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The pathway for improving lithium-ion batteries’ energy density
strongly depends on finding materials with enhanced perform-
ance. Although great efforts have been done, on the anode-
side, graphite is still the best choice. In the last decade, silicon
elements are attracting growing attention as anode since their
use can theoretically increase specific capacity of the negative
electrode side. However, as the electrochemical mechanism
involves the alligation of a large amount of Li, the silicon
electrode experiences huge volume changes (more than 300%

of its initial volume), leading to fractures and pulverizations of
the electrode. Herein, we propose for the first time using
Molybdenum and Chromium Carbides as additive to stabilize
graphite/silicon composites. Spark plasma sintering technology
is used to sinter the electrode powders. We demonstrated that
the presence of molybdenum or chromium carbides promotes
the performance of C/Si electrodes, improving the cycling
stability compared to pristine graphite/silicon electrodes.

Introduction

Lithium-ion batteries are today widely employed in portable
electronic markets as the possibility to get a fast charging rate
with good durability. Recently, the need to reduce fossil fuels
paved the attention to employing such devices in powering
electric vehicles, with the final goal of going zero emission in a
short period. However, several reasons hinder the widespread
of such technology in electric cars.[1] Among the others is the
low energy density limited by using electrodic materials with
low specific capacity.[2,3] One of that is the anode side, today
commercially constituted by graphite-based electrodes, with

Lithium storage thermodynamically limited by the intercalation-
deintercalation mechanism of Li+ in graphene layers
(372 mAhg� 1).[1,4–6] As an alternative to graphite anode, silicon
attracted growing attention due to its high theoretical capacity
(3579 mAhg� 1) thanks to the alloying chemistry during lithia-
tion (Li15Si4), the low working potential (about 0.4 V vs. Li+/Li),
the natural abundance and the non-toxicity.[1] However, the
development of commercial silicon anodes is still a big
challenge as massive volume changes of silicon particles (more
than 300%) during the (de)lithiation process, which leads to
fracture of the silicon and deformation of the electrode,
pulverization and delamination.[1,7]

Furthermore, Si particles catalyze the decomposition of the
electrolyte with the uncontrollable growth of solid electrolyte
interface while being semi-conductor with low electronic
conductivity of 6.7×10� 1 Scm� 1 which limits the rate charge.[7–10]

To address the problems above, different approaches have
been proposed in the last decade; one of these is to employ
nanostructured Si (nanoparticles, yolk-shell, nanowires etc.),[11–13]

composites,[14–16] polymer binders,[17–19] and additives[19,20] to
improve Si-electrode performance in Li-cells. Involving metal
carbides in silicon anodes is an additional strategy not yet
explored to increase the capacity and cycle-life. Firstly,
composite silicon/wolfram carbide@graphene with a particular
microstructure has been reported to maintain high initial
coulombic efficiency and long cycle life, alleviating structural
changes.[21] In contrast, metal carbides (Mo2C, Cr2C3, etc.) in the
form of Si� Cr3C2@few-layer graphene and Si� Mo2C@few-layer
graphene electrodes were also reported with good electro-
chemical performance.[22] Furthermore, carbides, in general, can
also provide an excellent conductive skeleton to improve the
electronic conductivity of Si, thanks to the presence of nano-
conductive channels that reduce electron transfer
resistance.[23,24]
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This paper reports on using carbides (Mo and Cr based) in
graphite-silicon composites for lithium-ion batteries. A simple
to scale two-step process, consisting first in the formation of
metallic carbides (molybdenum or chromium) in the matrix of
graphite using spark plasma sintering technology and then in
mixing graphite/carbides with Si nanoparticles (<250 nm) by
ball milling was reported. Electrochemical performance is
investigated and compared with standard graphite/Si nano-
particle electrodes. The results demonstrated how the presence
of carbides stabilized the electrochemical performance regard-
ing coulombic efficiency and cycling stability.

Results and discussion

Starting from battery-grade graphitic powder, a first electrodic
powder was synthesized by dispersing 20% Si nanoparticles in
commercial graphite powder (see experimental section); the
obtained material was called GHDR 15–4. A second material
was synthesized using graphitic powder named Asbury, follow-
ing dispersing of 20% Si. The third material was synthesized by
including in the graphitic matrix of Asbury 5% MoC and 20% Si
nanoparticles, named Asbury-MoC. A fourth material was
obtained mixing in the graphite 5% Cr3C2 and 20% Si
nanoparticles, called Asbury-Cr3C2. All materials were first
characterized by the use of X-ray diffraction (XRD), Figure 1a. All
samples showed the presence of typical graphite and Si peaks,
moreover, with reduced intensity for the sample, MoC (green)
and Cr3C2 (orange) peaks, respectively. Raman spectroscopy was
also performed for all samples, Figure 1b; corresponding Raman
spectra highlighted peaks related to crystalline silicon (around

520 cm� 1).[25,26] Furthermore, D- and G-bands (Figure 1c), typical
of carbon-based materials, were detected close at 1350 and
1580 cm-1.[26,27] G-band intensity is higher than D-band for all
samples because of an ordered graphitic matrix.[25] Intensity
ratio between D and G peaks have been calculated and
reported in Table S1; the derived values highlighted difference
between GHDR 15–4 and Asbury graphite, with the last one
more graphitic. Furthermore, the addition of Carbides additives,
including the spark plasma synthetic pathway, brought to more
ordered materials. The scanning electron microscopy (SEM)
images, including energy dispersive spectroscopy (EDX) evi-
denced a uniform distribution of Si (green color) in the graphitic
matrix (red color) for all samples. At the same time, also second
phases of Mo (blue color) and Cr (blue color) were well
dispersed, Figures 1d–g. All samples mechanical and electrical
properties were also measured (Table S2). The results showed
improved elastic modulus, flexural strength, and electrical
conductivity in samples containing carbides, Asbury-MoC and
Asbury-Cr3C2.

[28–31] This is related to the fact that the presence of
carbides chemically attached to graphite particles can provide
bridges in all space directions (x,y,z)[28–32] positively impacting
mechanical properties. Moreover, carbides are good electrical
conductors, and their dispersion in the compound can increase
electron transference, enhancing the electrical
conductivity.[28–31,33]

Electrochemical performance in Li-half cells

The electrochemical cycling tests were performed using the
four compounds, with and without the addition of Si-nano-

Figure 1. Pristine materials characterization: X-Ray diffraction patterns (a), Raman spectra (b) and SEM-EDX analysis for the GHDR15-4 (c, blue), Asbury (d, red),
Asbury-MoC (e, green), Asbury-Cr3C2 (f, orange).
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particles, as electrodes in Li-half cells; the cells were built using
LP30 electrolyte (see the experimental section for composition).
A first galvanostatic cycle is performed at C/10 rate (1 C=

3500 mAg� 1), to form a stable solid electrolyte interface at the
surface of the particles and consequently stabilize the
electrodes.[34–36] Following a current of C/3 is applied to evaluate
the long-term performance of the compounds. The presence of
Si improves the capacity for all materials, i. e., almost double,
during the first cycle. Besides, the SEI formation occurs in the
discharge process between 0.5–0.7 V, Figure 2;[37] in subsequent
cycles, this slope change disappears (Figure S1). The first
discharge involves in the range of potential below 0.2 V the
lithiation process of Li+ ion intercalation in the structure of the
active material: xLi+ +6 C!LixC6 (0<x�1) and the Li-alloy
formation: yLi+Si!LiySi (1.71<y�4.4).[38, 39] In the following
charge, the de-lithiation reaction of graphite, i. e., below 0.25 V,
and de-alloying of Si, between 0.3 and 0.5 V, take place.[22,39–41]

In this aspect, during the first cycle, the Li-cell using the pristine
Asbury graphite and the Asbury-20%wt Si, Figure 2b, shows
mostly the graphite intercalation and de-intercalation. The rest
of the samples highlighted the graphite and silicon lithiation
process.

After initial activation, during the first 100 cycles (Figure S2),
all the electrodes (with and without Si-nanoparticles) showed
similar trends, with initial capacity decay in the first ten cycles
and following stabilization. Focusing more in detail on the
evolution of this up to 100 cycles, Figure S2, it is observed how
GHDR15.4 sample (a) reaches the stability at around cycle 40,

and its capacity goes, approximately, from 125 to 250 mAh/g
and Asbury sample (b) reaches the stability at around cycle 25
and its capacity increases of more >130% (from 90 mAh/g to
230 mAh/g). Finally, Asbury-MoC and Asbury-Cr3C2 samples (c
and d) are stable above cycle 50, improving their capacity until
~200 mAh/g from less than 120 mAh/g. Therefore, the electro-
des formed by active materials without carbides stabilize their
capacity quickly, mainly because they are more sensitive to
activation, and the gain in capacity is greater than those with
carbides. Carbide presence causes the slower formation of
stable SEI layer on particles, and stabilization up to running
values,[39,42] apart from having lower theoretical specific
capacity.[42,43] Asbury sample reaches stability sooner than the
other, which can be the size and morphology of particles lower
than the rest of the active materials and flakes.

Prolonged cycling performance were performed for over
400 cycles and reported in Figure 3. First, the cells were
activated at C/20 current rate (Figure 3a), as the presence of
carbides in the graphitic structure requires a longer time to
form a stable SEI interface during the 1st cycle, with consequent
activation of electrode particles upon cycling. Thus the
formation of SEI is slowly, providing faster activation and
stabilization of all materials, with improved delivered capacity:
for GHDR15-4 above 300 mAhg� 1, Asbury around 275 mAhg� 1,
Asbury-MoC to 250 mAhg� 1 and Asbury-Cr3C2 above
200 mAhg� 1. A major improvement is on prolonged cyclic
performance, where electrodes with carbides in their structure
showed very high stability. The different LiySi phases formation

Figure 2. 1st cycle charge-discharge profile, C/10; cut off 0.01-2 V. Materials with and without 20% Si nanoparticles addition: GHDR15-4 (a), Asbury (b), Asbury-
MoC (c), Asbury-Cr3C2 (d).
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originates successive volume expansions in their internal
structure during lithiation/delithiation processes.[44] This stress,
generated by those sudden changes, leads to a fracture of the
active material connections, producing a progressive disintegra-
tion of the electrode.[45] Consequently, the SEI layer is affected
by Si cracking and pulverization, and part of the electrode
surface is again exposed to the decomposition of the electrolyte
through irreversible consumption of Li+ ions to form a new SEI
layer.[46–48] Since carbides were demonstrated to enhance the
mechanical properties of the compound powder, see Table S1,
the electrode and the associated SEI layer are more flexible,
mitigating cracking due to huge volume changes, thus
extending the cycle-life of the electrode.[22] Furthermore, adding
Cr3C2 and MoC sintered with graphite can generate conductive
channel networks that enormously improve the electrical
conductivity (Table S1).[42] They provide stable morphology and
conductive skeletons for the diffusion of Li+ ions, increasing
interfaces, and transfer of electrons.[22,49]

To investigate galvanostatic results, electrochemical impe-
dance spectroscopy analysis (EIS) was carried out to evaluate
the SEI interface resistance of electrodes at the 1st and after 400
cycles, Figure 3b and c.[50] The Li-ion half-cell system was
modeled using a typical equivalent circuit,[50,51] represented in
Figure S3. The overall resistance of electrodes containing

carbides is maintained stable, Figures 3b and c, while the
GHDR15-4 and Asbury electrodes highlighted a significant
resistance increase.

All parameters resulting from the fitting analysis are
reported in Table 1, where R1 corresponds to the Li-half cells
bulk resistance, which includes the electrolyte, separator, and
electrodes.[50] In all the cases after cycle 400, the R1 has the
same range of values. R2 and Q1 are the resistance and
capacitance of the SEI layer; R2 shows a significant increase in
GHDR15-4 and Asbury cells after 400 cycles, indicating the SEI
layer growing upon cycling. Q1 decreases for the graphite,
specifying that the SEI layer is more compact and inorganic
(Li2O, LiF, Li2CO3, SiO2). At the same time, Q1 slightly rises after
400 cycles in carbides, marking a porous and more organic SEI
(lithium organic carbonates and carbon compounds). T1 is a
time constant obtained by multiplying R1 and Q2; this indicates
the time that Li+ ions take to penetrate the SEI layer towards
the active material surface. Lithium motion is shown slower in
samples without carbides. Continuing with the analysis, R3 and
Q2 represent the charge-transfer resistance and the related
capacitance. R3 is stable in all samples and does not remarkably
increase after 400 cycles. Carbides make electrochemical
reactions easier, improving the charge transfer of electrons and
Li+ ions. Q2 refers to the electrochemically active area for the

Figure 3. Cycle performance of the GHDR 15–4, Asbury, Asbury-MoC and Asbury-Cr3 C2 in Li-half cell using LP30 electrolyte (a). Cut off 0.01-2 V; 1st cycle
performed at C/20 and following C/3. Electrochemical impedance spectroscopy (EIS) of the Li-half cells using the four different electrodes at cycle 1st (b) and
after 400th (c) cycles.

Table 1. Electric parameters were obtained from the equivalent circuit fitted for the materials in the 1st and 400th cycles.

Parameter Cycle 1 (error �5%) Cycle 400 (error �5%)

GHDR15-4 Asbury Asbury-MoC Asbury- Cr3C2 GHDR15-4 Asbury Asbury- MoC Asbury- Cr3C2

R1 (elec.) [Ω] 5.8 8.0 8.6 10.1 33.9 24.9 26.9 25.3

R2 (SEI) [Ω] 35.6 41.2 50.1 36.2 340.9 304.5 81.3 73.1

Q1 [F] 6.5×10� 5 6.7×10� 6 2.9x10� 5 2.1×10� 5 1.9×10� 5 3.4×10� 5 4.7*10� 5 3.2×10� 5

T1=R2*Q1 [s] 2.3×10� 3 2.8×10� 3 1.5×10� 3 1.1×10� 3 6.4×10� 3 10.4×10� 3 3.8*10� 3 2.3×10� 3

R3(Ch. Tr) [Ω] 13.6 20.1 13.1 14.7 15.3 23.7 13.3 15.1

Q2 [F] 2.5×10� 3 2.8×10� 3 1.2×10� 3 2.3×10� 3 8×10� 4 1.6×10� 3 5×10� 3 3.1×10� 3

T2=R3*Q2 [s] 3.4×10� 2 5.6×10� 2 1.6×10� 2 1.1×10� 2 1.2×10� 2 3.8×10� 2 6.6×10� 2 4.7×10� 2

W1 [Ω] 5.1×10� 2 1.3×10� 2 3.7×10� 2 4.9×10� 2 1.2×10� 4 3.1×10� 3 6.7×10� 2 5.3×10� 2

W1 Change (%) – – – – � 99.8 � 76.2 +81.1 +8.2
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redox reaction, which decreases in the samples composed only
of graphite and silicon, while it remains stable when the
material includes carbides. Finally, W1 is the Warburg
impedance[50] and represents the Li+ ions diffusion in the host
material;[50] This is directly correlated with the diffusion
coefficient. For the samples without carbides, W1 values
strongly decrease, indicating a slower Li+ ions motion inside
the active material. The presence of carbides facilitates this
transportation improving the diffusion. With this quantification,
it can be affirmed that the presence of carbides helps the active
material, specifically to the volume changes of silicon, providing
structural integrity, more excellent electrical conductivity, and
control of the side reactions to achieve an adequate capacity
and spectacular stability for over 400 cycles.

To further support the Galvanostatic cycling performance
and the SEI resistance improvements when including 5%
carbides in the anodic powder, SEM images were collected on
electrodes recovered after 1st and 400th cycles, Figure 4. SEM
Images (BEI) give qualitative evidence of the cycling perform-
ance. In graphite without carbides (GHDR15-4: Figure 4a and
Asbury: Figure 4b), it is plainly observed the degradation in the
anode at cycle 400. There are big black zones evidencing the
formation of a thick SEI layer, which limits the redox reactions
with Li and cell operation. C, Si, O, and F content was also
evaluated using SEM-EDX, see Table 1. For pristine commercial
graphite, GHDR15-4 (Figure 4a) and Asbury graphite (Figure 4b)

shows a strong degradation of the electrode surface between
cycle 1st and 400th. The samples, including MoC, Figure 4c, and
Cr3C2, Figure 4d, showed different surface images. In particular,
the one including Cr3C2 shows a stable SEI layer but the
presence of some holes in the surface, confirming the lower
cycling stability of Figure 3, as SEI breaks down before than the
one with molybdenum (IV) carbide (Figure 4c), which showed
few signs of degradation. The ratio of C/Si, O/Si, and F/Si to
confirm the aforementioned statements have been collected
and reported in Table 2. In all cases, the percentages have
increased as a consequence of electrolyte degradation on active
material. However, materials with carbides experienced a lower
rise.

The EDX analysis highlighted the composition of the SEI
layer: silica (SiO2), organic and inorganic lithium carbonates
(Li2CO3), Li2O, and LiF. The presence of oxygen, deriving from
solvent decomposition, is an issue as it tends to oxidize metallic
species, forming oxides, such as SiO2, reducing the specific
capacity, cycling stability, and reversibility of the electrochem-
ical process. In this aspect, the presence of carbides acting as a
scavenger for oxygen avoids the polarization of the surface and
the formation of dangerous compounds such as silica. The
white fibers appearing in the SEM images after 400 cycles are
glass fibers derived from the separator used to build the Li-half
cells.

Figure 4. SEM images (BEI) of the materials after 1st and 400th cycles of discharge/charge. GHDR15-4 (a), Asbury (b), Asbury-MoC (c), Asbury-Cr3C2 (d).

Table 2. C/Si, O/Si, and F/Si ratio (considering wt. %) of the electrode materials recovered after 1st and 400th cycles.

Material C/Si O/Si F/Si

Cycle 1 Cycle 400 Cycle 1 Cycle 400 Cycle 1 Cycle 400

GHDR15-4 10.32 12.71 0.54 3.61 0.56 4.08

Asbury 13.64 20.57 0.76 5.49 0.44 4.86

Asbury-MoC 8.37 9.26 0.14 2.51 0.31 1.96

Asbury-Cr3C2 9.10 10.86 0.21 2.53 0.38 2.99
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Conclusions

We showed that the presence of carbides based on Mo and Cr
in a graphitic matrix including Si-nano particles produces a
beneficial effect in terms of mechanical properties, alleviating
Si-particle cracking due to huge volume changes during the
lithiation processes. The cycling performance of these materials
in Li-half cells showed improvements in delivered capacity and
cycle life. Despite a Coulombic efficency slightly lower than
pristine materials, the carbides added Silicon/Carbon electrodes
showed an improved efficency and capacity retention for
prolonged cycling, see Figure S4. This was also due to
optimizing the activation steps, reducing the cycling current
during the first discharge/charge to C/20 current rate, thus
favoring the formation of a less compact and thick SEI layer,
avoiding particles breaking upon Li+ storage. The presence of
carbide additives strongly stabilized the electrochemical per-
formance over 400 cycles, with no sign of capacity fading.
Deterioration mechanism was studied in pristine electrodes and
compared with carbides added; SEM images revealed few signs
of carbide based electrode deterioration, while EIS showed
stable interface resistance and Li+ diffusion in the active
material matrix. Thus, in conclusion, using metal carbides in Si-
based anodic materials opens the path to improve electro-
chemical performance and cycling stability.

Experimental section

Processing of graphite/silicon composites

Raw materials for the preparation of the graphite-silicon and
graphite-metal carbides (MoC or Cr3C2)-silicon materials for the
anodes consisted of:
- Battery-quality graphite (C-NERGY Actilion GHDR15-4 supplied

by Imerys): purity 99.95%, with spheroidal morphology.
- Standard graphite (Asbury Carbons Company): purity 99%, with

spheroidal-flake morphology.
- Molybdenum (H. C. Starck): purity 99.5%, with spheroidal

morphology
- Chromium (Sigma Aldrich): purity�99%, with spheroidal mor-

phology.
- Titanium (Abcr GMbh): purity 99.5%, with irregular morphology.
- Silicon (Ferroglobe): purity 99.9%, with spheroidal morphology

and mean particle size (d50) of 250 nm.

Spark plasma sintering has been used to prepare composites of
graphite-MoC and graphite-Cr3C2. The graphite employed to
fabricate the composites was non-specific for batteries, from Asbury
Carbons Company. First, molybdenum (or chromium) and titanium
powders were mixed in a roller mill with alumina balls for 24 h.
Then, the mixture has been charged into the high-energy attrition
mill (Union Process Inc. USA) with the graphite and 3 mm in
diameter alumina balls, and it was mixed for 3 hours at a rate of
45 Hz. Mixtures have been prepared using isopropyl alcohol to
facilitate the mixing and ensure a homogeneous material for later
operations. Finally, the material was dried at 100 °C and sieved by
125 μm. Two types of compositions have been prepared based on
the results in terms of electrical, mechanical, and thermal properties
studied in other research works:[28–31]

Graphite-5.5 vol. % molybdenum-0.6 vol. % titanium.

Graphite-5.5 vol. % chromium-0.6 vol. % titanium.

Titanium has been used to stabilize α-MoC1-x carbide (cubic,
unstable below 1960 °C).[28] In the case of chromium, the proportion
of titanium has been maintained to avoid adding new composi-
tional variables to the process.

Green compacts have been prepared by uniaxial pressing of the
powder’s mixtures at 20 MPa. Green specimens have been loaded
into the graphite dies, and the heat treatment has been different
depending on the composite to achieve the liquid phase sintering
based on the carbon-molybdenum and carbon-chromium binary
phase diagrams. This would lead a close contact between the
graphite and the metal to promote the formation of the carbides:

Graphite-molybdenum system: dwell temperature of 2640 °C for
20 minutes under an applied pressure of 25 MPa.

Graphite-chromium system: dwell temperature of 2000 °C for
20 minutes under an applied pressure of 25 MPa.

The process has not been simple but a reactive sintering process,
where the carbon has reacted with the metal to form the Carbide.
The sintered discs, 170 mm in diameter and 20 mm in height with
the already formed carbides were crushed and ground down to
<75 μm. These powders have been used as raw materials for the
anodes.

The mixtures of graphite-MoC, graphite-Cr3C2 and battery-quality
graphite with 20 wt.% silicon nanoparticles have been prepared by
low energy ball milling with 3 mm in diameter alumina balls and
isopropyl alcohol at 100 rpm for 24 hours. Once dried and sieved
by <180 μm, the powder was used to fabricate the anodes for
electrochemical measurements.

Electrochemical performance

- Electrode preparation: The active material based on Si, carbon
black (conducting agent) and polyvinylidene dyfluoride (PVDF,
polymer binder) were thoroughly mixed in an agate mortar with
a weight proportion of 8 :1 : 1. Then, by adding N-methyl
pyrrolidone (NMP) in a relation 0.5 ml to 100 mg of active
material, a black paste was prepared. Following, this was
deposited on a copper foil using a doctor blade. The layer of
250 μm was dried in a heating plate for 24 h at 100 °C, with
complete evaporation of NMP and moisture. Electrodes with
10 mm diameter and 3–4 mg loading were cut and dried in a
tubular glass oven at 100 °C with a vacuum for 6 hrs.

- Coin cell manufacture: Li half-cells were assembled using electro-
des inside a controlled atmosphere of Ar, where moisture and
oxygen were below 0.1 ppm. A Whatman fiberglass separator
with 18 mm diameter and Li counter electrode has been
employed. As an electrolyte, 120 μl of 1 M LiPF6 in EC:DMC
(ethylene carbonate /dimethyl carbonate volume 1 :1, named
LP30) were added to the separator. Finally, the coin cell was
closed using a 50 kg/cm2 pressure.

- Electrochemical testing: galvanostatic cycling tests were carried
out to evaluate the performance of the electrode materials
(capacity and cycle-life). The current is established considering
the reversible specific capacity of the silicon (3500 mAh/g) and
its mass, assuming 1 C=3500 mA/g. To get the whole capacity,
it must be referred to as the total mass of the active material. For
all the materials, the discharge/charge performance is divided
into two steps: 1) activation cycle at C/10 or C/20, voltage cut off
0.01–2 V, and 2) the rest of the cycles at C/3 with a voltage cut
off 0.01–2 V. All electrochemical measurements were made at
room temperature (25 °C). To carry out tests only with the
graphite (without silicon) as active material, the same current
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density (J [mA/g]) is imposed with the purpose of calculating the
current and making a comparison with silicon.

EIS (electrochemical impedance spectroscopy) studied the interface
resistances and electrode processes by applying a 10 mV AC
amplitude signal to Li symmetrical cell in a 500 kHz to 100 mHz
frequency range. The interface and charge transfer resistance were
evaluated by the nonlinear least squares (NLLS) fit of the semicircles
observed in the Nyquist plots. The Nyquist plots related to the Li
cells stability show the semicircles associated with film formation
and charge-transfer processes located at high and low-frequency
regions, respectively. The equivalent circuit used for the NLLS fit
was R(RQ)(RQ)W, where R represents the resistance, Q is the
constant phase element (CPE), and W is the Warburg resistance.

To analyze postmortem electrodes, they must be processed inside
the glovebox when the cells are disassembled. Afterward, the
electrodes are cleaned with dimethyl carbonate (DMC, Merk) and
tetrahydrofuran (THF, Merk) to remove soluble contaminants and
the salt remains. Finally, they are dried for half an hour under
vacuum conditions and saved inside vials in the glove box.

Characterization techniques

X-ray diffraction technique has been employed for the identification
of the mineralogical phases. It consisted of a Bruker Advanced
Powder X-ray diffractometer model D8 with Cu-kα radiation
(λ =0.15406nm). Copper anticathode water cooled with an inten-
sity of 40mA and a voltage of 40kV, a swept between 10–70 ° with
a step of 0.02 ° and a step time of 0.2s were the working conditions.
Peak fitting of the crystalline phases was performed by diffraction
pattern files provided by JCPDS (International Centre for Diffraction
Data), using Xpowder Software.

Raman analysis was performed using a Dilor LabRam micro-Raman
Spectrometer utilizing a HeNe 632.8 nm, 4.7 mW laser; 1800
grooves mm � 1 grating; and an X50 objective.

MEB JEOL-6610LV with microanalysis INCA Energy-350 has been
employed for the microstructural characterization of the pristine
material in cycles 1 and 400. The mapping of elements was
provided by Energy-dispersive X-ray spectroscopy (EDX). The back-
scattered electron imaging (BEI) mode has been employed in the
Field Emission Scanning Electron Microscope (SEM) on a Quanta
FEG 650.

The flexural strength was determined on specimens of
3mmx4mm×20mm. The equipment was a Shimadzu-Serie AGS-IX
test machine. The flexural strength (sf , in Mpa) of the samples
measured using the three-point bending test has been evaluated
using equation (2).

sf ¼
3 � P � L
2 � w � b2 (2)

Where P is the failure load in N, L is the distance between supports
(span, 12.5 mm) in mm, w is the width of the sample in mm, and b
is the thickness of the sample in mm.

The Young’s modulus was measured using a Grindsonic (MK,
Belgium) equipment on 3 mm×4mm×20 mm samples.

The electrical conductivity was measured by a four-point probe test
in the in-plane direction using the equipment PSM1735 – NumetriQ
– Newtons 4th.
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