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1. Introduction

Since their commercialization in the 1990s, lithium-ion batteries
(LIBs) have become an integral part of our life.[1] The increase in
the popularity of portable electronics such as smartphones, lap-
tops, and others contributed to the dynamic growth in battery
production. Furthermore, the application of LIBs in electric cars
in 2010 boosted the enormous development of LIBs that we see

now.[2] LIBs are currently one of the most
commonly used energy sources for porta-
ble electronics like laptops, mobile phones,
and even electric vehicles. They are also
gradually replacing less technologically
advanced nickel–metal hydride (Ni–MH)
accumulators, mainly in the global automo-
tive industry. Statistical data on the
management of portable batteries in the
European Union member states confirm
these assumptions and indicate a dynamic
increase in the mass of cells introduced to
the market in 2010–2018.[3–6] Forecasts
for the development of technologies used
in the production of portable batteries
and accumulators and quantitative data

from eight reporting years in the EU countries indicate that this
trend will be maintained in the coming years.

The growing number of manufactured and more willingly
used batteries, including Li-ion cells, significantly increases
the amount of their waste. In Poland, as there are no precise
reports on the mass of collected waste LIBs or even their collec-
tion levels, certain assumptions should be made to estimate the
current waste Li-ion cell stream’s current mass and forecast. For
the calculations, it was assumed that: 1) LIBs constitute 80% of
batteries introduced to the market included in the group
“other;”[7–10] 2) the annual growth of LIBs introduced into the
market is equal to the average growth of these batteries in
2010–2018 and amounts to 5%; and 3) the collection rate of spent
LIBs is equal to the annual minimum required level of collection
of all types of portable waste batteries in a given year.[11]

The performed forecast of the mass of collected waste LIBs by
2030 is shown in Figure 1.

The forecasts indicate that in 2021 in Poland alone, the mass of
spent LIBs may be over 1600 tons, while in 2030, there will be
about 1000 tons more. This trend is also present in foreign data.
In the publication of the European Commission on cost scenarios
and growth of the LIB market, it was stated that the growing pop-
ularity of electric vehicles (EVs) had themost significant impact on
the increase in the number of produced batteries of this type.[12] It
is assumed that in 2028 50–200 million EVs will be used, and in
2040, even 900 million. Therefore, the demand for Li-ion accumu-
lators will increase from 77GWh (2018) to 600–4000GWh (2040).
In addition, it is estimated that the global LIB market will be worth
200 billion euros by 2040, which will also significantly contribute
to the increase in the amount of their waste in the coming years.

Due to their properties and various chemical substances,
spent LIBs are often classified as hazardous waste–posing a

A. Dąbrowska, M. Osial
Faculty of Chemistry
University of Warsaw
Pasteura 1, 02-093 Warsaw, Poland
E-mail: adabrowska@chem.uw.edu.pl; mosial@chem.uw.edu.pl

A. Dąbrowska
Biological and Chemical Research Centre
University of Warsaw
Żwirki i Wigury 101, 02-089 Warsaw, Poland

W. Urbańska
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Lithium-ion batteries (LIBs) waste is classified as a dangerous one. Fortunately,
LIBs can be recycled and are already a valuable source of metals. This work is
focused on the properties of the spent LIBs powder, which is a postproduct of the
proposed organic leaching process and is presented as a source of nanocarbons
with a unique structure. Furthermore, attention is paid to revealing the properties
of the carbon component that can find a second life in other applications like
photocatalysis or sorbents. Raman spectroscopy is used for the characterization
of graphitic carbon. Scanning electron microscopy images are numerically
quantitatively analyzed to provide additional parameters (for instance, the total
length of edges) about the structure of materials, and X-ray diffraction (XRD) and
energy-dispersive X-ray spectroscopy (EDS) further check their composition.
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threat to the natural environment and human health requiring
appropriate treatment. Otherwise, heavy metals and the other
components of LIBs can have a dramatic effect on health.[13–15]

The chemical composition of the different LIBs varies primar-
ily with the chemicals used to form the electrolyte and electrodes,
especially the cathode material. The most commonly used types
of LIBs include LCO (cathode—LiCoO2), LMO (cathode—
LiMn2O44), NMC (cathode—LiNiMnCoO2), LFP (cathode—
LiFePO4), and NCA (cathode—LiNiCoAlO2).

[16] The most
popular cells used by users of electronic equipment are LCO
batteries with a cathode in the form of LiCoO2. The batteries also
consist of other materials, including plastic or steel.[17]

Besides these metals, spent battery waste is a tremendous
source of graphitic carbon that is one of the top listed materials
for electrocatalytic use, mainly because different types of carbon-
based materials are employed as anodes in LIBs. It is all due to
the considerable large surface area needed for high capacity and
light devices, high conductivity and fast-charge/discharge devi-
ces, and extensive mechanical and chemical resistance.[18]

Therefore, there are attempts to recover carbon materials[19] from
LIBs waste, especially graphene,[20] which is a highly desired
material due to its unique physical and chemical properties.
Depending on the recycling method, graphite can be recovered
directly from battery waste using, e.g., hydrometallurgical route

or indirectly by further modification of recovered material. For
instance, nanocomposite films based on reduced graphene oxide
(rGO) can be obtained using Hummer’s method and a chemical
reduction.[21]

Spent lithium battery waste became a severe environmental
problem. They contain many toxic substances, for example,
heavy metals like Co, Cr, Mo, Ni, and Mn, and different organic
electrolytes.[22–24] Still, many of the waste LIBs land in the
environment leading to the inevitable contamination of the
soil, ground and underground water, and the air. At the same
time, they became a valuable source of various materials.
Therefore, their proper recovery and reuse are essential for envi-
ronmental protection and health.[25–27] Many precious metals are
removed or partially recycled from the spent LIBs powder within
the leaching process, while the carbon-based core still does not
have economic applications. In this work, the main emphasis is
made to present the potential of the use of postleaching waste
LIBs powder as a promising source of carbon.

Within this study, LIBs were proved to be a source of valuable
nanocarbonsmaterials whose presence was confirmed by Raman
spectroscopy and morphological analyses. Furthermore, the bat-
tery waste was treated with acid leaching, which recently brought
lots of attention for its processing, economic and environmental
aspects, high purity postproducts, high selectivity, recovery rate,
and low energy consumption.[28–31]

2. Experimental Section

2.1. Battery Powders Treatment

In this work, the stream of LIBs’ types was undergoing the acid
leaching procedure to recover the different metals. Spent batter-
ies were obtained from numerous sources of spent electronic
waste, and the mainstream LIBs mainly contained the cells from
Hewlett–Packard, Lenovo, or Toshiba. Initially, the batteries were
treated manually, where the main components were defrag-
mented to separate metals from the plastics. Then, the anode
and the cathode were separated within the procedure described
previously.[32] Finally, the electrodes were treated with acid and
reducing agents. While in this work, formic acid was proposed as
a bleaching agent, and glutaric acid and hydrogen peroxide was
used as reducing agents.

2.2. Chemical Purification

The first step after the mechanical separation of the waste battery
components was the mineralization process, where the 0.5 g of
waste battery powder containing both cathode and anode was
treated with 10.0mL of the 65% HNO3 (analytical grade, pur-
chased from POCH, Poland) for about 5 h and the temperature
of about 120 °C. Then, the obtained solution was evaporated to
approximately 0.5 mL, transferred quantitatively to a plastic con-
tainer, and supplemented with deionized water to 50 g. Finally,
the metal concentrations in the solution were determined using
inductively coupled plasma optical emission spectrometry
(ICP-OES), Agilent 720.

Second, the obtained powder was treated with the following
agents: sample 1 was treated with 5.0 M formic acid CH2O2

Figure 1. Mass of collected waste LIBs in Poland—forecast until 2030—
histogram; the required collection rate is presented as a red curve on the graph.
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(85% analytical grade, Chempur), sample 2 was leached with
5.0 M formic acid and hydrogen peroxide H2O2 (30% analytical
grade, STANLAB; 0.9% v/v), and sample 3 was treated with both
formic acid and hydrogen peroxide, while, additionally, the 5 g of
glutaric acid C5H8O4 powder was added (5% analytical grade,
STANLAB) (see Table 1). Organic acids and H2O2 worked as
reducing agents for metals recovery in acidic media.[33,34]

In our previous work, the waste battery powder was heated to a
milder temperature of about 90 °C and a time of about 2 h, where
the residue was continuously stirred at the rate of about 500 rpm.
After the treatment, the waste battery powders were washed with
deionized water to remove leaching agents and dried without a
protective atmosphere at 50 °C under the fume hood. Figure 2
shows the schematic diagram of the battery powder leaching pro-
cess for sample 3.

2.3. Raman Spectroscopy

The Raman spectra were collected on DXR Raman Microscope
(Thermo Scientific) with the three laser lines: 455, 532, and
633 nm. The standard green laser line (532 nm) chosen from
the four available (including 455, 633, and 780 nm) was used
for the quantitative characterization and compared with other
data sets. The exposure time was set to 50 s, 50 repetitions (20
in subsequent control measurements). The aperture was 50mm,
and the power of the laser beam was 10mW. Each sample was
measured at least several dozen times (from 80 to >300) in dif-
ferent places. The average signal had the background cut off
according to the four algorithms described in Section 2.4.
Representative Raman spectra for all samples are given in
Figure S1, Supporting Information. Four spectra were collected

for samples 1 and 3 (Figure S2 and S3, Supporting Information,
respectively). Six varying spectra were registered for sample 3
(Figure S3, Supporting Information).

2.4. Numerical Analyses

For the numerical analysis, the following software were used:
OMNIC (together with the libraries), ORIGIN, and Python
scripts (signal deconvolution, peak search, and calculation of a
surface area of G and D peaks). Four types of baselines were
tested to cut off the background:

@_ OMNIC standard,
A_ Adaptive iteratively reweighted penalized least squares

AIRPLS as described and coded in ref. [35],
B_ Asymmetrically reweighted penalized least squares

ARPLS,[36]

C_ Asymmetric Least Squares Smoothing ALSS as in ref. [37].
One can find the upgrade of this approach in ref. [38].

2.5. Characterization of Samples

The content of metal ions in the solutions was investigated with
ICP-OES—Agilent 720. The morphology was studied with scan-
ning electron microscopy (SEM). The microscope Merlin
(Zeiss) equipped with a Gemini II column was used. The device
worked in the low kV value range (0.5–1.5 kV) and low probe
current of 10–20 μA. Kα lines obtained by the energy-dispersive
X-ray spectroscopy (EDS) were used for elemental analysis of
the measured samples with the 15 kV accelerating voltage,
6 mm working distance, and 5min for a single map collection
under the vacuum conditions of about 2� 10�5 Torr. The pow-
der X-ray diffraction patterns were recorded with a powder dif-
fraction X-ray diffractometer (PXRD) X’PERT Phillips with PW
1830 generator with Cu Kα radiation with line λ¼ 1.5405980 Å
and a scan rate of 1° min�1 in 0.016° steps covering the 2θ angle
range from 18° to 85°. The thermal stability of the postleached
waste battery powder was evaluated by thermogravimetric
(TGA) using a TG 209 F3 Tarsus apparatus (Netzsch). The sam-
ples were heated at a rate of 10 °Cmin�1 in an ambient nitrogen
atmosphere, 30–900 °C.

Table 1. Leaching agents for samples 1–3.

Sample 1 Sample 2 Sample 3

5.0 M formic acid
CH2O2

5.0 M formic acid
CH2O2þ 0.9% v/v hydrogen

peroxide H2O2

5.0 M formic acid
CH2O2þ 0.9% v/v hydrogen
peroxide H2O2þ 5 g glutaric

acid C5H8O4

Figure 2. Schematic diagram of the leaching procedure to obtain the residue for sample 3.
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3. Results and Discussion

3.1. Qualitative Analysis

The solution obtained from the leaching procedure was investi-
gated with ICP-OES to indicate the number of particular elements
to be successfully leached. Figure 3 presents the recovery rate of
seven metals found in the postleaching solutions.

Depending on the experimental conditions applied to the
waste LIBs powder, the recovery of the particular metals was dif-
ferent. Therefore, the obtained results of metal recovery are pre-
sented as percentage rates, calculated in relation to the content of
ions of the tested metals in the battery powder before chemical
treatment. The rates were calculated according to Equation (1)

Recovery rate ½%� ¼
Mels½mg

kg �
Mein ½mg

kg �
� 100% (1)

where Mein is concentration of test metal ions in the battery pow-
der before leaching [mg kg�1]; Mels is concentration of test metal
ions in the solution after leaching [mg kg�1].

The presentation of the battery powder leaching results in the
percentage recovery rates of the tested metals, allows the best
expression of metal recovery efficiency, and facilitates an inter-
pretation of the outcomes.

For sample 1, the highest recovery was observed for Cu, Fe,
and Zn, while the Co and Cr recovery was lower from a carbon-
based matrix (Figure 3). Despite not fully recovered metals from
the battery waste, the application of formic acid gave satisfactory
results. In comparison to the literature procedures, the proposed

procedure does not need to apply sulfuric acid to leach metals.
Next, sample 2 was leached at the same formic acid content,
while additionally hydrogen peroxide was used as a reducing
agent. However, the recovery of metals is much lower than in

Figure 3. Degrees of metal recovery from solutions after acidic reductive
leaching.

Table 2. Average values for samples 1–3. RBS—Raman band separation
factor.

Parameter Sample 1 Sample 2 Sample 3

G/D ratio (all baselines) 4.5 3.6 8.7

RBS (range) 220–231 228–247 216–249

G/D ratio (only OMNIC baseline) 7.14 4.50 9.66

RBS (only OMNIC baseline) 226.35 232.68 229.97

RBS (deconvoluted peaks) 230 229 222
Figure 4. Raman spectra of samples: a) 1, b) 2, and c) 3.
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sample 1. Primarily, for Cu and Fe, the rate decreased by 50%.
The procedure was modified to get higher metal recovery, where
the glutaric acid was added. Surprisingly, the addition of another
organic acid improved the recovery efficiency. Using both reduc-
ing agents made it possible to recover the highest content of Co,
Cr, Cu, Fe, Li, Mo, and even Zn.

Based on these investigations, it is seen that the main compo-
nent of the tested battery powder that was not leached contains all
the found metals, mostly cobalt, lithium, and nickel.

What is more important than the partial recovery of the metals
is the content of the carbon-based materials, presented within the
following characterization. The leaching can be improved by
changing the experimental conditions, like adding some other
reductions or longer leaching time, while still the residue contains
mainly graphitic carbon presented within the following studies.

3.2. Raman Spectroscopy of Nanocarbons

After the statistical validation of measurements, qualitative and
quantitative analyses and comparison of materials (samples 1–3)
were possible. Figure S1, Supporting Information, summarizes

the spectra obtained for samples and the range of noted changes,
and Figure S2, Supporting Information, presents used baselines.

Bands D, G, and 2D (�1350,�1580, and�2680 cm�1, respec-
tively) were considered for the quantitative analyses. The Raman
spectral signal can be used to determine the number of layers,[39]

uniaxial strain,[40] the number of carriers and defects or surface
configuration in graphene-like materials,[41] and it is a common
approach in their characterization (with peaks intensities, half-
widths, areas, Raman shifts considered).[42–52] The main draw-
backs of the quantitative description of carbon powders are
related to the profound internal changes in parameters. Thus,
proper statistical analysis is needed, andmapping should be used
instead of point measurements. The increasing G/D ratio indi-
cates better structural ordering, fewer defects, and the presence
of a 2D band is directly related to the number of graphitic layers.
Raman band separation (RBS) factor is obtained by the difference
in positions of D and G bands. Band 2Dmoves toward the higher
Raman shift (Rs) values with increasing strain and the lower Rs
for the changes due to the elongation and stretching.[41] The
width of the G band indicates the number of the carrier in mate-
rial and is the highest for large Rs and narrow peaks.

Figure 5. Lower and higher magnification of a,d) sample 1, b,e) sample 2, and c,f ) sample 3.
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Moreover, the G band can be separated into Gþ and G� with
increased mechanical strain. Band D was attributed to defects.
Bands �360 and �1620 cm�1 typical for disordered carbons are
absent. A reference graphitematerial would have:[41] 1)�1582 cm�1

(the so-called reference 0 band) owning to the E2g2 vibrational mode;
�42 cm�1 for E2g1; a sharp (10–15 cm�1) graphitic band is usually
present �1574–1580 cm�1; 2) �2695 and �2735 cm�1 doublet for
G 0

1 and G 0
2; and 3) �2440 and �3250 cm�1 weak bands.

The presence of a signal in these regions can be attributed to
the traces of graphitic carbons. That is visible in all samples
together with the different nanocarbons of the diverse structures.
However, on average, the defects increase in the following order
S3< S1< S2. Sample S2 exhibited many graphene-like flakes,
but at the same time, metal oxide components and defects are
also presented. The most homogenous is sample 3. Sample 1
has locally well-structured grains. The average results of quanti-
tative analyses are collected in Table 2. Representative Raman
spectra are collected in Figure 4. The intense and narrow G peak
confirms the high quality of materials.[41]

The differences in morphology and the presence of heteroa-
toms convolute with the primary carbon signal. That is also visi-
ble within the Gauss peaks deconvolution.

3.3. Morphological Analyses

The morphology of the postleaching products was investigated
with SEM (Merlin Zeiss). EDS was used for elemental analysis
of the measured samples. All samples revealed graphene-like

structures. The materials that build the electrodes, both cathode
and anode, in LIBs are mainly made of graphitic carbon filled
with electrolytes. As shown in Figure 5, the morphology of
the following samples resembles grains having different shapes
and sizes, while each of them is made of a flake-like structure.
Each postleaching sample is similar in morphology on the mac-
roscale, while in microscale (SEM) they differ considerably. It is
due to the flake-like structure that can serve as a reusedmatrix for
other compounds. Graphitic powder forms sphere-like struc-
tures that were further described in numerical analyses.

3.4. Numerical Characterization of Materials

SEM images were numerically analyzed to obtain a quantitative
surface characterization. For instance, one can examine the
shape of histograms to determine the homogeneity of a sample.
The more diversified grain size distribution leads to a broader
histogram. In contrast, the homogenous material with equal
diameters presents a narrow band (Figure 6). The average grain
sizes for debris in materials were estimated to be �60, �90, and
�40 nm in samples 1–3, respectively.

Moreover, the total length of edges (Figure S3, Supporting
Information) for a determined surface will directly indicate
the surface properties and volume ratio. That is crucial, especially
for sorbents. Therefore, values were obtained numerically by pic-
ture analysis of the corresponding SEM data. For example, the
edges marked in samples 1–3 and their total length for 1 μm2

were the following: 464.63, 292.52, and 333.53 nm.

Figure 6. The histograms for a,b) sample 2 reveal a much more homogeneous structure (in both magnifications) than in c,d) sample 3.
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Finally, the 3D reconstruction of morphology is possible from
SEM pictures providing equal exposition (Figure S4, Supporting
Information). It enables better visualization of the structure of a
material.

Complementary, the EDS analysis was performed. Battery
waste powder has the potential for further application as a cata-
lytic material, especially for high carbon content and some traces
of cobalt in samples. The highest carbon content in the sample is
observed for sample 2. EDS elemental analysis confirmed the
high efficiency of proposed leaching toward heavy metal removal.

Additionally, the elemental maps showing the distribution
of the particular elements in the sample are presented in
Figure 7, where the columns a–c correspond to samples 1–3,
respectively. The colours shown in the figures are ascribed to
carbon—red, cobalt—green, oxygen—blue, and manganese—
yellow. The oxygen present in the sample mainly correlates with
the cobalt, suggesting that the cobalt oxides in the sample can be
a postproduct of the LiCoO2 leaching.

3.5. Crystalographic Analysis

Due to the presence of some elements in the sample indicated by
the EDS, the XRD analysis was also performed. The diffracto-
gram presented in Figure 8a shows the patterns for samples
1–3. The chemical composition of all samples 1–3 shows pres-
ence of cobalt oxide traces. The powder patterns match to
LiCoO2 (reference material JCPDS 75-0532) and Co3O4 (refer-
ence material JCPDS 43-1003). The peak at about 19° visible
in sample 3 can be ascribed to the LiCoO2 (003), while the peaks
at about 37° and 45° can be ascribed to the LiCoO2 in (101) and
(104).[53] Also, these peaks may be indexed as Co3O4 presence in
the (111), (311), and (400) planes.[54] The characteristic, most
intensive peak at about 27° can be attributed to the carbon in
the (002) in all samples (as in the reference JCPDS 75-2078).
Peaks at about 50° and 55° relate to the carbon in the graphitic
form in the (102) and (104). The peak in the sample at about 77°
and the following peak at about 84.2° also indicate the carbon in

Figure 7. EDS maps for a) sample 1, b) sample 2, and c) sample 3, where the red corresponds to carbon, green to cobalt, oxygen is marked in blue, and
manganese in yellow.
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(110) and (112) planes.[55,56] Data are in good agreement with the
literature revealing that the postleaching product mainly contains
the carbon product, namely, graphite, and some small traces of
cobalt oxide,[57] while it is not excluded that the cobalt oxide can
be partially present in the other form like manganese doped.[58]

The manganese in the samples is in trace amounts, where the
XRD does not point out characteristic manganese oxide patterns,
so only some cobalt oxides can be identified.

The thermogravimetric measurements (TGA) were also per-
formed in the nitrogen atmosphere. As shown in Figure 8b,
the highest mass loss, corresponding to the oxidation of the car-
bon, is observed for sample 3. Lowermass loss for samples 1 and 2
can correlate with the higher metal oxides content in the samples.

4. Conclusions and Future Perspectives

Due to the growing pollution with battery waste, especially the
carbon-based powder containing heavy metals, there is a tremen-
dous need for their recovery and reuse. The problem will not dis-
appear spontaneously, but large amounts of the spent battery,
especially after the acid leaching, are promising for catalytic
application, especially for significant carbon content and specific
metals oxides. To do so, a deep analysis of postleaching products
is needed. Although all tested materials were valuable sources of
nanocarbons, they exhibited differences in morphology and
structure ordering. Raman spectra reveal that all samples contain
different nanocarbons in graphene-like and graphitic forms. The
traces of other compounds are the most visible in sample 2.
Additional EDS and XRD analysis also confirmed the presence
of some cobalt oxides or lithiated cobalt oxide, while the post-
leaching product in the Co3O4 form is more probable to be
formed in the sample. XRD data for sample 3 indicate that
LiCoO2 is the domiant Co phase. Based on the intensities of
peaks, Co3O4 is dominant in samples 1, 2. Based on the XRD
measurement, it was also possible to distinguish peaks charac-
teristic of the samples’ graphitic carbon. The proper background
treatment is crucial for any numerical quantitative analysis
within the Raman spectroscopy. All approaches confirmed highly

structured carbons (S3> S1> S2), and the surface of flakes in
powder favours their applications as sorbents. Overall, spent bat-
teries can be a source of promising graphene-like nanomaterials
for catalysis. That would be one of the future perspectives for this
research.
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Supporting Information is available from the Wiley Online Library or from
the author.
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[7] Z. Rogulski, A. Czerwiński, J. Power Sources 2006, 159, 454.
[8] E. Rudnik, J. Knapczyk-Korczak, Metall. Res. Technol. 2019, 116,

603.
[9] K. Krupa, Ł. Nieradko, A. Haraziński, Energy Policy J. 2018, 21, 19.
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