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ARTICLE INFO ABSTRACT

Keywords: A sustainable route to obtain graphene oxide (GO) and reduced graphene oxide (rGO) with highly competitive
lithium-ion batteries properties through the utilization of graphite recycled from spent vehicle’s lithium-ion batteries is described. As
Spent LIBs

compared with previous works, our precursor material is representative of a larger-scale recycling procedure,
involves the processing of both cathodic and anodic materials, and concerns a larger number of batteries
operated in diverse conditions. The morphology, chemical features, structure, and conductivity of the samples
have been thoroughly investigated. Results obtained from complementary characterization techniques reveal the
correct formation of GO and rGO samples from the recycled graphites. Electrical measurements show that the
conductivity of our GO and rGO samples are very similar or even larger than those reported for samples obtained
from high-purity natural graphite. These results indicate that our strategy is able to produce good-quality GOs
and rGOs with potential applications in different fields, contributing to the circular economy and the recycla-

Recycled graphites
Sustainable sources
Circular materials
Graphene related materials

bility of discarded wastes.

1. Introduction

Due to the great growth of the electric vehicles market, among
others, the demand for lithium-ion batteries (LIBs) has dramatically
increased. It is actually estimated that the global LIBs demand - in terms
of electric vehicles alone - will reach $221 billion by 2024. This
constantly growing demand generates in turn more than 2 million tons
of spent LIBs, which will mostly be discarded each year after end-of-life
[1]. Nowadays, the recovery of valuable metals such as lithium, nickel,
cobalt, manganese, copper, and aluminum from different spent batteries
has attracted increasing attention due to their great economic and
environmental benefits [2-4]. In this sense, most researchers focus their
attention on recovering and recycling several metals present in the
cathodes of different kinds of batteries [5,6]. Nevertheless, graphite
material used in LIBs is a high-tech product with a high added value, so
its recovery is of great interest. Actually, recycling and reuse of graphite
from anodic material for different final applications play a significant
role in relieving the shortage of graphite natural resources as well as
environmental protection [6,7]. Moreover, it is important to keep in
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mind that natural graphite is considered a critical mineral because of its
importance to clean energy transition and global supply concentration
[8]. According to the graphene flagship consortium guidelines, non-
biological waste recyclability constitutes an important milestone to
achieve the challenge of sustainable development of graphene-based
materials already at the early stages of their commercial exploitation
[9]. In this context, recycling graphite from LiBs pays benefits in terms of
recyclability, since it uses a commonly discarded by-product of the metal
recovering process from exhausted LiBs whilst allowing a cost-effective
production of graphene-based materials. This is in perfect agreement
with the second principle of the circular economy, which aims to rein-
troduce end-of-life products back into the economic cycle.
Carbon-based materials are very interesting due to their stable
physicochemical properties, which make them useful for several appli-
cations. For example, graphene-based materials have been extensively
used in supercapacitors, batteries, and fuel cells [10]. Graphene is a 2-D
material of conjugated sp? carbon atoms arranged in a honeycomb
structure. Its unique atomic structure, high electrical conductivity, high
elastic modulus, low thermal expansion coefficient, creep resistance,
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and high surface area are considered of interest for several high-
performance devices in a wide range of technological fields [11]. Gra-
phene and its related materials are actually being investigated for nano-
electronic devices [12,13], highly sensitive sensors [14,15], transparent
conductive films [16,17], functional composites [18], energy storage
[19], catalysis [20], etc.

Among the different methods to obtain graphene-related materials,
the top-down approach - which is based on the fundamental idea of
extracting layers of graphene from graphite via chemical exfoliation - is
the most convenient in terms of high yield, low cost, versatility and
scalability [21]. Chemical exfoliation has a huge potential for the syn-
thesis of graphene-based materials for wider technology and industrial
applications. Within this route, large amounts of graphene can be pro-
duced at a reasonable cost from graphite oxide [22]. Graphene oxide
(GO) can be prepared by oxidation of graphite using concentrated acids
and strong oxidants and subsequent exfoliation. GO can be reduced to
graphene by eliminating the oxygen-containing groups. Reduced GO
(rGO) sheets are generally referred to as chemically modified graphene,
chemically transformed graphene, or reduced graphene oxide (rGO).

Some authors have reported the obtaining of graphene-related ma-
terials from recycled graphite. However, to the best of our knowledge,
these works describe the recovery of graphite from a single spent bat-
tery, without providing information regarding the age, use or operating
conditions of the sample (i.e., the battery), which poises doubts
regarding reproducibility and scalability of the recovering processes.
Moreover, the recycled graphite was obtained from cathodic materials
from portable batteries (i.e. smartphone and laptop devices). In the
present work, graphite used as the precursor material for the obtaining
of GO and rGO samples is extracted from the black mass recovered from
electric and/or hybrid vehicles, which is composed of both cathodic and
anodic materials. This starting material is then much more representa-
tive of a large-scale recycling process since it involves a higher number
of bigger batteries from different sources (vehicles) and operated in
diverse conditions. Our work highlights the utilization of recycled
graphite obtained from black masses from spent LIBs as a cost-effective
and sustainable route to obtain graphene-based materials with highly
competitive properties. A detailed comparison of the synthesis, chemical
composition, structure and electrical properties of the obtained gra-
phene oxides and reduced graphene oxides, as well as its potential ap-
plications is described. The development of high added value products
from spent LIBs contributes to the circular economy and the recyclability
of wastes which are traditionally discarded.

2. Experimental
2.1. Characterization techniques

Chemical characterization (% and mg.kg’1 concentrations) of all
samples involved in this study was performed employing wavelength
dispersive X-ray fluorescence (XRF) instrument. These measurements
were carried out by using an automated AXIOS Malvern-PANalytical
spectrometer with a Rh tube.

Elemental analysis was performed with a LECO TruSpec CHN
elemental analyzer to assess the carbon content of the samples, which
were heated at least up to 900 °C in the presence of oxygen gas. Mineral
and organic compounds were oxidized and/or volatilized to carbon di-
oxide, which was measured by an infrared detection method.

The morphology of the GO and rGO samples was investigated with a
FEI Inspect S scanning electron microscope (SEM). The chemical
composition of the samples and the corresponding elemental spatial
distribution were assessed by energy dispersive X-ray microanalysis
(EDX, Bruker Quantax) in a Hitachi TM300 SEM equipped with a
backscattered electron detector (BSE). An accelerating voltage of 15 kV
was used for EDX measurements. EDX sampling depth exceeds 2 pm in
the experimental conditions used in the present work. Hence the ob-
tained information is quite representative of the bulk composition of the
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investigated materials.

To evaluate the specific surface area of the samples, the Brunauer-
Emmett-Teller (BET) method, via Ny absorption-desorption measure-
ments, was applied using an ASAP 2020 (Micromeritics) system.

Structural characterization was performed by X-ray diffraction
(XRD) using a X’Pert Pro (Malvern-Panalytical) diffractometer with Cu
K, radiation (A = 1.5406 A) and operated at 45 kV and 40 mA in Bragg-
Brentano geometry. The diffractograms were acquired in the 10-90° (20)
range, with 0.016° scanning steps. Phase identification and peak anal-
ysis were carried out by using the HighScore Plus 4.8 software (Malvern-
Panalytical). The mean interlayer spacing (i.e. dgg2, nm) was calculated
using the Bragg’s equation (Eq. (1)):

A
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002 2-sin®
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where ) is the X-ray wavelength and @ is the Bragg angle corresponding
to the diffraction maximum.

The graphitization degree (g, %) was determined using Eq. (2),
proposed by Maire and Mering [23]:

0.3440 — doo2

= 03420 03354 ' 2

g
where 0.3440 nm is the interlayer spacing of the fully non-graphitized
carbon, 0.3354 nm is the interlayer spacing of the ideal graphite crys-
tallite, and dgoz (nm) is the interlayer spacing calculated from XRD
measurements.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out with a Fisons MT 500 spectrometer using a non-monochromatic Mg
Ky X-ray source (1253.6 eV) operating at 300 W. The analysis chamber
was kept with a residual pressure within the 10~° Torr range. XPS
measurements were carried out to obtain information about the surface
chemistry (chemical bonding, functional groups) of the samples. It is
worth to mention that this is essentially a surface characterization
technique which actually probes the first 5-10nm of the sample. High-
resolution spectra were recorded at a constant pass energy of 20 eV. XPS
spectra were analyzed using CasaXPS software (version 2.3.14). After a
Shirley-type background subtraction, curve fitting of the C 1S spectra
were performed. For graphitic carbon (C=C), the bandgap is small due
to the existence of delocalized = orbitals, similar to metal-like systems.
This causes the spectrum of graphitic carbon to present a significant
asymmetry that must be reflected in the peak shape. For peak fitting,
several functions that allow asymmetry could be used such as asym-
metric Lorentzian (LA), finite Lorentzian (LF) and the Doniach-Sunjic
(DS), among others. In this work, the LF function (LF
(0.6,1.1,350,650,3)) was used, since it contains a parameter that sup-
presses the peak tail and thus minimizes quantification issues. The peak
shape of the C 1 s remaining components can be approximated as a
symmetric, mixed Gaussian/Lorentzian line shape [24]. The binding
energy scale was calibrated using C 1 s sp> peak at 284.5 eV. Fourier
transform infrared spectroscopy (FTIR) measurements were performed
with a Varian 670 spectrometer in transmittance mode. Spectra were
recorded in the (1600-600) cm * range with a 4 em ! resolution and
using the KBr technique.

Micro-Raman and photoluminescence (PL) measurements were
performed in a Horiba Jovin-Ybon LabRAM HR800 system on an
Olympus BX 41 confocal microscope at room temperature. The samples
were initially excited by a He—Ne laser at 633 nm. However, strong
luminescence precluded the obtaining of good quality spectra for GO
samples. For this reason, Raman spectra from all the investigated ma-
terials were also recorded by using the 325 nm line of a He—Cd laser.
The spectral resolution of the system used is ~1.5 cm ™ for the 633 nm
laser and ~ 2 cm™! for the 325 nm laser. In both cases, power density
was carefully adjusted in order to maximize signal to noise ratio while
avoiding laser-induced structural and compositional changes, since it is
well-known that both GO and rGO are prone to suffer these effects when
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inadequate excitation conditions are used in Raman experiments.
Spectra in the (800-3400) cm! range were deconvoluted to a sum of
Lorentzian profiles to gain insight into the defect structure of the sam-
ples. This multi-peak fitting procedure is considered essential for a
correct interpretation of Raman spectra of carbon-based materials [25].

The DC conductivity of the samples was measured on a Keithley 2400
source-meter unit by using the home-made system depicted in Fig. 1,
which is similar to that previously used to investigate the electrome-
chanical properties of rGO powders in a previous work [26]. Briefly,
powders are placed inside a Teflon insulating cylinder. Bottom and top
electrodes are stainless steel pistons with a diameter of 7.9 mm. The
Teflon cylinder is fitted in the bottom piston. Then, about 2 mg of
powder are introduced in the cylinder. Finally, the top piston is fixed to
contact on the GO or rGO powder, so the distance between electrodes
remains constant during the measurements. In order to obtain the re-
sistivity, a current is passed through the sample, and the voltage drop is
measured with a Keithley 2400 source-meter unit. The resistivity of the
two steel electrodes in contact is lower than 3 mQ, ensuring that the
recorded voltage drop is due to the GO or rGO material. Voltage values
were kept between —3 V and 3 V to avoid electric field-induced reduc-
tion of the samples [27].

2.2. Obtaining of the samples

2.2.1. Obtaining of recycled graphites from spent Li-ion batteries

In order to obtain the corresponding graphites, 100 g of the black
mass from spent LIBs from vehicles was first subjected to acidic leaching.
Two different leaching conditions were analyzed for comparison pur-
poses. Precisely, the starting black mass was dispersed in 2 M sulfuric
acid (H2SO4) with 5% (v/v) of HyOs, or 1.25 M citric acid (CA, CgHgO7)
with 1% (v/v) of HyOs. After leaching for 2 h at 70 °C, the mixtures were
filtered, and the obtained solids (respectively labeled G-1 and G-2) were
dried for 24 h at 80 °C.

2.2.2. Synthesis of graphene oxide

Graphene oxide was synthesized according to the Marcano-Tour
method [27]. In detail, 3 g of recycled graphite (G1 and G2) were
weighed, and a 9:1 mixture of concentrated HoSO4 and H3PO4 (360:40
mL) was added. This mixture was cooled onto crushed ice and then 18 g
of KMnO4 were added in small portions within 30 min in order to avoid
becoming explosive. The mixture was then heated to 50 °C using a
temperature-controlled water bath and stirred for 18h, turning out into
a paste. Subsequently, the content was cooled to room temperature by
adding 400 mL of ultrapure water and crushed ice to the mixture to stop
the reaction. Then, 10 mL of 30 wt% H50, was added in order to reduce
residual KMnQy4 to soluble MnSQO, in an acidic medium, as described in

Powder
sample

)
1

|

Insulating cilinder

LL“"

Fig. 1. Experimental setup employed for the electrical characterization of the
different GO and rGO powder samples.
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the following reaction:
2 KMnOy + 5 H,0, + 3 H,SO,—2 MnSO, + K,SO4 + H,O0 +5 O, 3)

When 30wt% Hy0, was added, bubbling occurred and a bright
yellow colour was observed, indicating a high level of oxidation. The
obtained yellow-brown suspension was then cooled down to room
temperature, transferred to two 400 mL centrifuge tubes, centrifuged at
8000 rpm for 1 h, and the supernatants removed. The remaining mixture
was washed repeatedly, with 250 mL 1 M HClI and ultrapure water until
the pH of the supernatant achieved 3.5-4. The final sample was placed
in a Petri dish to be deep frozen at —80 °C for 48 h and subsequently
dried by lyophilization. Finally, the obtained graphene oxides (GO-1 and
GO-2) were ground using a blade mill.

2.2.3. Synthesis of reduced graphene oxide

150 mL of 5 mg-mL~! aqueous suspension of both GO-1 and GO-2
were prepared. Then, dispersions were successively sonicated in a low
power sonication bath for 1 h and with probe sonication for 3 h, yielding
stable and well dispersed graphene oxide (GO) dispersions. After that,
the solution was sealed in a 250 mL PTFE-lined autoclave and main-
tained at 120 °C for 48 h. After cooling down to room temperature, the
obtained black suspension was transferred to a beaker, and 15 g of
ascorbic acid were added. The mixture was then subjected to magnetic
stirring for another 24 h. The content of the beaker was transferred to
four 80 mL centrifuge tubes and washed with ultrapure water two times
by centrifugation at 10000 rpm for 1 h. The product was placed in a
ceramic crucible and vacuum-dried at 60 °C for 24 h. The final rGO-1
and rGO-2 were obtained after a thermal annealing treatment using a
heating rate of 5 °C-min"! to achieve a final temperature of 600 °C,
which is maintained for 24 h in inert atmosphere (Ar).

3. Results and discussion

The samples synthesized in this work have been extensively char-
acterised in order to gain an in-depth understanding of their properties
and thus establish their potential applicability. Precisely, chemical,
structural, morphological and electrical characterisations of the samples
have been carried out. Samples G1 and G2 have been characterised only
by XRF and XRD techniques for their macroscopic evaluation as starting
material for the synthesized samples.

3.1. X-ray fluorescence and elemental analysis

Table 1 shows the results obtained from the XRF analysis and EA
measurements (C content determination) of the as-prepared samples. All
samples show carbon as the most abundant element. Both G1 and G2
samples show a high carbon percentage although this percentage is
higher in G1 sample (93%). Due to the more eco-friendly conditions
employed in G2, this sample has a slightly higher content of impurities
in its composition. Although the starting carbon concentration, in
samples G1 and G2, is different, a very similar carbon concentration is
obtained in both GO samples (Table 1). As expected, the concentration
of carbon in GO samples is around 40%, as oxygenated groups have been
introduced between the graphite sheets upon oxidation. These C con-
centrations are comparable to those measured in GO samples obtained
from high-purity (5 N) natural graphite [28]. In the reduced graphene
oxide samples, the percentage of C increases again as some of the oxygen
content is lost in the form of CO and CO». As previously reported in GO
samples, the concentrations of carbon obtained in our rGO samples are
similar to those obtained when pure graphite was used as starting ma-
terial [29]. Silicon is also present in both initial samples (G1 and G2).
This element remains in all samples (GO and rGO). The origin and this
and other impurities will be addressed when discussing SEM-EDX re-
sults. In sample G2 there are a few more impurities, due to the more eco-
friendly conditions employed. In particular, 1.6% Co and 14% Ni are
found. However, the oxidation process applied to the sample is able to



L. Alcaraz et al.

Table 1
Chemical composition (wt% concentration) of graphene-related samples
analyzed by XRF and EA (C content).

Sample Gl G2 GO-1 GO-2 rGO-1 rGO-2

Element  Conc. Conc. Conc. Conc. Conc. Conc.
(%) (%) (%) (%) (%) (%)

Al 0.26 0.52 0.11 0.12 0.22 0.22

Br - - 0.0079 0.0068 - -

C 93 72 41 40 85 87

Ca - 0.0036 - - 0.0072 0.0088

Cl - - 0.20 0.17 - -

Co 0.0022 1.6

Cr 0.0089 0.0075 - - 0.0065 0.0079

Cu 0.0072 0.054 - - 0.0026 0.0015

Fe 0.044 0.024 0.0051 0.0054 0.088 0.14

K - - 0.10 0.073 0.017 0.020

Mn - - 0.074 0.071 0.061 0.11

Ni 0.018 14 0.0013 0.0064 0.0025 0.011

P 0.041 0.045 0.057 0.053 0.0023 0.0040

Pb - - - - 0.018 0.019

S 0.017 - 1.5 2.1 0.14 0.14

Si 2.0 2.3 0.55 0.59 1.1 1.3

Ti 0.0026 0.0033 - - 0.28 0.37

A - - - - 0.012 0.017

Zn - - - - 0.0046 0.0037

Zr 0.0016 - - - 0.0093 0.31

remove these elements in sample GO-2. In the GO samples, the most
abundant element after C was found to be sulfur, which may be partly
due to the oxidation process. The concentration of this element strongly
decreases in rGO samples as a consequence of thermal annealing.

3.2. Scanning electron microscopy (SEM) and energy dispersive X-ray
microanalysis (EDX) microanalysis

The morphology of all the synthesized samples was investigated by
scanning electron microscopy (SEM). Fig. 2 shows representative sec-
ondary electron images of the GO (a-d) and rGO (e-h) materials. GO
samples are made of agglomerates, slightly larger in the case of GO-1,
showing a layered wrinkled morphology. The surface of these layers is
rather rough and some small particles, with sizes in the (0.5_5) pm range
and showing a brighter contrast, can be appreciated in micrographs
recorded at higher magnifications. Wrinkled structures are typical of GO
prepared by oxidation and mechanical exfoliation of graphite [30]. It is
usually related to the compressive stress produced by the surface tension
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during the drying process [31]. The described morphology is completely
different to that observed in rGO materials. For both rGO-1 and rGO-2
samples, the layered structure is somehow lost. Actually, layered
structures show a smaller surface and appear well compacted. This fluffy
structure typically occurs in rGOs synthesized by thermal reduction due
to the stacking of a lot of layers as a consequence of the removal of
oxygen-containing functional groups and carbon atoms from the basal
plane during thermal treatments [32-34]. In addition, small particles
similar to those observed in GO samples can be also observed in the rGO
samples.

The chemical composition of the samples, as well as their corre-
sponding elemental spatial distribution, were investigated by energy
dispersive X-ray microanalysis (EDX). In all cases, EDX microanalyses
(Table 2 and Fig. 3) reveal that carbon and oxygen are the main elements
in GO samples, as expected. It should me mentioned that carbon con-
centrations measured by EA and EDX in rGO samples are quite similar,
while a more noticeable difference is found in GO samples. This is
probably due to the larger associated error in the determination of light
elements contents (C, O) by EDX. In addition, the presence of several
impurities in low concentrations is clearly detected. Spectra have been
represented in log scale in order to visualize elements present in lower
concentrations more clearly. The presence of sulfur, chlorine, manga-
nese, potassium and phosphorous in the GO samples can be attributed to
remnants of the chemicals used for the synthesis of this material. The
small amount of fluorine detected in sample GO-2 is probably related to
rests of the electrolyte in the starting black masses, since electrolyte

Table 2
Quantification of EDX analyses (normalized %wt.) carried out in the GO and rGO
samples.

Element GO-1 GO-2 rGO-1 r-GO2
Carbon 56.25 52.70 88.20 90.30
Oxygen 41.20 42.20 10.00 7.80
Sulfur 1.56 3.21 0.11 0.12
Silicon 0.45 0.61 1.17 1.35
Chlorine 0.17 0.19 - -
Manganese 0.15 - - -
Potassium 0.11 0.10 - -
Aluminum 0.09 0.17 0.17 0.20
Phosphorous 0.02 0.05 - -
Fluorine - 0.77 - -
Titanium - - 0.35 0.23

Fig. 2. SEM images of the synthesized samples. (a, b) GO-1, (c, d) GO-2, (e, f) rGO-1, (g, h) rGO-2.
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Fig. 3. Representative EDX spectra of the investigated samples. Cu signal stems from the SEM sample holder. Spectra have been represented in log scale in to clearly

visualize elements present in low concentrations.

solutions based on fluorinated solvents are frequently employed in LIBs.
Silicon and aluminum can be related to the electrical components and
the case of the dismantled batteries. These elements are probably pre-
sent due to the fact that silica and alumina cannot be removed by the
H3S04/H3POy4 solution used during graphite oxidation or by the HCl
solution used during the graphite oxide washing process. The subse-
quent reduction protocol effectively removes or decreases the concen-
tration of many of these impurities. The presence of titanium in the rGO-
samples agrees with the existence of Ti impurities in the precursor
graphites. As in the case of Si and Al, this element is hardly removed by
the successive washing steps. Moreover, reduction clearly decreases the
oxygen content of the GO samples due to the removal of organic groups,
increasing the relative carbon concentration measured in rGO samples.
The high carbon content measured by EDX suggests a rather strong
degree of reduction of the GO samples, similar to rGOs synthesized from
natural graphite by combining chemical and thermal reduction [29].
The spatial distribution of the main elements detected in the different
samples are shown in Figs. 4-7. Carbon and oxygen distribution are
homogeneous throughout the whole material in all the investigated
samples. This is also the case for sulfur, chlorine and phosphorous in GO
samples. On the contrary, our EDX mappings reveal that Si and Al signals
concentrates in small particles showing a bright contrast in BSE images,
which is due to the higher atomic number of these elements, as
compared with that of carbon. Very often, a clear correlation is observed
between Si and O distribution, which strongly suggests the existence of
silica particles in both the GO and rGO samples investigated. The
absence of the corresponding diffraction maxima in XRD patterns
(except G-2), can be explained by the low crystallinity of these particles
and/or its small concentration. The correlation is less clear in the case of

Al and O spatial distributions, although sometimes is observed as well.
As for Ti, which was only detected in rGO samples, signal is found to
come from small particles as well unevenly distributed on the C-rich,
bigger structures. The spatial distribution of this element is neither
correlated with that of Si nor with that of oxygen but sometimes with
that of Al (see Fig. 7).

3.3. Brunauer-Emmett-teller (BET) analysis

The Brunauer—-Emmett-Teller (BET) method was used to determine
the specific surface area. This is an important parameter because it in-
fluences the specific capacitance which is directly related to the elec-
trical properties and adsorption capacitance. Specific surface area (SSA)
has been calculated only for the final products rGO-1 and rGO-2, since
the synthesis of these products causes the greatest expansion of the
materials, mainly due to the heat treatment. For both rGO samples, the
calculated BET surface areas were of the same order of magnitude with
values of 197 m?/g and 381 m?/g for rGO-1 and rGO-2, respectively.
These remarkable specific surface areas demonstrate that the thermal
treatment increases porosity. Although these values are far from the
theoretical value of isolated graphene sheets of 2630 m2-g~! - which is
indicative of grafting due to the agglomeration and partial overlapping
of reduced sheets during the thermal reduction process [17]- they are
comparable to those reported in rGO samples after similar treatment
[35]. It is observed, however, that the SSA obtained for the rGO-2
sample is higher. Taking into account that the procedure applied to G-
1 and G-2 recycle graphite samples for the synthesis of GO and rGO is the
same, the difference in SSA may be partly due to the acid used in the
obtaining of the recycled graphite. In the present case, a higher SSA
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Fig. 4. SEM-EDX mappings from sample GO-1.

Fig. 5. SEM-EDX mappings from sample GO-2.
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Ti

Fig. 6. SEM-EDX mappings from sample rGO-1.

S

Ti

Fig. 7. SEM-EDX mappings from sample rGO-2.

value is obtained with citric acid, which is more ecofriendly. Since rGO-
2 is obtained from black mass treated with the mentioned acid, this route
offers an attractive compromise between the use of environmentally
friendly chemicals and efficient rGO production.

3.4. X-ray diffraction (XRD)

The structural characterization of all obtained samples was first
carried out by X-ray diffraction (XRD). Fig. 8 shows representative XRD
patterns of the investigated samples. Regarding the recovered graphite
samples obtained from spent batteries (i.e. G-1, and G-2), the more
intense diffraction maxima can be indexed to the carbon-graphite phase
[ICDD 00-041-1487], with hexagonal structure and space group P63/
mmec. The corresponding Miller’s indices are also shown in Fig. 8.

The obtained G samples are high-quality graphites as revealed by the
calculated mean interlayer spacing (dgo2) as well as the graphitization
degree (g) (Table 3). For both recovered graphite samples, the calculated
doo2 were very similar to that of ideal graphite (0.3354 nm) with dgo2
values of 0.3356 nm and 0.3360 nm for G1 and G2, respectively. In
addition, the calculated graphitization degree was 96% for G1 sample,

and 91% for G2 sample (Table 3). So, both recovered graphite samples
can be classified within graphitic materials [36].

In the particular case of the G2 sample, weaker peaks can also be
appreciated. These maxima can be mainly attributed to SiOy [96-101-
11771, and Aly03 [96-901-6250] as secondary phases. The origin of
these impurities is addressed when discussing EDX results. More eco-
friendly conditions used in the latest case could lead to graphite with
a slightly higher content of impurities in its composition. Actually,
another weak diffraction maximum can be attributed to NiO in sample
G-2). However, a relatively high Ni concentration is evidenced by XRF in
the mentioned sample, which suggests the amorphous nature of the Ni-
containing inorganic phase. A similar phenomenon was previously
observed in other nanocomposite structures based on graphene-related
materials [37]. Fig. 8 also shows XRD patterns of GO and rGO sam-
ples. XRD patterns of both GO samples show a dominant diffraction
maxima, peaked close to 20 = 11° (Table 3), that can be attributed to
(001) orientation of GO [38]. In fact, both GO-1 and GO-2 XRD patterns
show only two maxima corresponding to graphene oxide. Diffraction
maxima associated to impurities present in G1 and G2 are no longer
observed. In rGO samples the occurrence of a wide peak at 26 = 23°
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Table 3

Position of relevant XRD maxima, interlaying spacing and graphitization degree
(%) of each sample.

Sample  Position 1 Position 2 Interlaying Graphitization
29) 20) spacing (nm) degree (%)

Gl - 26.6637 0.3356 96

G2 - 26.3721 0.3360 91

GO-1 10.835 - 0.8159 -

GO-2 10.5864 - 0.8350 -

rGO-1 - 23.7434 0.3744 -

rGO-2 - 23.2578 0.3815 -

evidences the arrangement of the crystal phase at the orientation (002)
[39]. The removal of oxygen-containing functional groups reduces the d-
spacing of rGO, as compared with GO (Table 3). As in the previous case,
the contribution of impurities is not appreciated. Another less intense
peak can be observed at 20 ~ 44° in rGO samples, which is character-
istic of disordered carbon materials, with (100) orientation.

3.5. X-ray photoelectron spectroscopy (XPS)

Fig. 9 shows, as an example, XPS survey spectra of the graphene
oxide GO-1 and the reduced graphene oxide rGO-1 samples. The survey
scan for the graphene oxide shows the presence of C, O, N, Si, and S.
However, reduced graphene oxide sample shows C, O, and Si as con-
stituents. The corresponding quantification of XPS analyses (normalized

wt%) of the obtained samples are shown in Table 4.

The C1s spectrum of the samples can be fitted using five individual
component peaks (Fig. 10). Generally, the binding energy of the C—C
sp? and sp® bonding are assigned to 284.5 and 285.5 eV, respectively,
with a chemical shift distribution of +1.0 eV for the sp® bonding; C-O/C-
N functional group at 286.0 eV (shifts of 1-1.5 eV to sp? binding energy),
C=0O0 functional group at 288 eV (shifts from +2.0 to +2.5 eV to sp>
binding energy) and + 4.0 eV for the COOH functional group (289.3 eV).
The relative spectral weights of all these functional groups bands
strongly decrease in spectra from rGO samples, as expected after the
thermal annealing treatment. Table 5 shows the at.% of the C-containing
functional groups as well as the C/O atomic ratio for GO and rGO
samples.

According to the analysis of our XPS data, both graphene oxides
show very similar Csp? percentage and C/O ratio irrespective of the
synthesis route followed. In addition, the calculated C/O ratio as well as
the different contributions of the organic groups are in close agreement
with values calculated for highly hydrophilic GOs obtained from natural
graphite after the application of the Tour synthesis method [40]. After
reduction, the amount of Csp? is very similar in both samples, ac-
counting for 74%, which suggests a significant restoration of sp?
conjugation comparable with rGOs obtained by high performance
reduction treatments [41]. C — O signals decreased more significantly
than those from O=C — O, indicating that most of the oxygen functional
groups present in GO are removed mainly from the surface rather than
edges [42]. In addition, the obtained C/O atomic ratios of 5.80 for rGO1
and 8.09 for rGO2 are notably higher than those found for rGOs obtained
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Fig. 9. XPS survey spectra of samples GO-1 and rGO-1.

Table 5

At.% of C-containing functional groups and C/O ratio obtained through XPS Cls

spectra fitting.

Sample  Csp® Csp® C-0/C-N c=0 COOH c/0
(%) (%) (%) (%) (%)

GO-1 16.6 24.8 44.1 8.9 5.7 1.70

GO-2 15.4 26 40.1 10.8 7.7 1.73

1GO-1 745 2.7 15.5 4.5 2.8 5.80

1GO-2  74.2 5.0 13.8 3.9 3.0 8.09

rGO-2

T
2%0

T V
=4 280

Binding Energy (eV)

Table 4
Quantification of XPS analyses (normalized %wt.) carried out in the GO and rGO
samples.
Sample GO-1 GO-2 rGO-1 rGO-2
Carbon 54.12 54.59 85.85 81.32
Oxygen 42.52 41.96 14.15 18.68
Sulfur 1.41 2.11 - -
Silicon 0.82 - - -
Nitrogen 1.13 1.33 - -
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Fig. 10. Curve fitting of the C1s XPS spectra of the GO and rGO samples.
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after thermal reduction treatment at 400 °C [42], indicating a high
reduction degree.

3.6. Fourier-transform infrared spectroscopy (FTIR)

Representative FTIR spectra of the graphene oxides as well as
reduced graphene oxides obtained from recycled graphites are shown in
Fig. 11. GO-1 and GO-2 present the characteristic FTIR spectral features
of highly hydrophilic graphite oxides, which are similar to those ob-
tained from natural graphite powder [43]. Several absorption bands can
be appreciated in the (4000-400) cm ! range. Precisely, spectra of our
GO samples exhibit several absorption bands peaked at about 1040
em™}, 1395 em™, 1630 cm’l, and 1735 cm™! that can be attributed to
the C—O stretching, C-OH bending, C—=C stretching, and C=O
stretching, respectively [13,15,17]. This result confirms the presence of
the mentioned oxygen functional groups in both GOs. These bands were
found to disappear and/or dramatically decrease in spectra measured in
the corresponding reduced graphene oxides, which agrees with the
removal of oxygen-containing functional groups in GO samples [17]. In
addition, both spectra show a broad band at 3430 cm™! due to O—H
stretching. All the mentioned FTIR bands are much better defined in the
spectra of the GO samples, evidencing the oxidation of the starting
graphites to graphene oxides. Besides, the existing C = C peak at 1620
em ™! in the spectra of both rGO samples indicates an effective restora-
tion of the m-conjugated structure of carbon atoms [44]. These results
strongly suggest that the reduction of both graphene oxides obtained
from recycled graphites was carried out satisfactorily.

Transmitance (%)

R
L (C=C) g(C-OH)
T

L [} L 1 " ! " 1 L 1 " ! " 1

4000 3500 3000 2500 2000 1500 1000 500
v (cm™)

Fig. 11. FTIR spectra of the obtained GOs and rGOs samples.
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3.7. Micro-Raman spectroscopy

Raman spectroscopy is a non-destructive technique particularly
suitable for the characterization of carbon allotropes and carbon-based
materials, providing information regarding its morphology, defect
structure, and graphitization degree due to its sensitivity to structural
changes [45,46]. XRD provides long-range structural information and is
not a spatially-resolved technique — which means that averages the
structural characteristics of GO and rGO layers and agglomerates with
different sizes, morphologies and defects. On the contrary, micro-Raman
spectroscopy is able to provide short-range structural information of
individual layers and particles, being both techniques complementary.
Raman spectra of the GO and rGO samples under 325 nm (UV) excitation
are shown in Fig. 12(a), while spectra recorded from the rGO samples
under 633 nm excitation are shown in Fig. 12(b). The strong PL emission
measured in the latter samples when excited by the 633 nm laser (see
Supplementary Material) precluded the obtaining of good quality
spectra. In order to gain insight into the structural characteristics of both
kinds of samples, spectra were deconvoluted to a sum of Lorentzian
profiles. An example of the results obtained for GO and rGO samples
under UV excitation are shown in Fig. 13, while the peak position found
for all samples appear listed in Table 6. The dominant bands are peaked,
under UV excitation, at about 1402 and 1602 cm™! for GO samples and
near 1405 and 1597 cm ™! for rGO samples and correspond to the well-
known D and G bands. In the case of 633 nm excitation (Fig. 14 and
Table 6), the D and G bands appear respectively peaked at 1328 and
1595 cm ™. The significant shift of the D band peak position is explained
by the dispersive nature of this Raman band [47]. Moreover, UV Raman
spectroscopy is particularly sensitive to the sp® carbon sites, while
visible Raman spectroscopy (633 nm in the present work) is more sen-
sitive to the sp-bonded sites, since visible excitation resonates with the 1
states. In fact, it has been reported that - for several carbon-based ma-
terials - UV Raman spectroscopy is the only method to obtain reliable
structural information due to the fact that visible Raman spectra of such
materials are masked by interference from luminescence or strong
scattering from spz—bonded carbon atoms [48]. In addition, it can be
observed that the Ip/Ig ratio decreases by increasing the laser excitation
energy, in agreement with multi-wavelength Raman studies of different
carbon compounds [49].

The D peak is a defect-activated band associated to the breathing
modes (A;g symmetry) of six carbon-atom rings K-point phonons. The D’
band, peaked at 1625 cm ™! in GO spectra and ~ 1617 cm ™! in rGO
spectra, is also related to defects, and originates from intra-valley one-
phonon double resonance Raman processes involving one longitudinal
optical phonon near the I' point of the Brillouin zone (BZ) and one
defect. These modes are not Raman active in first order Raman scat-
tering of perfect samples but become Raman active in defective carbon
materials owing to defect-induced double resonance Raman scattering
processes involving the electronic n—n* transitions [50]. The G band is a
doubly degenerate phonon mode (Epg symmetry) at the BZ center that is
due to the bond stretching vibrations of all pairs of sp> atoms in both
rings and chains of carbon networks [51,52]. The 2D band, near 2770
em ™}, is a second order peak that corresponds to the harmonic of an in-
plane transverse optical (TO) mode close to the zone boundary K point
[50]. Some other bands related to the second order Raman spectrum
were found. These appear centered at about 3000 and 3190 cm ™~ in both
GO and rGO spectra and can be attributed to the D + G combination and
to the harmonic 2G, respectively. In addition, several additional bands
were found to be necessary to properly fit the experimental Raman data.
These bands have been labeled for increasing peak wavenumber as P1 to
P6 (Tables 6 and 7) and are mainly associated to defects and/or func-
tional groups present in the GO and rGO samples, as explained in the
following. It should be mentioned that observation of these bands de-
pends on the sample considered (GO or rGO) and the excitation condi-
tions (UV vs visible laser excitation). P1, centered ~1170 em ! is a weak
band only observed in rGO samples under 633 nm excitation. The origin
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of this band, sometimes named D*, is still unclear. It has been observed
in many carbon materials, including GO samples with different chemical
compositions [53] and nanocrystalline diamond [54]. The mentioned
band is usually assigned to sp° carbons in amorphous or disordered
graphitic lattices [53,54] or to sp>-sp° bonded edge carbon atoms [55],
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although some authors attribute this peak to C=C stretching and CH
wagging modes of trans-polyacetylene [54], which is unlikely in our
case. Our P2 band is observed centered near 1240-1250 cm ™. A similar
band has been observed in Raman spectra of oxidized graphene oxide
(0GO) [55] and attributed to COOH/C-OH functional groups, which is
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Table 6
Peak position of the bands found by deconvolution of Raman spectra of the investigated samples under UV excitation.

Sample / band P2 D P4 P5 G D P6 2D D+ G 2G
GO-1 1243 1402 1512 1577 1603 1625 1759 2787 2998 3190
GO-2 1200 1405 1528 1581 1604 1626 1763 2766 3001 3194
1GO-1 1256 1404 1496 1568 1597 1619 - 2773 2995 3192
rGO-2 1254 1405 1494 1561 1594 1615 - 2771 3001 3192
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Fig. 14. Lorentzian deconvolution of a representative Raman spectrum from sample rGO-2 in the (800-3400) cm ™! range (a) and in the (850-1950) cm™! range.
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Table 7

Peak position of the bands found by deconvolution of Raman spectra of the rGO samples under 633 nm excitation.
Sample / band P1 P2 D P3 P4 P5 G D 2D D+G 2G
rGO-1 1167 1242 1329 1430 1518 1571 1595 1615 2640 2909 3181
rGO-2 1173 1250 1327 1399 1510 1572 1596 1615 2644 29011 3189

in agreement with our XPS measurements. The peak labeled P3 is
observed in the (1400-1430) cm ™' range only in rGO material and
under visible (633 nm) excitation. Detailed annealing studies carried out
in GO have assigned this Raman band, also under 633 nm light excita-
tion, to the covalent attachment of oxygen (C-O/C=0) to edge carbon
atoms [55]. As for the P4 peak, the position and behaviour of this Raman
band agrees with that named D’in previous works on GO samples with
different chemical compositions. This band, observed centered between
1505 and 1540 cm™!, has been attributed to amorphous phases in GO
[53,56]. The peak position of the mentioned band was found to shift
towards smaller wavenumbers as the oxygen content was reduced. In
our case, the band appears peaked near 1520 cm ™! under UV excitation
and at about 1495 cm™! in spectra of reduced samples, in agreement
with the described trend. P5 appears centered at ~1580 cm™! in GO
spectra and between 1560 and 1570 cm ™! in rGO. The proximity of this
peak to the G band suggests that it could be related to C—=C vibrations of
atoms in the close proximity of a functionalized C atom, which would
slightly distort the pristine carbon network due to functional groups-
induced strain [57]. Band labeled P6, peaked near 1760 ecm™, is very
weak and only observed in GO samples. A band at 1750 cm™! has been
experimentally observed in GO films [58] and also found to disappear on
reduction. This band has been assigned to Stone-Wales defects - also
termed 5-7-7-5 rings, since they are made of two heptagonal and two
pentagonal carbon rings. Such attribution agrees with DFT calculations
carried out for graphite oxide and functionalized graphene, which
indicate that the mentioned defects give rise to a Raman band at about
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1745 em™! [59].

3.8. Electrical characterization

I-V curves recorded in all the samples investigated are shown in
Fig. 15. Values obtained for GO and rGO samples are comparable or even
larger than those reported in the literature for samples grown by the
Hummers method from commercial graphite flakes [57,59,60] or puri-
fied natural graphite [61]. As expected, reduction significantly increases
conductivity. Actually, the conductivity of the rGO samples was found to
be almost three orders of magnitude larger than that of the starting GO
material. Such enhancement agrees with the increased C/O ratio
determined from our EDX, XRF and XPS measurements. In fact, rGO
often shows a semiconductor behaviour, depending on the correspond-
ing band gap width on the kind and concentration of functional groups.
Although the effect of many functional groups on the band gap structure
of GO and rGO has not been systematically investigated, an increased
concentration of oxygen-containing groups generally increases the band
gap width and reduces the electrical conductivity [62]. Transitions from
insulating to semiconducting to semi-metallic behaviour have been
experimentally observed in GO samples obtained by different methods
depending on the reduction degree and physico-chemical characteristics
of the starting materials [63,64]. These transitions are generally
attributed to an increase of the number and size of sp2 domains - sepa-
rated by non-reduced sp® areas - as reduction proceeds, which might
even lead to the formation of percolated sp® networks. This is supported
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Fig. 15. Representative I-V curves recorded in the investigated GO (a) and rGO samples (b).

by our XPS measurements, showing a clear increase of the Csp? / Csp®
ratio in the investigated rGO samples, as compared with that measured
in GO. For moderate reduction, charge transport is thought to be ruled
by variable range hopping [59,65], a mechanism involving inelastic
tunneling that has been observed in other disordered carbon compounds
[66] and that accounts for the non-linear character of the recorded I-V
curves together with the Schottky type GO/rGO-metal electrode con-
tacts [59].

3.9. Potential applications of the obtained graphene-based materials

In spite of not being flat materials, its wrinkled structure - as well as
its abundant surface oxygen-containing functional groups - may be ad-
vantageous and allow the obtained GOs to exhibit specific characteris-
tics that could be useful for potential applications [67]. Obtained GOs
are ideal to be chemically modified with organic compounds to prepare
composites which can be used as coatings with anticorrosive applica-
tions [68]. This is useful because these nanocomposites exhibit
remarkable gas barrier properties that can be applied to effectively
reduce oxygen and water vapor permeability which is a key aspect in the
development of electronic devices. Environmental applications of pre-
sent GOs include its potential for effectively removing toxic gases. Ac-
cording to the literature, layered wrinkled GO structures present
selective channels for gas separation with excellent preferential CO4
permeation performance [69]. Since prepared GOs exhibit high hydro-
philicity, they are suitable to prepare graphene oxide membranes with
ability for bind heavy metals which is useful in water treatment and
analytical applications [70-72].

Potential applications of the obtained rGOs are linked to its high
conductivity and its remarkable SSA values. The high surface area and
porous structure of rGO improve electron mobility, which is crucial for
energy storage applications such as supercapacitors [73]. The obtained
SSA for rGO-2 is close to those observed for highly reduced graphene
oxide (HRGO) based capacitors (468 mz-g’l) [74]. Another interesting
capability of the synthesized rGOs concerns its use in sorbents with
superior performance relative to pure materials. Catalytic applications
of rGO-based sorbents include a wide range of processes mainly related
with the environment and energy generation fields [75-79]. SSA values
of most employed rGOs for such applications range from 50 to 400
m2.g~!, which encompass the SSA values of rGOs obtained in this work.
In a recent study, the suitability of rGO-NiO-ZnO based sorbents for
hydrogen sulfide removal from syngas has been demonstrated [80].
Since our rGO-2 presents a SSA value (381 m2g™!) very close to that
measured for rGO used in the above-mentioned work (403 m2~g’1), the
use of rGO-2 obtained from the black mass recovered from spent bat-
teries represents an interesting and feasible alternative for this kind of
technological application.
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4. Conclusions

GO and rGO have been synthesized by using graphite extracted by
two different acid leaching methods from black masses of spent vehicle
LIBs as starting material. As compared with previous works based on the
recycling of a single battery from a small-scale device, the precursor
material here used is representative of a larger-scale recycling proced-
ure, involves the processing of both cathodic and anodic materials, and
concerns a larger number of batteries from different sources (vehicles)
and operated in diverse conditions. The morphology, chemical features,
structure and electrical properties of the samples have been thoroughly
investigated by using several complementary characterization
techniques.

The GO samples were obtained by the Marcano-Tour method. No
significant differences were observed for both GOs, being very similar to
those obtained from natural graphite. Hence, the use of citric acid for the
black mass treatment is highly recommended in order to reduce the use
of toxic and non-environmentally friendly reagents. SEM images show a
distinctive wrinkled morphology which is partially lost due to layer
stacking after annealing treatments carried out to obtain the corre-
sponding rGO samples. XRD patterns show the expected maxima for GO
and rGO materials and no secondary phases. XRF and SEM-EDX results
evidence the existence of small amounts of different impurities in the
samples, in particular uniformly distributed silica and alumina micro-
particles. BET measurements show rGO specific surface areas in the
(195-385) m?/g range, which are comparable to those measured in rGO
obtained from non-recycled graphite precursors. The existence of
several oxygen-containing functional groups was assessed by FTIR and
XPS measurements. The kind and concentration of these groups were not
found to depend significantly on the leaching conditions used to obtain
the precursor graphites. Thermal annealing leads to a decreased con-
centration of these groups and the corresponding increment of the C
concentration in both rGO materials. Deconvolution of Raman spectra
acquired under different excitation conditions reveals bands that can be
attributed to different kinds of defects in the carbon network of the
samples as well as bands that can be attributed to some of the O-con-
taining functional groups observed by XPS. Electrical measurements
show that the conductivity of our GO and rGO samples are very similar
or even larger than those reported for samples obtained from commer-
cial graphite or purified natural graphite. Based on the characterization
results of the obtained graphene-related materials the potential capa-
bilities of both GOs and rGOs make them a suitable alternative for a
great variety of uses in different fields. Our work evidence this is a cost-
effective and sustainable route to obtain graphene-based materials with
highly competitive properties, contributing to the circular economy and
the recyclability of wastes which are traditionally discarded.
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