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Abstract

The magnesium oxalate (MgC,0,) cathode material was synthesized via a dissolution route. This material exhibited higher electrochemical performance
in Mg?*/Li* hybrid ion batteries (MLIBs) compared with magnesium ion rechargeable batteries (MIBs) that were prepared. In MLIBs, this material
showed a discharge capacity of 292, 226, 186, 134, 99, 71, and 32 mAh g‘1 after 65 cycles at 2, 10, 20, 50, 100, 200, and 400 mA g“, respectively.

Then, the MgC,0, material has the potential to be applied as a cathode in energy storage and conversion devices, such as MLIBs.

Introduction

Today, human, and industrial activities generate significant CO,
emissions to a level that has raised the temperature of the planet
by 1°C. Without new government regulations, responsiveness
among citizens, and clean and renewable technologies, global
warming of 1.5°C is projected by 2040. In this context, the
demand for energy storage and conversion devices has grown
exponentially in recent years. Nonetheless, solar, wind, and
hydro energy sources have become insufficient to satisfy the
increasing demand due to intermittent energy storage.['! Lith-
ium-ion rechargeable batteries (LIBs) are popular due to their
outstanding electrochemical properties. Additionally, they have
been widely used in the industrial sector with endless appli-
cations ranging from electronic devices such as cell phones,
tablets, and computers to electric chairs, cars, and boats since
the last century.”] However, it is known that LIBs have safety
problems when using lithium anodes, which can lead to den-
dritic growth and flammable electrolytes, posing safety risks
over the years.l’] In this sense, magnesium-ion rechargeable bat-
teries (MIBs) have gained great interest as a potential substi-
tute for LIBs, as they have similar energy densities and greater
global abundance of resources. Magnesium (Mg) is the 8th most
abundant element and the 3rd most plentiful element dissolved
in seawater, and it does not have safety issues.*) Another impor-
tant advantage is that Mg can achieve a high theoretical specific
capacity of 2205 mAh g™' and volumetric capacities as high as
3833 mAh cm >, which are comparable to Li metal batteries.
It is also well known that due to their abundance in the earth’s
crust (2.9%), they are a low-cost alternative. Nevertheless, they
do have some disadvantages, such as slow diffusion kinetics due
to strong Coulombic interactions with the host material and dif-
ficulties in the insertion/extraction of divalent Mg®*, resulting in
rapid capacity decay of cathode materials, as well as problems
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associated with the passivation of Mg with electrolytes, which
currently postpone its commercial application. On the other
hand, Mg?"/Li" hybrid ion batteries (MLIBs) aim to improve
the electrochemical performance of both separately by com-
bining the properties of both their electrodes and electrolytes.
This approach can result in storage mechanisms such as Daniel,
rocking-chair, and co-intercalation types.”) MLIBs are gener-
ally composed of Li* and Mg?" intercalation cathodes, along
with double insertion materials that combine the high capacity
of cathodes with dendrite-free anodes based on metallic Mg.
While cathodes prepared with metal oxides have adapted well
to MLIBs, the reported synthesis methods are considered uneco-
nomical due to their high-temperature requirements or expen-
sive starting materials. In this sense, transition metal oxalates
are considered sustainable energy storage materials because
oxalate ions can be produced from CO, through synthetic and
biosynthetic processes. Therefore, metal oxalates could contrib-
ute to reducing the overall atmospheric CO, levels if the energy
used to convert CO, into C,0,% comes from a low-carbon emit-
ting energy source.! The most common transition metal oxalate
complexes are based on first-row divalent transition metals in
the dihydrated form M?*(C,0,)-2H,0 with different polymor-
phisms, and many have been studied individually or mixed, for
example oxalates based on Mn, Fe, Co, Zn."

To our knowledge, no previous reports have used magnesium
oxalate as a novel cathode material in MLIBs. In this study, we
propose a preliminary investigation of MgC,0, synthesized
from low-cost materials via a dissolution route. The resulting
product was tested as a cathode in MLIBs and exhibited excel-
lent electrochemical properties, including a high experimental
specific capacity (~ 284 mAh g™'), compared to the theoretical
specific capacity (= 239 mAh g ), and a coulombic efficiency
above 99%.
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Experimental section

Synthesis of MgC,0,

MgC,0, was synthesized using oxalic acid, C,H,0,, (anhy-
drous>99%; Sigma-Aldrich) and magnesium acetate tetrahy-
drate, Mg(CH;C00),-4H,0, (ACS reagent>99%; Sigma-
Aldrich) as raw materials (see Table S1 in supplementary
information). The ratio of 1:1 mol% was weighed and mixed by
the following reactions:

H,C,04 + Mg(CH,COO); - 4H,0

1
— MgC,04 - 2H,0 + 2CH3COOH - 2H,0 M

MgC,04 - 2H,0 + 2CH; COOH - 2H,0 “2% Mg, 04 - 2H2(%2

MgC,04 - 2H,0 “Z%C MgC,04 3)

The reaction was carried out by dissolution method, where
in the first step (Eq. 1), the mixture was prepared by dissolving
3 g of oxalic acid anhydrous and magnesium acetate tetrahy-
drate in 30 ml of distilled water, and 5 ml of absolute ethanol
were added to reduce particle size, with continuous stirring for
2 h. Afterwards, the solution was heated at 140 °C to elimi-
nate the by-product formed (acetic acid/Eq. 2) until the total
evaporation of the liquid part. The resulting white powder was
subsequently heated into a vacuum oven at 250 °C for another
24 h for total removal of water (Eq. 3).

Structural, morphological, and thermal
characterization

The Neoscope JCM-6000 instrument from JEOL was used to ana-
lyze the particle size and morphology. The x-ray diffraction analy-
sis (XRD) for the determination of the crystalline structure and
phase identification of MgC,0O, was performed using a D2-Phaser
instrument from Bruker equipped with a CuKa radiation source
(A=1.5418 A). Fourier-transform infrared spectroscopy (FTIR)
was conducted on an Interspec 200-X instrument within the wave
number range of 4004000 cm !, with KBr pellets used as a ref-
erence for sample measurements. To obtain the DTA curves of
MgC,0, and raw materials, a Shimadzu differential thermal ana-
lyzer (model DTA-50) was utilized under a nitrogen atmosphere
(10 ml min') at a heating rate of 10 °C min™'. The temperature
range was 30-800 °C for MgC,0, and 30-300 °C for the raw
materials, with a sample mass of 3.0£0.05 mg and platinum
micro pans used for all measurements.

Preparation of electrolyte

The all-phenyl complex (APC) electrolyte was prepared by
reacting stoichiometric amounts of AlICl; (anhydrous powder,
99.99%, Sigma-Aldrich) and phenylmagnesium chloride (2.0 M
in THF, Sigma-Aldrich) in THF (anhydrous,>99.9%, Sigma-
Aldrich). A 1.25 M concentration of LiCl (powder,>99.98%,
Sigma-Aldrich) was added to this solution as a source of lith-
ium. The anode was made of a Mg disc, while a glass microfiber
filter was employed as the separator. The final concentration of
the hybrid electrolyte was 0.4 M APC/1.25 M LiClL.

Electrochemical measurements

Half cells were prepared using synthesized cathodic active
material MgC,0,. The cathodes were prepared via the mix-
ture of 70 wt% active material, 20 wt% carbon black (Carbon
Super P, TIMCAL) and 10 wt% Polytetrafluoroethylene (pow-
der 35 um particle size, Sigma-Aldrich), and the solid mixture
was compressed on a stainless-steel mesh. The electrochemical
test was achieved using a VMP3 multipotentiostat (Biologic
Science Instrument). Coin cells CR2032 type SS316 were
selected for their good electrochemical properties.™) These cells
were assembled in a dry box (Omni-Lab 0210, VAC) filled with
Argon and H,O<1 ppm.

Results and discussion

X-ray diffraction studies

Figure 1(a) shows the results obtained by XRD of MgC,0,
(see Figure S1(a) in supplementary information that includes
the XRD pattern of raw materials). The diffraction peaks
coincide with the PDF database ICDD 00-026-1222 corre-
sponding to a type of monoclinic structure with a space group
of C2/c. The compound name is magnesium oxalate, with
side lengths a, b, and c=9.413 A, 6.229 A, 5.724 A, respec-
tively, and angles a=y=90°, f=96.47°. The cell volume of
the unit cell is 333.49 A3 and Z=4 formulas per unit cell. The
morphology of MgC,0,, observed in the inset in Fig. 1(a),
was obtained through SEM. It can be clearly seen that the
synthesized material has a cylindrical rod morphology with
a micrometer-scale size.[”)

Scherrer’s equation (Eq. 4) was used to determine the aver-
age size of the crystallites, considering the three highest inten-
sity peaks. The equation involves several variables: D repre-
sents the crystal grain size, m is the full width at half-maximum
(FWHM), 4 is the wavelength of the X-rays, 6 is the diffraction
angle, and K is the Scherrer constant, expressed in radians with
a value of 0.89. The equation is as follows:

b K @

mcos 6

To ensure unit consistency throughout the calculation pro-
cess, it is recommended that the FWHM value be expressed in
radians.['”l Table S2 in supplementary information provides the
crystallite sizes of the three maximum intensities. The average
size of the crystallites was found to be 26.88 nm based on the
FWHM value obtained from the XRD pattern. The maximum
size was 32.69 nm, and the minimum size was 19.54 nm.

Figure 1(b) displays the FTIR spectrum of the synthesized
MgC,0,. The powder technique!'!l utilized in this analysis
allowed for the identification of absorption bands. The main
infrared peaks of MgC,0, and their characteristic functional
group bands, as well as the FTIR spectrum of the raw materi-
als, can be found in supplementary information, in Table S3
and Fig. S1(b), individually. The absorption band observed
at 3416 cm ™' in the FTIR spectrum corresponds to the O—H
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Figure 1. (a) XRD pattern of MgC,0,; Inset: SEM image of the solid, (b) FTIR spectrum of MgC,0,; Inset: Structure of the molecule, and ¢

DTA curve of MgC,0,.

bond, which is attributed to the presence of water absorbed
by the sample.!'?! In contrast, the band observed at 2355 cm ™!
can be associated with the stretch vibrations of the atoms in
the C—O bond; it is attributed to gaseous CO, absorbed in the
analyzed powder.!!3] The presence of the asymmetric stretch
of C-O in the MgC,0, complex was confirmed by the absorp-
tion band at 1692 cm™!. Meanwhile, the functional groups at
1380 and 1325 cm ™! were attributed to the symmetric stretch
of C—O and the scissoring stretch of 0—C—0, respectively.!'*]
Another absorption band observed at 808 cm™' was attributed
to the strain stretch of C—O—C.[">! The fingerprint bands of
the MgC,0, salt appeared at 663, 513, and 436 cm™!, which
were associated with the stretch bending of water vibration
and Mg-O stretch.[®]
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The DTA curve of MgC,0, is shown in Fig. 1(c) (see Fig.
S1(c) in supplementary information for raw materials results).
As can be observed from the thermogram in Fig. 1(c), only
one endothermic event is exhibited at 500 °C, corresponding
to MgC,0, first decomposition to produce MgCO; and CO.
The absences of low temperature thermal events indicates that
there is no presence of crystallization (hydrates) or absorbed
water (moisture). This indicates that there is no presence of
water hydrates.[!7-1%]

Electrochemical performance
Cyclic voltammetry (CV) curves are present in Fig. 2(a). The
reaction mechanism can be described by Eq. 5:
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Figure 2. Electrochemical performances of the Mg || 0.4 M APC/1.25 M LiCl || MgC,0, batteries cycling in the voltage range of 0.01-2.0 V.
(a) CV curves at different scan rates; Inset: First cycle at 0.1 mV s~', (b) Galvanostatic charge/discharge profiles at 10 mA g™', and (c) Rate
performance at current densities from 2 to 400 mA g~'; and (d) Cycling performance at 10 mA g™".

charge/dicharge
<>

MgC,04 + 2LiT + 2e~ Mg + Li;C,04 (5)

The CV curves reveal two peaks in charge and discharge at
0.6-0.8 and 0.01-0.25 V, respectively, due to surface layer for-
mation in the first cycle [Inset Fig. 2(a)] and conversion reaction
in subsequent cycles at different scan rates attributed to the Mg>"/
Mg’ accompanying with the decomposition of Li,C,0,, similar
to analogues reported in the literature.!'>2! To further illustrate
the electrochemical properties, the charging and discharging
profiles were performed at a current density in the Mg || 0.4 M
APC/1.25 M LiCl || MgC,0, batteries, using a dual salt elec-
trolyte.!??! The cell subjected to a continuous current density of
10 mA g !, achieved a high discharge capacity of 284 mAh g ™' at
first cycle to later achieve specific capacities of 232, 205, 193 and
167 mAh g ™! at the 10, 20, 50 and 100 cycles [Fig. 2(b)], remain-
ing above the results obtained in the Mg || 0.4 M APC || MgC,0,
batteries (see Fig. S2(a—d) in supplementary information).

The battery displayed discharge capacities at different
current densities ranging from 2 to 400 mA g~', as seen in
Fig. 2(c). The discharge capacities recorded through the first,
twenty-first, thirty-fifth, forty-second, and forty-ninth cycles
were 292, 186, 99, 71, and 32 mAh g’l, correspondly. Hence,
when cycle 65 ended, the battery regained up to 83% of its
initial capacity. These results suggest a progressive decrease
in battery performance as the cycle number increases, since
undergoing high-rate discharge cycles, the MgC,0, cathode
showed remarkable stability and reversibility. This shows that
the battery can maintain its functionality over an extended
period, making it a reliable energy storage device. However,
when subjected to greater cycling, it was observed that only
after 85 cycles did it remain sufficiently stable, reaching a dis-
charge capacity of 167 mAh g™! at the end of cycle 100 with a
capacity retention of 57% [Fig. 2(d)]. The findings of this study
demonstrate that oxalate-based cathode materials exhibit good
electrochemical performance and low cost per gram compara-
ble to anodes based on Zinc,?*! Tin,**! Nickel,[*’! Copper,[%]
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scan rate of 10 mV s~ in the MgC,0O, MLIB cell configuration.

Manganese,[27] Cobalt,”® and Iron,**) as shown in Table S4 in
the supplementary information.

In Fig. 3(a), the CV curves for MgC,0, cell are displayed
at various scan rates. As scan rate increases, the redox peaks
shift due to the diffusion-controlled nature of the redox process.
At a scan rate of 10 mV s, the material exhibited a reduc-
tion peak around 0.6 V vs. Mg?*/Mg and an oxidation peak of
approximately 1.3 V. It is well known that the maximum cur-
rent obeys the power law relationship with the scan speed and
can be determined by Dunn’s method (Eq. 6)."

i = ab? (©6)

A b value of 0.5 indicates diffusion-controlled behavior,
while a b value of 1.0 indicates a capacitive process. The
slope of Log(i) versus Log(m) gives the b value, as shown in
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Fig. 3(b). The b value analysis was performed using CV data
between 0.3 and 1.7 V. The b values of the reduction (0.91)
and oxidation (0.74) peaks for MgC,0, cell. The total current
containing contributions from the two types of processes can
be described via following Egs. 7 and 8:

iV) = kiv'? + kv (7
or

(V)

o2 =k +kv'/? (®)

By drawing the plots of i/v"? vs v"/? at the discharge and

charge state (see Fig. S3 in supplementary information), the
value of k| and k, at a fixed voltage can be calculated through
the intercept and the slope of the curves, respectively. Conse-
quently, by determining k, and k,, the fraction of the current
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due to each of these contributions can be quantified at spe-
cific potentials. According to the calculated result, Fig. 2(c)
shows that about 25% of the total capacity is pseudocapacitance
obtained at a scan rate of 10 mV s .

Finally, it is important to comment that under the line of
research on the development of new materials for energy
storage, materials for cathodes based on oxalate have poten-
tial applications in multivalent ion batteries. However, more
research is needed to investigate and optimize the performance
of these materials.

Conclusions

In this work, we used oxalic acid and magnesium acetate tet-
rahydrate as a low-cost raw material by applying the dissolu-
tion method to fabricate MgC,0, of facile operation and rapid
reaction, evaluated as a novel cathode in MLIBs. The XRD
results of MgC,0, revealed the crystalline nature of the mate-
rial, and employing Scherrer’s equation, it was possible to find
the average size of the crystallites = 26.88 nm. Furthermore,
the SEM analysis indicated a cylindrical rod morphology. The
results obtained by DTA were complementary to those obtained
by FTIR. Meanwhile, the material in cycling performance at
10 mA g™' delivered a high initial discharge capacity of 284
mAh g ! with a coulombic efficiency above 99% for all cycles.
Thus, the MgC,0, has great potential as a candidate cathode
material in Mg?"/Li" hybrid ion batteries for electricity stor-
age. In addition, the use of these storage systems promotes
sustainable development and contributes to environmental care
by converting CO, to C,0, 2.
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