochemical performance in half- and full-cell 72 

configurations. The cathode was synthesized using both a low-cost lithium reagent and a simple, 73 

cost-effective procedure. The studied material was the spinel LiNi0.5Mn1.5O4 (LNMO) because of its 74 

theoretical specific energy (658 Wh kg
-1

), which is greater than today’s commercial cathode 75 

materials.
[13]

 This value is based on the combination of both a high working potential (4.7 V), 76 

arising from the oxidation reaction of nickel from Ni
2+

 to Ni
4+

, and a high specific capacity (146.7 77 

mAh g
-1

) delivered by the spinel structure.
[14]

 LMNO is mainly prepared via three different routes: 78 

wet chemistry, solid-state, and molten salt methods, conventional solid-state being the simplest and 79 

most cost-effective.
[15]

 This procedure involves the mixing of reactant powders followed by two 80 

different thermal treatments: a synthesis and an annealing step.
[16,17]

 To date, Li2CO3, LiOH, and 81 

Li(CH3COO)∙2H2O have been used as the main lithium precursors.
[18–25]

 We propose to use LiCl as 82 

a lower-cost lithium source, obtained from β-spodumene in previous investigations
[26]

 to advance 83 

from the mineral to an end-use application. Furthermore, a one-step heat treatment is proposed to 84 

save energy consumption.  85 
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The strategy to prepare the anode material was based on the reuse of graphite from spent LIBs so as 86 

to avoid waste accumulation. Accordingly, we decided to focus our research on graphite as anode 87 

material. Currently, natural graphite is processed to prepare graphite for LIBs application. This 88 

process involves multi-step and physicochemical and mechanical procedures aimed at upgrading 89 

carbon purity and rolling of the graphite material.
[11]

 The carbonaceous material contained in the 90 

anode of waste batteries has great potential for becoming a cost-effective raw material to prepare 91 

battery-grade graphite since it has a high C content and a high degree of graphitization. These 92 

features may lead to cost savings in upgrading and graphitization processes. In addition, this 93 

approach paves the way for promoting urban mining and waste valorization, and it is particularly 94 

convenient for those countries with scarce or no natural graphite resources.
[11]

 To date, only a few 95 

studies have focused on spent LIBs anode as starting material to prepare battery-grade graphite.
[27–

96 

30]
 Four of them describe the performance of regenerated graphite as LIB negative electrode in half-97 

cell configuration 
[28–30] 

and only one in full-cell configuration, using LiNi1/3Co1/3Mn1/3O2 as 98 

cathode material
[30]

 The investigations of Rothermel et al.
[30]

 are of special interest since they 99 

involved an extensive study on recycled graphite from both a structural and an electrochemical 100 

point of view. They used a commercial Li-ion battery electrochemically cycled to 70 % SOH (state 101 

of health) to generate a stage like the end-of-life condition. The graphite of a non-aged cell (100 % 102 

SOH) was used as a reference. The graphite was recovered by a laborious method,
[31]

 using 103 

subcritical and supercritical CO2 as a solvent to eliminate the electrolyte impurities.  104 

Here we followed an approach staying more close to reality, by using spent mobile LIBs collected 105 

in containers located in different places of San Luis city, in Argentina. These batteries were 106 

manually dismantled to separate their different components and the sample of used graphite was 107 

obtained from the negative electrodes. We eliminated the graphite impurities using a step of 108 

calcination in N2 followed by a conventional leaching method with HCl. The upgraded graphite was 109 
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coupled with the LMNO obtained through the process here proposed, to evaluate the 110 

electrochemical performance of both electrodes in a real high voltage Li-ion cell.  111 

Experimental Section 112 

Synthesis of LNMO 113 

LiNi0.5Mn1.5O4 powders were synthesized via a facile solid-state method. Stoichiometric amounts of 114 

Ni(NO3)2.6H2O and Mn(NO3)2.4H2O (Sigma Aldrich) were mixed with LiCl obtained from β-115 

spodumene.
[26]

 The latter salt was added in excess to compensate for the Li volatilization during 116 

calcination. The mixture was thoroughly ground and then calcined in a tubular alumina furnace at 117 

800 °C in air for 1 h. The solid product obtained was washed with Milli-Q® water, filtered, and 118 

dried in an oven at 70 °C for 2 h.  119 

 120 

Recycled graphite  121 

Spent mobile-phone batteries were collected from recycling containers installed in different places 122 

of San Luis city, Argentina. The spent batteries were immersed in brine to be discharged and 123 

dismantled manually by separating the cathode, anode, and aluminium and plastic cases. The anode 124 

material was separated from the copper foil manually and then sieved in a vibratory sieve shaker. 125 

The powder obtained was calcined at 450 °C under N2 atmosphere for 2 h. The calcined sample was 126 

leached with 3 M HCl (37 % w/w, Panreac) at 80 °C for 2 h, washed with distilled water until 127 

neutral pH, filtered, and dried in an oven at 70 °C for 2 h, conditions similar to those used by Guo et 128 

al.
27

 Figure 1 shows the scheme of the processes followed to obtain both active materials. 129 
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 130 

Figure 1. Scheme for LNMO synthesis and the graphite recycling process. 131 

Characterization techniques 132 

The composition of the recycled graphite was determined by XRF with a Primus IV spectrometer. 133 

The leachate was determined by ICP-Mass with a Perkin Elmer Nexion X apparatus. The X-ray 134 

diffraction patterns (XRD) were obtained in Bruker D8 Discover X-ray diffractometer with 135 

monochromatic Cu Kα radiation (λ = 1.5406 Å). The patterns were recorded within the 10–90º (2θ) 136 

range, using a step size of 0.02º and 7 s per step. The X-ray photoelectron spectroscopy (XPS) 137 

measurements were carried out with a PHOIBOS 150 MCD spectrometer using monochromatic Mg 138 

Kα radiation and a multichannel detector. Raman spectra were recorded with a confocal Raman 139 

spectrometer alpha500, WITec. A frequency doubled Nd:YAG laser at 532 nm (second harmonic 140 

generation) was used for excitation. The laser beam was focused on the sample using a 20x/0.4 141 

Zeiss objective. Raman spectra were measured with an integration time of 1 second, by averaging a 142 



8 
 

total of 10 spectra. Thermogravimetric measurements were made using a Mettler Toledo-TGA/DSC 143 

under oxygen atmosphere by heating the sample from 25 to 600 ºC at 5 ºC min
−1

. Sample 144 

morphology was investigated with a JEOL JSM-7800F scanning electron microscope (SEM) 145 

equipped with a X-ACT Cambridge Instrument detector for EDX analysis. 146 

 147 

Preparation of electrodes and assembly of the cells 148 

The active material, either LNMO or recycled graphite, was mixed in a mortar with carbon black 149 

and PVDF in the ratio 80:10:10 by weight. Approximately 9 mL NMP was added dropwise to the 150 

mixture and the slurry formed was maintained under stirring for 24 h at 300 rpm. The doctor blade 151 

technique was applied to spread the slurry over the substrate of 454 µm thickness GDL (gas 152 

diffusion layer, ELAT LT 1400, FuelCellStore) to fabricate the cathode and 9 µm thickness Cu foil 153 

to fabricate the anode. The choice of GDL as a current collector was based on its better performance 154 

compared to the Al in Li cells of different chemical processes.
[32,33]

 Slurry coated foils were dried in 155 

an oven overnight at 50 °C. The dried deposits were punched with a manual punching machine into 156 

13 mm diameter discs for the half-cell system and 16 mm diameter discs for the full-cell system. 157 

The discs were additionally dried in a glass oven (Büchi) under vacuum for 3 h. The two-electrode 158 

coin cells, CR2032 model, were assembled in a dry argon-filled glove box (M. Braun; H2O ≤ 1 159 

ppm). LiPF6 (1M) dissolved in EC and DEC (1:1) was used as the electrolyte, and a 16 mm 160 

diameter fiberglass disc (Whatman) was used as the separator. A LNMO/graphite mass ratio 161 

between 3.9-4.0 was used for full-cell configurations considering the delivered specific capacity of 162 

both components in a half-cell configuration. Electrochemical charge/discharge cycling tests were 163 

carried out in an Arbin BT2143 battery test system. The specific capacity values were calculated 164 

from the LNMO mass in the electrode. 165 

 166 

 167 
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Results and Discussion 168 

Composition, structure, and morphology of Graphite 169 

The composition of the recovered graphite was determined by XRF measurements. Table 1 shows 170 

the contents of elements found before and after leaching with HCl and subsequent washing. The Al 171 

and Cu originated from the electrode substrates; Fe from the cell case; Co and Ni and perhaps Mn 172 

from the cathode material; F and P from the electrolyte (the relationship in the non-treated sample 173 

was close to 6:1); Na from the treatment with NaCl; Si and S could be impurities from the pristine 174 

graphite. Since graphite derived from different spent LIBs, we had no data regarding its 175 

manufacturing process. The high content of impurities, especially Si and S, suggests a significant 176 

presence of natural graphite and silicone-based adhesive in the electrodes of the spent batteries.  177 

Clearly, the leaching with HCl caused a significant decrease in the content of all the elements 178 

except for Si; some even disappeared when they were found in quantities below the detection limit 179 

of the technique (F, Na, Mn). Note the behavior of F, associated with electrolyte impurities, whose 180 

content was appreciable in the unleached graphite. After leaching, this element was below the 181 

detection limit. The high solubility of the LiPF6 salt would be the cause of its drastic decrease. A 182 

small content in Cl was observed despite multiple washes carried out with distilled water. After the 183 

impurity subtraction, the C content increased from 92 to 99 %. The increase in Si content after 184 

leaching would have a similar origin, the insolubility of the phase in which it was present, probably 185 

as silicate, in HCl. The carbon content for the leached graphite was confirmed from 186 

thermogravimetric measurements carried out under dynamic oxygen atmosphere (Fig. S1). The 187 

weight loss between 400 and 800 ºC was 99.8 % assigned to the carbon combustion. 188 

 189 

 190 

 191 
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Table 1.  Elemental composition of graphite recovered from spent Li-ion batteries. 192 

Sample C F Cl O Na Al Si P S Li Mn Fe Co Ni Cu 

Ul* 92.3 5.5 - - 0.06 0.04 0.07 0.75 0.15 - 0.03 0.01 0.18 69
+ 

0.93 

L* 99.9 - 0.08 - - 0.02 0.13 0.01 0.06 - - 64
+ 

37
+ 

15.2
+ 

88
+
 

ICP-MS
+ - - - - 38.1 10.6 - 140 - 241 8.15 3.03 44.8 2.01 219 

XPS 

(Ul)
++ 

59.8 7.15 - 

14.

8 

- - - 1.6 - 7.1 0.52 0.86 0.76 0.65 0.87 

XPS 

(L)
++ 

94.9 - - 

5.0

6 

- - - - - - - - - - - 

Ul: unleached graphite; L: leached graphite; (*) XRF data in mass %; (
+
) in ppm; (

++
) in atomic % 193 

Table 1 also summarizes the results of the ICP-MS measurements made to the graphite leachate. As 194 

expected, Li was the element with the highest content, involved in the charging and discharging 195 

processes of the battery and present in the electrolyte, together with P, also found in a high content; 196 

F was beyond the detection ability of the equipment used. The values of both elements were much 197 

higher than those measured by Rothermel et al.
[30]

 in aged graphite (70 % SOH), 450 and 786 ppb, 198 

for Li and P, respectively. The origin of this difference could be due to the different aging regimes 199 

of the Li-ion batteries and to the different processes followed in the dismantling and separation of 200 

the various components. The ICP-MS values are in better tune with those reported by Yang et al.
[28]

 201 

whose graphite recovery process is closer to the one followed in the present work. The high content 202 

in Cu, deriving from the substrate, found by XRF, was also observed in the ICP-MS data. Finally, 203 

the higher content of Co compared with Mn and Ni, reflected in both analytical techniques, 204 

confirms that in the spent batteries Co is the majority element in the laminar oxide used as a 205 

cathode.  206 

The XPS chemical analysis technique used was especially useful to know the composition at 207 

surface level. Figure S2 shows the XPS survey spectra of the unleached and leached graphite. Not 208 
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all the elements detected by XRF in the unleached sample were found in the XPS spectrum. Only 209 

the elements C, O, F, P, Mn, Fe, Ni, and Cu were clearly detected, in addition to the Li, too light to 210 

be measured by XRF. Table 1 summarizes the results expressed as atomic % of the detected 211 

elements. Perhaps the most interesting feature of these results is the leached graphite spectrum, 212 

where only the C and O elements were identified while the rest, detected by XRF, did not appear. 213 

These differences were caused by the physical principles on which both spectroscopic techniques 214 

are based. It is well known that the XPS is a surface technique due to its low penetration power 215 

(barely few nm’s in depth) whereas XRF gives information at the bulk level. As for the profile 216 

shape, it is interesting to comment on the difference observed in the C 1s peak. While for the 217 

leached sample, this peak (Fig. S3a) resembles that reported for graphite, a strong somewhat 218 

asymmetric peak at 284.6 eV and a wide peak at 291.0 assigned to sp
2
 carbon bonds and π  π

* 
219 

(shake -up), respectively,
[34] 

the peak asymmetry notably increases for the unleached sample (Fig. 220 

S3b). A weak peak is seen around 286 eV, whose origin was assigned to C-O interactions 221 

associated with products resulting from the reduction of electrolyte solvents.
[35,36] 

222 

The XRD pattern of the unleached and leached samples exhibits the typical peaks of a highly 223 

ordered graphite.
[37,38]

 Apart from the intense and symmetrical peak assignable to the plane (002), 224 

other planes of the structure corresponding to other crystallographic directions were clearly detected 225 

(Fig. 2). The interlayer spacing values, d(002), range from 0.335-0.336 nm, consistent with that of 226 

graphite (PDF 41-1487). Therefore, the impurities did not produce significant changes either in the 227 

relative intensities of the peaks or in their positions. 228 
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 229 

Figure 2. XRD patterns of different graphite samples. 230 

The XRD diffraction data also provide information about particle microstructure in the form of 231 

mean crystallite dimension or size of the coherent crystalline domain and lattice imperfections 232 

(microstrains). These two quantities can be estimated from peak broadening data and are useful for 233 

quantifying material crystallinity. In this work, the contribution of microstrains and crystallite size 234 

to the peak width was determined by using the Williamson and Hall equation on the assumption of 235 

a Lorentzian peak shape:
[39]

 236 

 cos  = 2 <e> sen   + K / D      (1), 237 

where  is the integral breadth after correction for instrumental broadening from a highly crystalline 238 

LaB6, e denotes local strains (defined as d/d, where d is the interplanar space), K the Scherrer 239 

constant related to the crystallite shape, and D the crystallite size. Equation (1) was applied to three 240 

order multiple reflections, (002), (004) and (006), and the calculated values give information along 241 
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<00l> direction, which defines the direction of the layer packing (c axis). This equation was applied 242 

to the graphite from the spent battery before and after the leaching and to commercial graphite used 243 

in the manufacture of Li-ion batteries, mesocarbon microbeads (MCMB), taken as reference 244 

material. This equation is plotted in Fig. S4, and the values calculated for <e> obtained from the 245 

slope and for Lc, the out-of-plane crystallite size from the intercept with K equal to 0.9
[40]

 are shown 246 

in Table 2. Lc was also calculated from the Scherrer equation (broadening resulting from crystallite 247 

size alone):  248 

                                     D = Kλ/ cos                                                 (2) 249 

 The average values obtained from the widths of the (002), (004) and (006) reflections are also 250 

included in Table 2.   251 

Table 2.  Microstructural parameters for different graphite samples derived from their XRD 252 

patterns and Raman spectra. 253 

Graphite sample <e>
(*) 

(10
−3

) Lc
(*) 

Lc
(**) 

La
(**) 

La
(+) 

La
(++)    

Unleached  1.6 108 33 69 52 26 

Leached  0.6 30 24 63 166 37 

MCMB 1.6 34 21 66 100 21 

(*) Equation (1); (**) Equation (2); (
+
) Equation (3); (

++
) Equation (4). Values of crystallite 254 

size in nm.  255 

The in-plane crystallite size, La,
[41]

 cannot be evaluated from XRD peak broadening using CuKα1 256 

since the (100) reflection overlaps with other reflections, especially with (101) reflection and (101) 257 

of the rhombohedral phase, which normally coexists with the more common hexagonal phase. The 258 

only reference we know in which the parameter La is calculated from the reflection (100) is that of 259 

Cançado et al.
[42]

 These authors used synchrotron radiation (λ = 0.120 nm) instead of the 260 

conventional CuKα1 radiation (λ = 0.154 nm) to record the (100) peak. Several observations to this 261 

modification of the measurement method are worth noting, namely (i) the change in radiation does 262 
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not imply the disappearance of the plane (101); (ii) if dimensions of the graphite unit cell are a = 263 

0.2461 and c = 0.6708 nm, for a value of λ = 0.120 nm, the planes (100) and (101) should appear at 264 

32.70 and 34.30 º (2θ), respectively, and these values are even closer than those calculated for λ = 265 

0.154 nm, 42.36 and 44.53 º (2θ),  so the overlap between both planes would continue to be present; 266 

and (iii) a probably involuntary error was observed: the peak recorded around 34.2 º (2θ) does not 267 

correspond to the plane (100) but to the plane (101). Hence, we doubt the reliability of the 268 

crystallite size La evaluated by these authors. The closest value to this parameter can be evaluated 269 

from (110) reflection, which does not overlap with any other reflection. In fact, Maslova et al.
[43]

 270 

used this plane to measure La, the crystallite diameter along the basal plane. Table 2 shows the La 271 

values obtained by applying equation (2) with K = 1.84.
[40]

 These values are higher than Lc, 272 

consistent with the anisotropic properties of graphite.   273 

Different alternative methods can be used to calculate the in-plane crystallite size, La, from the D 274 

and G bands of the Raman spectrum. In these methods, the values of crystallite size measured from 275 

the broadening of the diffraction planes are taken as references and graphically compared with 276 

certain properties of the bands of the Raman spectrum. Cançado et al.
[42]

 used the controversial 277 

crystallite sizes of different graphite samples heated from 1800 to 2700 ºC to propose the following 278 

equation:  279 

La (nm) = (2.4 x 10
10

) λ
4
laser (ID/IG)

1
                                          (3)   280 

where λ is the wavelength of the laser beam used (532 nm) and ID and IG the intensity of the D and 281 

G bands. The ID/IG quotient has some shortcomings due to its dispersive character, affected not only 282 

by the wavelength but also by some doubts on how to obtain the signal intensity either by the band 283 

heights or band areas. Maslova et al.
[43]

 found that FWHM of G band is not affected by these factors 284 

and the relationship found between this property and the crystallite size obtained from (110) 285 

reflection adopts the simple equation:  286 

                               FWHM(G) = 14 + 430/La                                                           (4) 287 
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We also used equations (3) and (4) to determine the in-plane crystallite size La of the unleached and 288 

leached graphite (Table 2) from their Raman spectra.                        289 

As for the values of <e>, the changes are not significant, and the values are comparable to those 290 

described for commercial graphite evaluated also from XRD data using other calculation 291 

methods.
[38,41]

 When these graphite particles are deformed either by grinding
[41]

 or irradiation with 292 

neutrons,
[38]

 clearly significant increases are observed; these increases can be greater than one order 293 

of magnitude. As for the values of Lc calculated by equation (1), the one obtained for the unleached 294 

graphite, around three times that calculated for the leached graphite and MCMB, deserves attention. 295 

The values tend to equalize when the broadening of the three reflections (00l) is exclusively 296 

associated with the crystallite size, as in equation (2). We do not have a convincing argument to 297 

explain the abnormally low value of the intercept when equation (1) is applied to the unleached 298 

graphite, which originates the highest value of D (Lc). Considering that the three graphite samples 299 

have high crystallinity, it is acceptable to assign the broadening only to this parameter and, 300 

therefore, there is little influence of the impurities present on the crystallinity of the graphite. The 301 

limited variation of the in-plane crystallite size values, La, is consistent with this conclusion. 302 

 Neither of the two models used for the evaluation of La from Raman spectroscopy provides values 303 

comparable to those calculated from the width of the plane (110) reflection. The Gançado et al. 304 

method
[42]

 gives somewhat random values for the three examined graphite samples. More 305 

homogeneity is observed in the values calculated by the Maslova et al. method.
[43]

 Although the 306 

values are lower than those calculated by X-rays, in both characterization techniques the leaching of 307 

graphite hardly affects the value of this parameter.  308 

We cannot confirm the results obtained by Rothermel et al.
[30]

 about the remarkable influence 309 

exerted by the impurities on the crystallinity of graphite recycled from a Li-ion battery. These 310 

authors used Raman spectroscopy measurements to analyze the degree of graphite crystallinity 311 

using equation (3) to evaluate the in-plane crystallite size La, and their results are very different 312 
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from ours. The calculated value for the unwashed graphite originating from the non-aged battery 313 

was 279 nm, higher than that of the aged battery, 175 nm. When washing with CO2 in both 314 

subcritical and supercritical conditions, the value of La increases considerably, even surpassing 315 

1000 nm. In other words, the impurity decrease considerably improves the crystallinity of the 316 

graphite. We do not have a convincing explanation for this behavior, which differs greatly from that 317 

found in our graphite. We can only provide two indirect proofs that the impurities do not seem to 318 

modify the microstructure of the graphite remarkably. The first proof concerns the results of 319 

reference graphite such as the MCMB, whose microstructure is very similar to that of the graphite 320 

recovered from a spent battery, regardless of the degree of impurity. The second proof is the SEM 321 

images, which we discuss next, where no appreciable differences are observed before and after 322 

washing with HCl. 323 

The geometrical shape of the particles, as revealed by SEM images (Fig. 3a), is that expected for 324 

this material with layered structure, micrometric flakes of different size and thickness. Leaching 325 

with HCl does not have a significant effect on the morphology and particle size (Fig. 3b). 326 

327 
          328 

Figure 3. SEM images of unleached (a) and leached (b) graphite. 329 

 330 

 331 
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Composition, structure, and morphology of LNMO spinel 332 

The mixed oxide shows a cubic spinel structure, the XRD pattern of which can be indexed in the 333 

Fd3m space group, as no peaks of the superstructure indexable in a space group of P4332 were 334 

detected (see Fig. 4a). In other words, it has a disordered structure with Ni and Mn located 335 

randomly on the octahedral sites formed by the oxygen cubic packing. This behaviour is consistent 336 

with the synthesis conditions as the ordered structure formation is usually obtained after a re-337 

annealing process.
[44]

 The pattern also shows weak peaks assignable to the LixNiO phase, which 338 

suggests the presence of a small content of Mn
3+

 in the spinel structure.  339 

The morphology of LNMO was examined by SEM, as shown in Fig. 4b. Most of the particles 340 

exhibit a well-defined polyhedral morphology, with a tendency to adopt an octahedral shape when 341 

their size increases. The synthesis method used does not facilitate the growth of the particles in the 342 

form of truncated octahedrons, so the {111} planes would be the most exposed to interact with the 343 

reagents.
[45]

 Particle size is heterogeneous though the particles of submicron size predominate.  344 

 345 

Figure 4. XRD pattern (a) and SEM image (b) of spinel LiNi0.5Mn1.5O4. 346 

The Mn/Ni atomic ratio of the spinel was determined by two different techniques: EDS and XRF. 347 

The EDS spectrum of one of the regions analyzed is shown in Figure S6a. As expected, most 348 

elements are Mn, O, and Ni, while Cl is in the form of traces. The mapping of the main elements 349 
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(Fig. S6 b) confirms their homogeneous distribution. Table S1 shows the averaged composition 350 

values of the ten observed regions of the sample holder, together with those obtained from XRF. 351 

Traces of other elements, not observed by EDS (Al, Fe, and Si) were also detected by this 352 

technique, but the content was insignificant. These techniques yielded different values for the 353 

Mn/Ni atomic ratio, 4.43 and 3.16, by EDS and XRF, respectively. The latter value is slightly 354 

higher than that corresponding to the stoichiometric formula. Determining light elements by XRF 355 

and EDS is difficult, and in the case of Li it is practically impossible because the emitted radiations 356 

in both cases are characterized by extremely low energy and long-wavelength. This is one of the 357 

deficiencies of both techniques in accurately determining the composition of the compound. The 358 

high deviation of the EDS measures is consistent with other reports on this spinel, where the values 359 

of the Mn/Ni ratio can range between 0.2 and 5.6, affecting the particle morphology, among other 360 

factors.
[46,47]

 The impurities of the mixed Li-Ni oxide would lower the Ni content in the spinel.  361 

The surface structure of the spinel was investigated by XPS measurements. Fig. 5a and b shows the 
362 

Mn 2p and Ni 2p photoemission spectra. The two peaks of Mn spectrum (2p3/2 and 2p1/2) (Fig. 5a) 

363 

are rather symmetric and their binding energies, 642.6 and 654.1 eV, are consistent with Mn
4+

.
[48]

 
364 

Nevertheless, the Mn signal is often fitted to two components (Mn
3+

 and Mn
4+

)
[49–52]

 but the relative 
365 

contribution of both valences is very irregular, with contents of Mn
3+

 between about 50% 
[50–52] 

to 
366 

scarcely 10% (the latter value being more consistent with the composition of the spinel).
[49]

 These 
367 

discrepancies result from the small difference in the binding energies of these two valences. 
368 

Changes in the models used to fit the profile would be responsible for these differences, which are 
369 

otherwise difficult to reconcile with the results obtained by other measures, both analytical and 
370 

electrochemical ones. We doubt the meaning of the convolution of the Mn signal and, therefore, 
371 

discarded it. The Ni 2p spectrum exhibits four peaks, two of them at 855.0 and 872.5 eV assigned to 
372 

Ni 2p3/2 and Ni 2p1/2, respectively. These values are consistent with Ni
2+

 ions at octahedral sites in 
373 

the spinel structure,
[53]

 although the presence of a minor amount of Ni
3+

 is not ruled out.
[54]

 
374 
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375 

Figure 5. Photoemission peak of (a) Mn 2p and (b) Ni 2p of spinel LiNi0.5Mn1.5O4. 
376 

Electrochemical properties 
377 

Half-cells of Graphite 378 

The electrochemical properties of the two systems, the spinel and the recovered graphite, were 379 

studied under galvanostatic regime. These properties were measured in two cell types: half cells and 380 

full cells. Some of the discharge/charge curves recorded for the graphite in half cells at 0.2 C rate 381 

(74 mA g
−1

) are shown in Fig. 6a. The first discharge curve exhibits a rapid drop in the potential, 382 

followed by a pseudo plateau between 0.8 - 0.7 V and a smoother decrease of the potential until 0.0 383 

V is reached. The small plateau is assigned to the formation of the solid electrolytic interface (SEI) 384 

on the surface of graphite particles.
[55] 

In commercial graphite, such as MCMB, the length of this 385 

plateau is slightly shorter than that observed here.
[37] 

 The SEI formation in the recovered graphite 386 

can be due to an increase in both surface delamination and the content of defects caused during the 387 

life of the spent batteries and the leaching process. The presence of impurities, especially those 388 

from the battery components (P, Fe, Co, Ni, Cu) and leaching (Cl) could also contribute to this 389 

process. After the first discharge, the electrode tends to stabilize. When the cell is charged, a slight 390 

polarization is observed, followed by a sharp rise at around 0.5 V and the virtual disappearance of 391 
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the pseudo-plateau assigned to the SEI formation. It also disappears in second and subsequent 392 

discharge curves while the potential decreases smoothly from 1 V. The charge curves hardly change 393 

as the cell is cycled. The shape of the discharge/charge curves of the unleached sample is quite 394 

similar, with the presence of a pseudo-plateau in the first discharge curve and its disappearance after 395 

the first charge process (Fig. S7).  396 

 397 

Figure 6. (a) Galvanostatic charge-discharge curves of leached graphite. (b) Specific capacity vs 398 

cycle number and coulombic efficiency of unleached and leached graphite. Half-cell configuration. 399 

Rate 0.2 C. 400 

Figure 6b shows the values of specific capacity as a function of the number of cycles. After the first 401 

cycle, when the cell is more stabilized, the delivered capacity remains virtually constant in the first 402 

fifty cycles; then a slight tendency to increase is observed. In the first hundred cycles the average 403 

capacity is around 390 mAh g
–1

, somewhat higher than its theoretical value. The values of the 404 

coulombic efficiency begin increasing from 83 % in the first cycle until over 98 % from the first ten 405 

cycles. The average capacity values supplied by the unleached graphite, around 300 mAh g
–1

, are 406 

almost 25% lower than those of the leached graphite. The small structural differences between both 407 

samples does not seem to be the origin of their different performance. A more plausible cause is the 408 
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greater amount of impurities present in the unwashed electrode. Moreover, the leached graphite has 409 

a lower content of impurities, which are protected by a layer of C, as revealed by the XPS spectrum. 410 

This layer can hinder their reactivity and mitigate the negative effects of the secondary reactions in 411 

which they participate.  412 

To our knowledge, only two articles have described the cycling properties of recycled graphite from 413 

spent batteries in Li cells.
[28,30]

 At a current density of 0.2C, the average capacity delivered by the 414 

electrode on cycling, as studied by Yang et al.
[28]

, was around 500 mAh g
−1

, 25 % higher than that 415 

measured in our graphite. 
 
Different models were used by these authors to explain this “abnormal” 416 

capacity associated with particle and pore size. However, the value of the BET surface, barely 2 m
2
 417 

g
−1

, a value within the experimental error of the technique, questions this explanation. In addition, 418 

the absence of the plateau associated with the SEI makes this explanation less convincing. The 419 

properties of the recovered graphite in prolonged cycling were measured at a current density of 1C. 420 

The average capacity after 100 cycles was 166 mAh g
−1

, more consistent with the usual behavior of 421 

graphite. Other features that could affect graphite performance, such as the impurities of the battery 422 

components and the structural disorder that can affect the SEI formation and the lithium insertion 423 

mechanism, were not considered. 424 

An average discharge capacity value of 374 mAh g
−1

,
 
very close to the theoretical value of graphite, 425 

has been reported by Rothermel et al.
[30] 

for the graphite originating from a LIB cycled to 70 % 426 

SOH (aged graphite) and cycled for 100 cycles at 0.5C with a previous activation at 0.1C. The 427 

behavior of this graphite serves as a reference to be contrasted with our results. After electrolyte 428 

extraction with subcritical and supercritical CO2, the average discharge capacity values were 380 429 

and 345 mAh g
−1

, respectively. Without undermining the commendable effort made by the authors 430 

to relate the performance of the recovered graphite with its content of impurities and degree of 431 

crystallinity, we consider that the origin of the observed behavior is unclear. Obviously, both 432 

extraction methods decrease the impurity content of graphite, but the capacity values vary 433 
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randomly. Besides, the degree of crystallinity of the graphite, deduced from the values of La, is not 434 

consistent with the sequence of capacity values. Both extraction processes increase the value of La, 435 

from 175 to 635 (sb CO2) and 800 nm (sp CO2) nm. However, this apparent improvement in 436 

crystallinity, more pronounced when the extraction is carried out under supercritical conditions, 437 

does not lead to an improvement in the electrode performance but worsens it in a significant way.  438 

Half-cells of LNMO Spinel 439 

The charge/discharge curves of the LiNi0.5Mn1.5O4 spinel, recorded between 3.5 and 4.9 V and at 440 

0.2 C (29.4 mA g
–1

), are shown in Fig. 7a. The Li
+
 removal occurs essentially in two stages 441 

centered at ca. 4.7 V and assigned to the oxidation of Ni
2+

 to Ni
4+

. The small plateau detected 442 

around 4.2 V is assigned to the oxidation of a small fraction of Mn
3+

 to Mn
4+

, which means a slight 443 

deviation from the stoichiometric formula (barely 5 % considering the theoretical capacity, 147 444 

mAh g
–1

). The capacity value of the first charge, ca. 153 mAh g
–1

, is slightly higher than the 445 

theoretical one. When the cell is discharged, a significant decrease in capacity is observed, ca. 113 446 

mAh g
–1

, and this value decreases slowly in subsequent cycles. After 100 cycles, the average value 447 

of the average capacity is around 100 mAh g
–1

. This value is somewhat lower than that measured by 448 

Chemelewski et al.
[56] 

around 120 mAh g
−1

 in octahedral particles synthesized at 900 ºC and post-449 

annealed at 700 ºC, using LiOH·H2O as Li source. Note that many factors affect the electrochemical 450 

performance of this spinel, such as cation ordering, particle size and morphology, among others. 451 

Even obvious discrepancies need to be clarified. For example, Manthiram et al.
[57] 

found that the 452 

best electrochemical properties are observed in well-defined octahedral particles and, by contrast, 453 

the worst ones are shown in truncated octahedron particles. In a more recent study, Liu et al. 454 

reached the opposite conclusion.
[58]

 455 
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 456 

Figure 7. (a) Galvanostatic charge-discharge curves of LiNi0.5Mn1.5O4. (b) Specific capacity vs 457 

cycle number and coulombic efficiency. Half-cell configuration Rate: 0.2 C. 458 

Full cells LIB 459 

Leached graphite was used as the negative electrode for full cells because it showed better 460 

electrochemical performance compared with unleached graphite in a half-cell configuration.  The 461 

capacity values of leached graphite and LNMO spinel measured in half cells were taken as a 462 

reference to ensure that the capacity ratio of the negative electrode (N) to the positive electrode (P) 463 

(N/P ratio) was next to 1. Since the capacities were around 100 and 400 mAh g
−1

, for spinel and 464 

graphite, respectively, the spinel/graphite ratio was 4: 1 (by weight). Some charge/discharge curves 465 

of this cell cycled between 3.5 and 5.0 V and at 0.1C (related to the spinel) are shown in Fig. 8a. 466 

The profile shapes are somewhat different and more complex than those measured for the spinel in 467 

a half-cell configuration (Fig. 7a) since the two stages of oxidation from Ni
2+

 to Ni
4+

 are not well 468 

defined. The explanation for this behavior would require the use of additional tools, such as a three-469 

electrode cell, to simultaneously measure the LNMO/Li and graphite/Li charge/discharge curves. 470 

This experiment is beyond the objectives of this work, which focused on the ability of recycled 471 

graphite in this type of batteries. Besides, the overcharge observed in this configuration is lower 472 

than that observed in a half-cell configuration, and in the first cycle the efficiency approaches 90 %.  473 
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 474 

Figure 8. (a) Charge-discharge curves of leached graphite/ LiNi0.5Mn1.5O4 full-cell. (b) Specific 475 

capacity vs cycle number and coulombic efficiency. Rate: 0.1 C. (c) Rate capability. The specific 476 

capacity and rate are referred to the spinel. 477 

The cycling performance of the cell is shown in Fig. 8b. Four sections can be distinguished in the 478 

curve representing the capacity delivered by the cell. In the first ten cycles, a pronounced decrease, 479 

from 102 to 88 mAh g
–1

, is observed. In the next ten cycles, the fall stops, which shows a good 480 

capacity retention. As the cycling progresses, the capacity decreases again but in a softer way; in 481 

cycle 50 the capacity is around 63 mAh g
−1

. In the last stage, until the 100 cycles are completed, the 482 

capacity decreases very slowly, stabilizing at an average value of about 60 mAh g
–1

. Regarding the 483 

evolution of the coulombic efficiency, in the first third of the cycle, the tendency is to increase 484 

progressively from 90 % to 98 %, a value that is maintained with slight fluctuations until the end of 485 
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the measurement. The complex profiles of the charge/discharge curves are maintained in the 486 

different cycles measured (Fig. 7a). 487 

The rate capability results of the cell at 0.1, 0.2, 0.5, 0.8, and 1C, ten cycles for each rate, are shown 488 

in Fig. 8c. At 0.1C, the behavior is similar to that found in a prolonged cycling test, a pronounced 489 

decrease in capacity in the first cycles, with a tendency to stabilize in the last cycles. This stability is 490 

manifested at higher speeds, with an average value at 0.2 and 0.5 C ca. 73 and 70 mAg g
–1

, 491 

respectively. For rates 0.8 and 1C, a somewhat more pronounced drop is observed in the delivered 492 

capacity, with values ca. 68 and 62 mAh g
–1

, respectively. When returning to 0.1C, the capacity of 493 

the cell increases, reaching an average value ca. 75 mAh g
–1

, like that observed at the end of the 494 

first stage of the measurement. 495 

Several factors cause capacity loss during cycling, but one in particular affects the stability of the 496 

LiPF6 electrolyte when operating at high voltages. The salt can undergo decomposition in LiF and 497 

PF5. The latter halide reacts quickly with traces of moisture releasing HF, which dissolves part of 498 

the cations of the compound:
[59] 

499 

       2 LiNi0.5Mn1.5O4 + 4HF → 3 Ni0.25Mn0.75O2 + 0.25 NiF2 + 0.5 MnF2 + 2 LiF + 2 H2O       (5) 500 

 The dissolved transition metal ions can migrate to the anode through the separator and be reduced 501 

on its surface or can interact with the lithiated graphite, according to the following reaction:
[60] 

502 

               
Mn

2+ 
 +  2LiC6  →  Mn  +  2Li

+
 + graphite                                                                       (6) 503 

These reactions may be especially favored in the "fresh" spinel, that is, in the first cycles of battery 504 

operation. As reactions (5) and (6) progress, the thickness of the products formed will grow by 505 

acting as a protective layer on the active particle and slowing down its structural deterioration. In 506 

fact, the electrode coated with a protective layer of Al2O3 led to much better capacity retention. The 507 

coating of graphite is particularly outstanding as it may hinder the Mn deposition and mitigate 508 

reaction (5) as a result.
[61] 

Different strategies have been used to modify the composition of the 509 
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electrolyte. The simplest one is the substitution of LiPF6 salt by LiB(C2O4)2 with the resulting 510 

elimination of HF formation.
[62]

 The model named "multilayer electrolyte cell" is more complex as 511 

it consists of two liquid electrolytes separated by a solid electrolyte.
[63] 

In both cases, better capacity 512 

retention was observed. Here, we used a conventional electrolyte without considering the proposed 513 

alternatives to improve cell performance, in agreement with our main objectives, namely the 514 

recovery of graphite from spent batteries and the β-spodumene mineral as Li source. 515 

The performance of the proposed full-cell model was compared with that of other full cells reported 516 

in the literature, made from the same components but from more conventional sources. In this 517 

sense, the abundant number of articles reporting on the spinel LNMO in a half-cell configuration–518 

four reviews 
[64–66]

 citing an enormous number of articles–contrasts with the small number of 519 

studies on a full-cell configuration so far reported, to our knowledge fewer than ten. Table 3 shows 520 

some properties related to the performance of these cells, including a column with the capacity 521 

ratio, N/P, a parameter that is not usually included in scientific publications although its importance 522 

is undeniable. The ideal value of this parameter would be 1. In general, the rates used in prolonged 523 

cycling are usually slow, mostly around 0.1C, except for those in references 
[68]

 and 
[69]

, where a 524 

rate of 0.5C was used. The origin of this low rate is the slowness of the extraction and insertion of 525 

Li from the spinel and the limited availability of Li, which further hinders the kinetics of the 526 

electrochemical process. All the cells collected show a loss of the delivered capacity when cycling. 527 

The capacity loss per cycle ranges from 0.1 to 3.9 mAh g
–1

. Our cell only lost 0.4 mAh g
–1

, a value 528 

that reflects a good performance, only surpassed by one of the nine cells described in the 529 

literature.
[67]

 It is worth pointing out that the process of the spinel synthesis studied by Kim et al.
[68] 530 

presents important differences with respect to the process studied in this work. First, the Li source is 531 

the commercial Li2CO3, which is more expensive than LiCl. Second, it uses four heating stages that 532 

are extended for longer periods: 500 °C, 12 h; 650 °C, 12 h; 900 ºC, 6h and an annealing at 700 ºC 533 

48 h. These differences reveal the superiority of our process in terms of cost effectiveness and 534 
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energy savings. In a half-cell configuration, the capacity released by the spinel is also higher, 120 535 

mAh g
–1

 at 100 cycles and at a rate of 0.2C. Moreover, the rate capability test was not carried out in 536 

any of the references included in Table 3. The capacity values obtained at 0.5C, 70 mAh g
–1

 (Fig. 537 

8c) are comparable to those of Sahoo et al.
[45,69]

 in pouch-type cells and higher than those of 538 

Pieczonka et al.
[67]

 539 

In this context, it is interesting to highlight the results of the electrochemical behavior of recycled 540 

graphite reported by Rothermel et al.,
[30] 

also obtained in a full-cell configuration, using as a source 541 

of Li, LiMn1/3Co1/3Ni1/3O2, the cathode material of the battery from which graphite was extracted. 542 

This aged graphite exhibits somewhat good capacity retention, capacity loss over 100 cycles ca. 0.3 543 

mAh g
–1

 obtained at 1C, with a previous activation at 0.2C. The best features of this cell are not 544 

surprising since it was cycled between 1.7 and 4.25 V. In addition, the compound has a 2D structure 545 

whose intercalation/deintercalation kinetics of Li
+
 is more favorable than that in the 3D structure of 546 

the spinel. 547 

Table 3. Selected properties of LiNi0.5Mn1.5O4//Graphite full cells reported in the literature 548 

a
 Ci and Cf: initial and final capacity, respectively, in mAh g

–1
. 

b
 Capacity loss per cycle, mAh g

–1
. 

c 549 

Pouch cell 550 

Ci
a 

 

Cf
a 

 

Cycle 

number 
C. L.

b
 

Rate 

(C) 
N/P Graphite Ref 

96 33 40 1.6 0.08 0.7 MCMB 
[62]

 

84 25 15 3.9 0.05 --- MCMB 
[63]

 

70 37 100 0.3 0.07 --- Commercial 
[61]

 

82 40 100 0.4 0.1 --- MCMB 
[60]

 

97 50 100 0.5 0.08 --- MCMB 
[59]

 

110 60 50 1.0 0.13 --- Commercial 
[57]

 

105 85 200 0.1 0.2 1.05 Commercial 
[68]

 

116 58 80 0.7 0.5 --- Powder 
[67]

 

88
c 69 50 0.4 0.5 0.86 MCMB 

[45,69]
 

100 60 100 0.4 0.1 1.02 Recycled 
This 

work 
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Finally, some concluding remarks regarding the economic performance of the proposed laboratory 551 

scale process to fabricate electrode materials are revealed: 552 

- The starting material for the recycling of graphite is close to what may occur in real waste 553 

because it is made up of spent graphite from different spent LIBs provided by many end 554 

consumers. 555 

- Although the process involves calcination steps in both synthesis and recycling graphite, the 556 

energy consumption is minimized because the periods of reaction are rather short, 1 and 2 h, 557 

respectively. Furthermore, laboratory results demonstrated that both treatments can be 558 

carried out in the same furnace. For the next scale either pilot or commercial, a fluidized bed 559 

reactor could be the more adequate equipment to carry out both processes.
[70]

 560 

- The operation of filtration is another common operation for both processes. In the 561 

laboratory, the same filter was used for both processes. In an actual process the appropriate 562 

equipment could be a rotary vacuum-drum filter.  563 

- The separation of the spent graphite from the cupper foil is very simple because involves a 564 

one-step sieving in comparison with others that required and additional step of crushing.
[3]

 565 

 566 

Conclusions 567 

In this work, graphite was recovered from spent Li-ion batteries dismantled manually. It was 568 

purified in two simple steps, by heating in an inert atmosphere at a moderate temperature (450 °C), 569 

followed by leaching with diluted HCl (3M). Although this treatment does not fully eliminate the 570 

impurities of the recovered graphite, it drastically reduces them, as evidenced by both the 571 

compositional measures performed by different analytical techniques and the ash content when 572 

calcined in an O2 atmosphere, less than 0.5 %. The crystallinity of the recycled graphite is not 573 

affected by the leaching treatment and is very similar to that of commercial graphite, evaluated from 574 

the broadening of the X-ray diffraction peaks and the relative intensities of the ID and IG Raman 575 
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vibration bands. Although not the main objective of this work, we do draw attention to the difficulty 576 

in making both types of measures compatible, given the different principles on which both 577 

characterization techniques are based. However, the cleaning treatment of graphite does affect its 578 

electrochemical properties significantly, showing a better performance compared with the 579 

unleached graphite. Therefore, impurities are the main cause of the deterioration of the 580 

electrochemical properties. Only after leaching is the specific capacity value close to the theoretical 581 

one.   582 

To approach a more realistic application in terms of the reuse of recycled graphite, its 583 

electrochemical behavior was also investigated in a full-cell configuration. We chose the LNMO 584 

spinel as a cathode material able to operate at voltages close to 5 V, as opposed to Li metal. For its 585 

synthesis, a low-cost procedure was applied, using Li extracted from spodumene, a raw material 586 

available in large deposits in Argentina, and through thermal treatment in a single step at 800 °C. 587 

The performance of this more realistic battery is comparable to the best results reported in similar 588 

batteries prepared with commercial graphite. It is worth mentioning its good behavior in the rate 589 

capability test. Unfortunately, for this type of measure, we have not found bibliographic references 590 

to establish comparisons. After the first cycles at low current densities (0.1C) in which a continuous 591 

decrease in the specific capacity is observed, the cell tends to stabilize. Then, the average specific 592 

capacity up to a rate of 1C decreases very slowly, and the coulombic efficiency is close to 100 % at 593 

the different rates used. 594 

 595 
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