
electronic materials

Article

Synthesis and Characterization of Aero-Eutectic
Graphite Obtained by Solidification and Its
Application in Energy Storage: Cathodes for Lithium
Oxygen Batteries

Ricardo Walter Gregorutti 1,* , Alvaro Yamil Tesio 2 , Juan Luis Gómez-Cámer 3 and
Alicia Norma Roviglione 4

1 Laboratorio de Entrenamiento Multidisciplinario para la Investigación Tecnológica—CICPBA,
Av. 52 e/121 y 122, La Plata B1900AYB, Argentina

2 Centro de Investigación y Desarrollo en Materiales Avanzados y Almacenamiento de Energía de
Jujuy (CIDMEJu), Centro de Desarrollo Tecnológico General Manuel Savio, Av. Martijena W/N,
Palpalá Y4612, Argentina; atesio@cidmeju.unju.edu.ar

3 Departamento de Química Inorgánica, Instituto Universitario de Investigación en Química Fina y
Nanoquímica (IUNAN), Campus de Rabanales, Universidad de Córdoba, 14071 Córdoba, Spain;
jl.gomez@uco.es

4 Departamento de Ingeniería Mecánica, Facultad de Ingeniería, Universidad de Buenos Aires,
Av. Paseo Colón 850, Ciudad Autónoma de Buenos Aires C1063ACV, Argentina; arovi@fi.uba.ar

* Correspondence: ricardo.gregorutti@cyt.cic.gba.gob.ar; Tel.: +54-0221-483-1141

Received: 29 July 2020; Accepted: 30 August 2020; Published: 3 September 2020
����������
�������

Abstract: Aero-eutectic graphite can be defined as a new light material with hierarchically structured
porosity. It is obtained from the solidification of gray cast irons, followed by the dissolution of
the ferrous matrix by an acidic sequence. The result is a continuous and interconnected network
of graphite sheets with varied dimensions randomly oriented. X-ray diffraction characterization
has revealed graphite crystallographic planes (002), (100), (101), (102) and (004), while the surface
area measured by BET and Langmuir methods has been determined in the order of 90 m2 g−1 and
336 m2 g−1, respectively. The process of obtaining eutectic aero-graphite also allows the deposit of Cu
nanofilms and TiC particles. Aero-eutectic graphite has been tested as cathode in Li–O2 batteries as it
has been prepared, without the addition of binders or conductive carbons, showing an appropriate
contact with the electrolyte, so that the oxygen reduction and evolution reactions may develop
satisfactorily. In the discharge-charge galvanostatic tests, the battery accomplishes 20 complete cycles
with area capacity limited to 1.2 mAh cm−2.

Keywords: porous graphite; hierarchical porous structure; Li–O2 battery cathode

1. Introduction

The limited reserves of fossil fuels and the adverse effects that they may generate on the
environment have led to the development of renewable energies, among which solar and wind
power stand out. The great potential of these energy sources can only be exploited efficiently if
reliable and secure electrical energy storage devices (EES) are provided. Many of the EES are batteries,
fuel cells, flow batteries and electrochemical capacitors, which have carbon in some of their components,
such as electrodes.

A side effect of the use of fossil fuels such as coal and oil is the emanation of CO2, which has
contributed significantly to global warming during the last century due to the greenhouse effect it
generates [1–3].The separation of CO2 requires new porous materials that act as absorbents of this
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compound to reduce environmental pollution. For this purpose, it is necessary that the absorbent
has a specific surface area, appropriate pore size and an interconnection that facilitates gas diffusion.
Again, porous carbons with appropriate specific functionality are an important alternative to act as an
absorber for toxic gases such as CO2 [4].

Why is carbon one of the most used materials for those applications? One of the most important
properties is its high electrical conductivity that is highly restricted to the absence of defects in the
crystalline structure. Other feature is its chemical stability that explains its wide insolubility in most
solvents used in Li–O2 batteries as dimethyl sulfoxide, acetonitrile, dimethoxyethane and tetraethylene
glycol dimethyl ether [5]. While not all carbons present these characteristics, pure 100% crystalline
graphite is the variety that manages to meet both.

As it has been previously mentioned, a high specific surface area, certain pore shapes and
sizes, and access paths that facilitate ion transport are required to achieve a higher performance.
Functionally assembled porous structures, in which the pores have tortuosity factors, different shapes
and aspect ratios, with sizes varying from nanometres to millimetre scales are known as hierarchically
structured porous materials (HSPM) [6–11]. The development of HSPM has been complex and with
high manufacturing costs [12–14].

The challenge is to find a simple way to obtain HSPM, and at the same time, avoiding complex
processes, such as polymerization, sintering, pyrolysis, use of templates or mixing with other expensive
commercial materials. To this end, the present work proposes an HSPM graphite obtained from gray
cast iron, which is a low-cost material, widely used in the metal-mechanical industry.

Gray cast irons are based on Fe–C–Si alloys, which solidify as an irregular stable eutectic
characterized by excellent physical properties and low production costs, whose chemical composition
is about 2–4 wt.% of carbon, 1.8–2.7% of silicon and balance of iron. Carbon is mostly present as pure
graphite, distributed in a network of interconnected sheets, in the ferrous matrix [15,16]. Graphite is
one of the allotropic varieties of carbon (sp2) characterized by a mostly hexagonal crystalline structure
(D6h4-PG3/mmc), with a smaller proportion of rhombohedral graphite (D3d5-R3m) [17].

By modifying solidification parameters different morphologies and distributions of laminar
graphite are obtained, classified by ASTM A247 standard [18]. According to the aforementioned
classification, different hierarchical graphite structures could be obtained by means of having large
interfacial areas with the matrix [19]. Taking advantage of this characteristic, HSPM graphite can
be obtained by dissolving selectively the metallic matrix. Then, surface areas and porosity can be
designed during solidification process seeking to optimize shape and size of pores, electrical and
thermal conductivities and flow properties.

This HSPM graphite, hereafter referred to as Aero-Eutectic Graphite (AEG), could be defined as
crystalline solid with hierarchical porosity and high surface area, characterized by excellent electrical
and thermal conductivities, good flow properties and low chemical reactivity. These features could
be advantageous for catalysis processes, solar collectors, supporting electrode for nanofilms of Cu
and electrodes for energy storage cells. Consequently, the present work reports the synthesis and
characterization of AEG, and also preliminary results of its performance as a Li–O2 battery cathode.

2. Materials and Methods

2.1. AEG Manufacturing

Gray cast iron with laminar graphite type D was used to obtain AEG by dissolving the ferrous
matrix through an acid sequence. The resulting porous graphite was subsequently washed with
distilled water and ethyl alcohol in order to remove the remaining acid solution. The crystalline
structure was examined by X-ray diffractometer (Philips X’pert, Philips, Amsterdam, The Netherlands)
with 3020 Goniometer and PW 3710 controller) using Cu Kα radiation at 35 kV and 40 mA, between 3◦

and 70◦ with a step of 0.04◦ and a counting time of 2 s/step. The morphological and chemical analyses
of the AEG were performed using a scanning electron microscope (SEM, Carl Zeiss Ltd., Cambourne,
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Cambridge, UK) with energy-dispersive X-ray spectroscopy (EDS). The determination of the surface
area and porosity has been performed by Brunauer-Emmett-Teller (BET, Micromeritics ASAP 2020,
Norcross, GA, USA) analysis with N2 absorption isotherms.

2.2. Li–O2 Battery

The electrochemical cell was a home-made Teflon body closed with standard high vacuum
components. The cell ensures a uniform and fixed pressure, simple cell assembly and easy gas flow
around the electrodes during the addition of oxygen.

The battery was assembled with an anode consisting of a Li metal foil (Gelon Energy Co.,
Vimengroad Lanshan, Rizhao, China), surface area of 0.8 cm2 and 0.45 mm thickness), 1 M LiTFSI (lithium
bis-(trifluoromethanesulfonyl)-imide, 99.95%, Sigma-Aldrich, St. Louis, MO, USA) in Triethylene glycol
dimethyl ether (Triglyme) as electrolyte, a fiberglass separator (FilterLab MFV1, Filtros Anoia, S.A.
Barcelona, Spain) 260 µm thickness) wetted with 0.1 mL of electrolyte and a sheet of 0.36 cm2 and
0.7 mm thickness of AEG as a cathode. A stainless-steel disc served as a current collector. All Li–O2

cells were assembled in an argon-filled glove box. Electrochemical measurements were carried out at
23 ◦C using a Bio-Logic multi-channel VMP3 potentiostat. Oxygen was forced to pass through the cell
for 60 s before starting electrochemical measurements. The electrochemical test of Li–O2 cells involves
successive cycles at constant current (reduction and oxidation) with a fixed cut off in potential and
capacity. During discharge, a negative current (reduction current) is applied until the potential of the
cell between cathode and anode reaches 2 V or until the capacity of the cell reaches 1.2 mAh cm−2.
Then, charge is carried out applying a positive current (oxidation current) until the potential of the cell
reaches 4.6V, or until the capacity of the cell reaches 1.2 mAh cm−2. This cycle is repeated as long as it is
observed that the obtained capacities are close to the set capacity value (1.2 mAh cm−2).

3. Results and Discussion

3.1. AEG Characterization

In the regular practice, the cooling rates during solidification of gray cast irons are higher than
those corresponding to the Fe-C equilibrium diagram. For this reason, solidification does not occur
at the equilibrium temperature, but rather, at a lower temperature, producing the so-called thermal
undercooling defined as:

∆TT = Te − T*, (1)

In which, Te is the equilibrium solidification temperature and T* is the temperature of the
undercooled liquid, or the temperature at which solidification occurs. At high undercooling, the ferrous
phase grows dendritic, as shown in Figure 1.
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Figure 1. Dendritic structure formed by the dendrite trunk and the secondary and tertiary arms
perpendicular to each other.
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Dendritic structure is characterized by the growth of a main trunk in a preferred crystallographic
direction, [100] in the case of ferrous materials, from which secondary and tertiary arms are developed,
in a three-dimensional distribution. Under this condition of high undercooling, graphite can only grow
as fine lamellae randomly distributed in the interdendritic regions of the ferrous matrix (Figure 2),
which is classified by ASTM A247 standard as type D graphite.
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Figure 2. Gray cast iron with type D graphite.

When subjected to the acid attack sequence, the ferrous matrix is dissolved obtaining porous,
and therefore, light graphite. The first step of acid dissolution sequence is performed with a
non-oxidizing polyprotic acid, for which the graphite phase is immune. Fe dissolves forming a soluble
complex, while other components, such as Si undergo a more complex reaction sequence which leads
to the formation of an amorphous phase, mainly composed by phospho-silicates, towards the end of
dissolution. Subsequently, removal of the amorphous phase is carried out by washing with a dilute
solution of a strong acid that has the ability to complex such mixed compounds [19,20].

Figure 3 shows the structure of AEG formed by a continuous and interconnected network
of graphite lamellae of various dimensions and randomly oriented, observing an inhomogeneous
and tortuous porosity between them, with dimensions that present a wide range of nanometers to
micrometers. Another characteristic observed is the quasi-cylindrical channels, perpendicular to each
other in 3D distribution, originated from the dendritic structure of the ferrous matrix.
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Figure 3. SEM images of AEG at different scales: (a) Graphite lamellae interconnected and randomly
oriented; (b) quasi cylindrical channels formed from the dissolution of the dendritic structure of the
ferrous matrix.

Surface area was characterized by BET analysis, whose results are reported in Table 1.
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Table 1. Surface area of AEG measured by BET and Langmuir methods.

Property Value

BET surface area 89.670 m2 g−1

Langmuir surface area 335.978 m2 g−1

Cast iron is a complex multi-component system composed of alloy elements that are present in
minor proportion as Mn and Cu, and other metals that could be present as impurities as Cr, V and Ti.
For that reason, chemical composition of the resulting AEG was analyzed by EDS to determine the
remaining elements, which are recorded in Table 2.

Table 2. EDS analysis carried out on the AEG, in wt.%.

C S Cu Fe Si P Ti V Cr O

95.75 0.48 1.02 0.38 0.11 0.17 0.11 0.11 0.12 1.74

Given the amount of O measured, it could be inferred that a lower amount of some elements
(Fe, Si and Cr) remain as oxides, and/or carbides on the surface of the AEG. Other elements, such as Cu
and Ti require particular attention, because they may intervene in the chemical reactions that develop
in the batteries. It has been reported that Cu◦ and Cu compounds improve the oxygen reduction
reaction catalytic activity in Al-air batteries [21], while Ti, as TiC, improves the redox kinetics for the
catalysis of polysulfide conversion in Li-S batteries [22,23]. The presence of Cu◦ has a thermodynamic
justification. For oxidation to occur (M→Mz+ + ze−), the free energy variation, given by Equation (2),
should be negative.

∆G◦ = −zFE◦ (2)

In which, z is the number of electrons transferred; F is the Faraday’s constant and E◦ the standard
reduction potential.

According to the table of electrochemical series, Fe, Si, Mn, Cr, V that have negative reduction
potential (E◦ < 0) will oxidize because ∆G◦ > 0 for the reduction reaction. Cu differs from these
elements because it has positive reduction potential, and therefore, it will not oxidize, being deposited
on the AEG as metallic Cu nanofilms. Figure 4 shows an AEG zone with the Cu film deposited on the
graphite, together with a mapping made by EDS.
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On the other hand, Ti could form small carbides during solidification of cast irons, distinguishable
by their cubic appearance dispersed on the AEG, which remain unchanged during the acid attack
due to their great thermodynamic stability, as shown in Figure 5. For these considerations, it may be
inferred that AEG may be designed to incorporate elements that allow optimizing the functionality of
the energy storage devices.
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X-ray diffraction technique was used to study the crystalline characteristic of AEG. The diffraction
pattern of Figure 6 shows peaks at angular positions (2θ) 26.60◦, 42.36◦, 44.64◦, 50.96◦ and 54.64◦,
which correspond to (002), (100), (101), (102) and (004) crystallographic planes of graphite, respectively.
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The results have been compared with those reported by Howe et al. [24] and Popova [25],
who provided graphite crystallographic data, which are summarized in Table 3.
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Table 3. Comparison of the angular positions of the crystallographic planes of the AEG with reported
data corresponding to graphite.

HKL 2θ H 2θ P 2θ ∆2θ H ∆2θ P

002 26.543 26.500 26.600 −0.057 −0.100
100 42.360 42.400 42.240 0.120 0.160
101 44.555 44.600 44.480 0.075 0.120
102 50.689 ND 50.960 −0.271 -
004 54.661 54.700 54.640 0.021 0.060

H Howe et al. data; P Popova data; ∆θ difference in the angular position; in bold, data of present paper.

There is a good agreement in the 2θ angular positions, although it has been noticed greater shift
in the (102) peak at 2θ = 50.960◦, according to the data reported by Howe regarding this reflection.
In this case, it is possible that the reflection does not correspond to (102) hexagonal graphite, but to
{10.1} of rhombohedral phase of graphite, as reported by Roviglione and Hermida in their work on
nodular graphite [20]. However, this allotropic variety, which is formed out of tensions undergone in
the hexagonal graphite, will be shown in a minor proportion and according to the recorded intensity
of the peak. The diffraction pattern also shows a small peak at 2θ = 43.300◦, which considering the
amount of Cu detected by EDS, may be ascribed to the (111) peak of this element.

3.2. AEG as Cathode in Li–O2 Battery

The operation of Li–O2 batteries is characterized by the oxygen reduction reaction (ORR)
and the oxygen evolution reaction (OER) that occur during the charge and discharge processes.
These heterogeneous reactions involve three phases: the oxygen dissolved in the electrolyte, the Li+

ion and the cathode (solid electrode). Consequently, the pore network is of great importance, because
the contact between the phases is one of the key factors to improve the efficiency and cyclability of
the batteries, in addition to the fact that an adequate network of open macropores would facilitate
ionic transport [26,27]. The relationship between electrical performance and pore morphology is
given by the fact that lithium peroxide is insoluble in non-aqueous solvents and precipitates on the
internal surface of the cathode pores and, as it is not a good ionic-electronic conductor, it passivates the
surface of the pores and can occlude them [28,29]. A suitable porous cathode is therefore required
to accommodate the discharge product (Li2O2) and facilitate diffusion of oxygen gas to the reaction
site through the pore structure and the lithium peroxide film. The porous cathode must also provide
sufficient conductivity for electrons to reach the reaction site efficiently without increasing the ohmic
impedance of the electrode.

As proof of concept, AEG has been tested in Li–O2 batteries as it has been synthesized, without
the addition of binders, or any extra conductive carbon. The absence of binder avoids the possible
problems that may arise from its use, such as decomposition that would decrease battery performance.

A cyclic voltammetry test has been first conducted in order to evaluate its performance as a
cathode. Figure 7 shows that position and shape of the peaks are similar to those reported in previous
works on Li–O2 cells containing similar electrolyte [30,31]. According to these results, it may be
inferred that the contact between the electrolyte and AEG acting as a cathode is satisfactory enough
to produce the oxygen reduction reaction (ORR, starting near 2.6 V), and the reaction of evolution of
oxygen (OER, starting about 3.2 V).
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Figure 7. Cyclic voltammetry at 0.02 V s−1 for 1 M LiTFSI in triethylene glycol dimethyl ether (Triglyme)
electrolyte in an oxygenated cell. Oxidation peaks are highlighted with a baseline in gray. Vertical dark
dotted line: theoretical working potential of Li–O2 battery, 2.96 V.

During the OER, two oxidation peaks can be seen. There are some discrepancies on their
origin. Some authors attribute them to the formation of lithium superoxide and lithium peroxide,
respectively [31], while others mention the formation of particles of different sizes, or thicknesses of the
lithium peroxide layer [32]. The peaks could also be attributed to the formation of different structures
of lithium peroxide, either in the crystalline or amorphous phase [33]. Among these, the amorphous
phase is preferred, because it presents higher electrical conductivity, which is beneficial for the greater
efficiency of the battery.

As a demonstration of the suitability of AEG as cathode material in Li–O2 batteries, galvanostatic
charge-discharge tests were performed at a typical current density of 0.1 mA cm−2, working at a
discharge capacity of 1.2 mAh cm−2. The potential vs. capacity curves of Figure 8 shows that the battery
accomplishes twenty complete cycles, keeping the capacity value fixed. The results were similar to those
of previous reports using the same electrolyte [5,34]. Notice that the twenty limited discharge-charge
cycles at 1.2 mAh cm−2 gives an accumulated capacity of 24 mAh cm−2, which is equivalent to
conventional 48 cycles limited to 0.5 mAh cm−2. Regarding to that, the reported value in this work
is in the range of values reported that could be found in the vast literature of batteries: Pd/Carbon
Nano Fibers hybrid material with different dopamine hydrochloride concentrations in the synthesis
achieves 21, 33 and 49 cycles limited to 0.2 mAh cm−2 (current density 0.1 mA cm−2) [35]. Commercial
carbon paper (SGL group, BC35) cathode reaches 10, 15 and 60 cycles limited to 0.52 mAh cm−2

without catalyzer, and with LiBr and RuBr3 catalyzers, respectively (current density 0.1 mA cm−2) [36].
The battery with carbonized polyacrylonitrile cathode using BBQ and TEMPO as mediators and
20,000 ppm of added water reaches 20 cycles limited to 1 mAh cm−2 (current density 0.5 mA cm−2) [37].

Probably, the charge potential used may have increased beyond 4.6 V, as reported in some previous
works [35,38,39], assuming that the actual potential on the interface never reaches this value, and that
the effect is attributed to an ohmic potential that increases it.

The observed capacity fade on the charge could be ascribed to the increased reaction potential
beyond 4.6 V and the impossibility to remove all the ORR products deposited on the electrode surface,
passivating it.
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4. Conclusions

AEG can be defined as a lightweight and hierarchically porous material that is obtained from the
solidification of low-cost materials, such as gray cast irons.

Dissolving the ferrous matrix of those materials by means of the use of an acid sequence gives
crystalline graphite with high porosity and a relatively high surface area.

In the present work, AEG has been obtained from type D gray cast iron, having interlamellar slits of
inhomogeneous porosity, which range from nanometers to micrometers and quasi-cylindrical channels
in a three-dimensional arrangement. Preliminary results of its use as cathode in Li–O2 batteries have
been promising. Cyclic voltammetry tests have shown that contact with the electrolyte is satisfactory
enough for the ORR and OER reactions to develop. While in the discharge-charge-galvanostatic tests
the battery accomplishes 20 complete cycles limited at 1.2 mAh cm−2.

An important concept to consider is the feasibility of improving the properties of AEG through
functionalization procedures that optimize its performance, or adapt it to different specific requirements,
such as the deposition of metallic Cu nanofilm or TiC.
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