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Spinel-type Li;.xMnyO4 material is a promising positive electrode material for lithium-ion batteries. This material
presents 3D diffusion channels through the structure, allowing for the rapid diffusion of lithium ions during
charge/discharge processes. Given its relevant properties, such as a theoretical specific capacity of 149 mA h g*
and high working potential, we propose LiyMn; gTip.204@N-doped graphene oxide (x < 1) as a superior positive
electrode material for lithium-ion battery applications. In organic media, the spinel showed excellent Li storage
performance due to the incorporation of a conductive carbonaceous matrix (using 1,10 phenanthroline as a
graphene precursor). We obtained a specific capacity of 139 mA h g’l, which represented 81% charge retention
after 70 cycles. Furthermore, taking advantage of the high working potential of this material, we studied the Li
storage capacity using ionic liquids as electrolyte solvents. High rate cycling at high temperatures is essential for
their practical applications in extreme environments. In this work, we performed rate capability experiments at
different temperatures, obtaining the best response at 40 °C with a specific capacity of 117 mA h g™! at an applied

current density of 1 C.

1. Introduction

Lithium-ion batteries (LIBs) have received worldwide attention as a
power source for transport applications in electric vehicles and hybrid
electric vehicles and massive energy storage facilities [1,2]. However,
their large-scale application is hindered by severe safety concerns when
the cells are exposed to harsh mechanical, thermal, or electrical condi-
tions [3]. Much effort has been directed toward the development of
devices that present high energy density, high-rate capability, cycling
performance, environmental friendliness, low cost, and higher enhanced
safety, which is a critical fundamental to future advancement of LIBs
[4].

In particular, spinel-type Li; x\MnyO4 is a potential positive electrode
material that is proposed as an alternative for next-generation LIBs. This
material presents a specific capacity of 148 mA h g™! and a higher
working potential (4.1 V) than other positive materials, such as LiCoO5
(4.0 V) and LiFePOy4 (3.5 V) [5,6]. Additionally, 3D diffusion channels
are present through the spinel structure, allowing the rapid diffusion of
lithium ions [7,8]. Nevertheless, the classic Li; _xMnyO4 spinel exhibits a
structural transformation during charge/discharge processes due to
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Jahn-Teller distortion, leading to poor cycling stability [9]. An effective
strategy for solving this problem involves doping or substituting with
transition metals such as Fe, Co, Al, V, Nb and Ti [10]. In particular,
doping with Ti has been widely explored for this purpose, since the
bonding energy of Ti-O (662 kJ mol 1) is higher than that of Mn-O (402
kJ mol™1); thus, the stability of the structure and the cyclability of the
material could be improved [11]. Additionally, partial substitution with
Ti increases the unit cell size and enhances the potential of lithium-ion
diffusion [12]. However, the spinel LiMny4TiyO4 phase exhibits a low
capacity for the electrochemical inactivity of Ti in the potential window
of 3.0-4.6 V [8]. There are few studies showing the effect of partial Ti
substitution in LiMnyO4 spinel as a positive electrode in LIBs. For
instance, Kesavan et al. showed that LiMn; gTip 204 spinel (Mn/Ti:9)
exhibited enhanced specific capacities of 132 mA h g* at a current rate
of 0.1 C within a potential range of 1.5-4.8 V, which was attributed to
the suppression of Jahn-Teller distortion [13]. Recently, we showed that
during cycling between 4.6-2.0 V, the LiyMny_yTiyO4 spinel-type mate-
rials suffer undesired structural modifications for the Mn®*|Mn2* tran-
sition and the formation of an irreversible tetragonal phase that
increases charge transfer resistance [14].
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Surface modification has been applied to improve the energy density
and electrical conductivity of lithium-rich manganese oxides [15,16].
The employment of LiMn;4TiyO4 spinel nanoparticles in combination
with conductive materials, such as carbonaceous materials, has attrac-
ted attention because it can lead to high capacities and high cyclability
properties [17,18]. Recently, several novel electrode structures designs
have been developed. For instance, Pyun et al. reported the excellent
rate capability of the graphene/LiMny 4O4 electrode showing a specific
capacity of 126 mA h g™! at a current density of 840 mA g~ [19]. Also,
Bao et al. prepared a LiMnTiO4/MWCNT composite electrode,
improving the conductivity of the material and preventing the capacity
fading of LiMnTiO4 during the cycling and obtaining a discharge ca-
pacity of 77 mA h g™! at a rate of 5 C [20]. Even though surface modi-
fication with carbonaceous graphene has been used to enhance the
electrochemical properties, sometimes the material stability has been
deteriorated by active material contact with the electrolyte solution.

Traditionally, electrolytes composed of a lithium salt, commonly
lithium hexafluorophosphate (LiPFg), dissolved in a mixture of organic
solvents such as ethylene carbonate (EC), diethyl carbonate (DEC),
dimethyl carbonate (DMC), or ethyl methyl carbonate (EMC) and/or
propylene carbonate (PC) have been employed for LIB fabrication [3,
21]. Although the use of these electrolytes results in good cell perfor-
mances at potentials less than 4.5 V, the use of high cutoff potentials
induces the instability of carbonate-based organic electrolytes and
contributes to rapid battery deterioration [22]. Ionic liquids (ILs) have
been proposed as a safer alternative solvent for use in electrolytes for
LIBs. The properties of IL-based electrolytes make them more thermally
and chemically stable, as in turn, they present low volatility and flam-
mability and a wider usable temperature and potential window [21,23].
Honghe Zheng et al. investigated the electrochemical properties of a
spinel LiMnyO4 positive electrode in 1.0 mol L~! lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in trimethylhexylammonium
(TMHA) and bis(trifluoromethane)sulfonylimide (TFSI) (LiTFSI/TM-
HA-TFSI) as an electrolyte at an operating voltage between 3.3 and 4.3 V
and a current density of 15.0 mA g~ . The authors obtained a discharge
capacity of 108.2 mA h g™ and a coulombic efficiency of 91.4% during
the first cycle at room temperature [24]. Most recently, Hyeon Jeong Lee
et al. presented a positive electrode material, LiNigsMn; 504, which
used 1.0 mol L' lithium bis(fluorosulfonyl)imide (LiFSI) in N-pro-
pyl-N-methylpyrrolidinium bis(fluorosulfonyl) imide (Pyr; 3FSI) as an IL
electrolyte (LiFSI/Pyr;3FSI). The LiNipsMn; 504 positive electrode
exhibited a rate performance of 106 mA h g™ at 5C and a capacity
retention of 89.5% after 100 cycles at 0.2 C within a potential range of
3.5-5.0 V [7]. However, the specific capacity values are limited when
the IL-based electrolytes are operated at room temperature and the
active materials present a moderate ion conductivity limiting the Li+
diffusion and electron transfer at the surface of the material. A strategy
to address the issues related to the low conductivity of IL-based cells is
the use of carbon-based composite materials because it can enhance the
ion diffusion and improve the structure stability [25,26]. Accordingly,
many researchers have focused on improving the electrochemical
response from oxides supported on carbonaceous materials.

In the current work we propose the hybrid material LiyMn; g
Tip.204@N-doped graphene oxide (GO) (where x < 1) as an alternative
of positive electrode against to the expensive and controversial LiCoOq
material for LIBs. We provide a simple method to modify the Li;.
xMn; gTip 204 spinel by the incorporation of GO using 1.10 phenan-
throline as a precursor of the carbon material. So, the graphene oxide
(GO) is directly produced during the synthesis of the active material,
providing a more intimate contact between the carbonaceous material
and the active spinel particles. In addition, it is shown that the elec-
trochemical performance of the material can be improved if a full cell (as
practical application) is operated using an ionic liquid as electrolyte at a
moderate temperature of 40 °C.

From a complete structural and morphological characterization of
the samples (pristine and hybrid spinel), we obtained a pure crystalline
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material. Our electrochemical study starts with a complete analysis of
the hybrid material on a commercial electrolyte (1.0 mol L™! LiPF¢ in
ethylene carbonate (EC) and diethyl carbonate (DMC) with a 1:1 vol
ratio), showing remarkable enhancement in the cycling stability and a
rate capability response due to the presence of the N-doped graphene
oxide, of which phenanthroline was the precursor. The LiyMn;g
Tip.204@N-doped graphene oxide electrode presented an initial capacity
of 139.4 mA h g}, and after 50 cycles, it decayed to 112.1 mAh g”! and
then to 104 mA h g~} in the 70th cycle, maintaining a capacity retention
of 89%. Taking advantage of the potential range in which our proposed
material works, we used IL-based electrolytes (i.e., 1.0 mol L~ ! LiTFSIin
[(Pyry,4)(TFSD]), and we performed the experiments at temperatures
higher than 25 °C. The optimum operating temperature for the battery
with the IL as the electrolyte in terms of the rate capability response was
found to be 40 °C. At 40 °C, our hybrid material presented a pronounced
specific capacity of 117 mA h g! at an applied current of 1 C. The
lithium storage properties of LiyMn; gTip 204@N-doped graphene oxide
on both electrolytes, the simplicity of its synthesis and the excellent
response at high current densities and work temperatures make this
material a superior candidate for long-lasting and efficient positive
electrodes for LIB applications.

2. Experimental
2.1. Materials

The following reagents (analytical grade) were used to synthesize the
active material: lithium acetate dihydrate, Li(COOH)-2H,0O (Sigma
Aldrich; 99%); manganese acetate tetrahydrate, Mn(CH3COO)-4H20
(Sigma Aldrich; >99%); titanium diisopropoxide bis(acetylacetonate),
[(CH3)2CHO],Ti(CsH702)2) (Sigma Aldrich; 75 wt.% in isopropanol);
oxalic acid dihydrate, (COOH),-2H50 (Duksan; >99,5%); ethylene gly-
col, CoHgO5 (Panreac); 1,10 phenanthroline, C12HgN> (Sigma Aldrich;
>99%); N-methyl-2-pyrrolidone (Sigma Aldrich; 99.5%); poly-
vinylidene fluoride, PVdF (MTI technologies); carbon black C65 (MTI
technologies); lithium metal foils, Li (Sigma Aldrich, 99.9%); N-butyl-N-
ethyl pyrrolidinium N,N-bis(trifluoromethanesulfonyl)imide, Pyr; 4TFSI
(Io-li-tec; 99.5%); and lithium bis(trifluoromethanesulfonyl)imide,
LiTFSI (Sigma Aldrich; 99.5%).

2.2. Synthesis of Li,Mn; gTip 204 spinel

Pristine LiyMnj gTip 204 spinel (where x < 1) was synthesized by a
modified sol-gel method according to the method reported in our pre-
vious study [14]. Stoichiometric amounts of Mn(CH3COO),-4H50, pre-
viously dehydrated at 110 °C for 24 h under vacuum, and
LiC2H302-2H20 (5% excess), which was included to compensate for
lithium loss during high-temperature calcination, were separately dis-
solved in absolute ethanol (Scharlau, 99.5%) and methanol (Chemi,
99.8%), respectively. Afterward, oxalic acid dihydrate and ethylene
glycol were dissolved in 20 mL of ethanol and continuously stirred at
90 °C. The titanium precursor, [(CH3)oCHO]Ti(CsH;03)2, was trans-
ferred to the oxalic acid/ethylene glycol mixture. Subsequently, the
solutions with the Li and Mn precursors were slowly added simulta-
neously to the previous mixture with vigorous stirring (ca. 1200 rpm) at
90 °C until a polymerized gel formed. The resultant gel was dried under
vacuum at 120 °C for 48 h. The prepared precursor was hand-milled in
an agate mortar and subsequently sintered at 650 °C for 12 h at a heating
rate of 5.4 °C min~'. The cooling rate was 1.6 °C min™! from 650 °C to
550 °C, and then the material was cooled quickly to obtain the final
LiyMn; gTig 204 material.

2.3. Synthesis of Li,Mn; gTip 204@N-doped graphene oxide

To prepare the hybrid material, 1,10 phenanthroline was dissolved
in the presence of the prepared LiyMnjgTip204 (in a 60:40 mass



N. Mosquera et al.

proportion) in absolute ethanol. This mixture was maintained under
vigorous stirring for 12 h at room temperature. Afterward, the solvent
was carefully evaporated, and the powder was dried overnight at 80 °C.
Finally, the solid was annealed at 800 °C for 2 h under nitrogen flux to
prevent the oxidation of carbon [27,28].

2.4. Material characterization

The crystal structure of the samples was characterized by X-ray
diffraction (XRD) using an X-ray diffractometer (Rigaku Miniflex 600)
with a Cu radiation source (kal/a2) = 1.54178 A in the range of
10°<26<80° with a step size of 0.025° The analysis of crystalline phases
was performed using High Score Plus software with the PDF-2 database.
The Raman spectra were taken in a Horiba Jobin Yvon (Labram HR)
Nikon (BX41) microscope using a laser wavelength of 632 nm, 0.3 D
filter, a 50X objective and a sweep range of 100-3000 cm™!. The pres-
ence of functional groups in N-doped graphene oxide was confirmed by
Fourier transform infrared spectroscopy (FTIR). The spectra were ac-
quired on a Shimadzu Prestige-IR spectrophotometer with an MCT de-
tector, and 64 scans were acquired at a resolution of 4 cm !, The
morphology and size of the synthesized particles were analyzed by
scanning electron microscopy (SEM) using JEOL JSM 6490 LV equip-
ment coupled to EDS to determine the atomic composition. The com-
positions of the active materials and the oxidation states of the elements
as well as those of the cathodic electrolyte interface (CEI) formed in
different electrolytes were determined by X-ray photoelectron spec-
troscopy (XPS) analysis using a NAP-XPS Specs Phiobos 150 1D-DLD
analyzer. This system incorporates a monochromated Al Ka X-ray
source (hv =1486.7 eV, 13 kV, 100 W). The high-resolution XPS spectra
were recorded at a constant pass energy of 90 eV (3 cycles) for the survey
spectra and 20 eV (20 cycles) for the high-resolution core level spectra.
The specific surface area and the pore-size distribution were measured
by BET for Ny absorption (ASAP 2020 Micromeritics) and pore size
analysis.

2.5. Electrochemical characterization

The positive electrodes were fabricated from a slurry containing 80
wt% active materials (LixMnj gTip204 and LixMn; gTip 204@N-doped
graphene oxide), 10 wt% carbon black super P, and 10 wt% PVdF binder
in NMP as a dispersant. The slurry was cast onto an Al foil as a current
collector using a continuous doctor blade coating system and subse-
quently dried under vacuum at 80 °C overnight. The 2032-type coin cells
were assembled inside an Ar-filled MBraun glovebox in which the
amount of water and oxygen concentration was below 0.5 ppm.
LixMn; gTip 204 and LiyMn; gTip204@N-doped graphene oxide, each
with a diameter of approximately 12 mm, were used as positive elec-
trodes. Lithium metal foil disks 0.75 mm thick and approximately 10
mm in diameter were used as the counter electrodes, and a glass mi-
crofiber (Whatman, grade GF/D) was used as the separator. For the tests
in organic solvents, we used commercial LP30. For the experiments with
IL as the electrolyte, a solution of 1.0 mol L~! LiTFSI in [Pyrq, 4] [TFSI]
was used. The galvanostatic charge/discharge (GCD) cycling perfor-
mance was typically performed between 4.6 and 3.0 V at a constant
current of 15.0 mA g™, equivalent to a rate of 1 C, assuming a theo-
retical specific capacity of 150 mA h g™\. Cyclic voltammetry (CV) ex-
periments were carried out between 3.0 V and 4.6 V at 0.1 mV s™L. For
electrochemical impedance spectroscopy (EIS) at different states of
charge and discharge, we used a three-electrode Swagelok T cell. We
performed the EIS experiments in a frequency range of 10 kHz-9 mHz
and recorded 5 data points per decade. Different electrical parameters
were obtained from the EIS data fitting analysis using Origin 2019
software. The GCD cycling as well as the CV and EIS experiments of the
electrodes were performed using a BioLogic BCS 805 potentiostat/gal-
vanostat. The values of electrical conductivity were obtained using from
current vs. potential (i vs. E) measurements in a two-cell terminal. The
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Fig. 1. XRD patterns of the (A) LiyMn; gTip.204@N-doped graphene oxide
hybrid material. (B) Pure Li,Mn; gTip »04 spinel and (C) ICSD reference pattern.

electrodes were constructed pressing the active material under 10 MPa
at room temperature. The thickness and diameter of the samples were
measured using a micrometer Mitutoyo IP 65 (0 — 25 mm + 0.001 mm),
and a digital caliper, Mitutoyo, respectively. The experiments were
performed in a potentiostat/galvanostat (Solartron Analytical, CellTest
System 1470E). Finally, the effect of temperature on the electrochemical
behavior was studied by rate capability tests. The spinel LiyMn; g
Tip.204@N-doped graphene oxide electrode in 1.0 mol L~! LiTFSI/
[(Pyr14)(TFSI)] electrolyte was investigated at different temperatures
(25 °C, 40 °C and 60 °C) using a Binder KB115 drying oven.

3. Results and discussion
3.1. Chemical and structural characterization

The XRD patterns of the pure LixMn; gTip 204 spinel and the hybrid
material LiyMn; gTig 204@N-doped graphene oxide are shown in Fig. 1.
The shape and intensity of the peaks of the XRD patterns could be
indexed as a cubic spinel structure with an Fd-3 m space group (ICSD
98-024-7051), in agreement with a previous study [13]. The patterns
showed reflections located at angles 20 = 18.7°, 36.3°, 37.9°, 44.1°,
48.3°, 58.4°, 64.2° and 67.5° corresponding to the Miller indices of
(111), (113), (222), (004), (133), (115), (044) and (135), respectively.
According to the diffractogram, the LiyMn; gTip 204@N-doped graphene
oxide sample do not exhibit phase transitions or a significant quantity of
impurities after annealing at elevated temperatures. Thus, the synthesis
procedure performed in this work allows high purity of the sample to be
achieved compared to those described in the literature reports [20].

We also confirm that the synthesis method performed do not affect
the spinel structure by Raman Spectroscopy. The lattice vibrational
modes of the pure LiyMn; gTip 204 and LiyMn1 gTip 204@N-doped gra-
phene oxide composite were analyzed. The complete Raman spectrum is
presented in Fig. 2(A). In the range between 100 and 800 em !, we
identified A1q, Eg and three Fyg vibrational modes exhibited by spinel-
type materials [29], as shown in Fig. 2(A) and (B). The materials pre-
sent two strong bands at approximately 570 and 640 cm™!, which
correspond to the Az and Fgg) modes of the symmetric Mn/Ti—O
stretching vibrations of the MOg octahedron [30]. The symmetric
stretching of the Ti—O bonds at the TiOg octahedral sites and the Mn-O
bonds at the MnOg octahedral sites is superimposed on the A;g and Fag
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Fig. 2. (A) Raman spectra of Li,Mn; gTip 204 and of (B) Li,Mn; gTi,04@N-doped graphene oxide shown between 100 and 800 cm™!. (C) Deconvolution of the
Raman signal between 800 and 3000 cm~L. (D) FTIR spectrum of the LiyMn; gTip 204@N-doped graphene oxide composite.

symmetric bonding vibration corresponding to the O-Mn/Ti-O bonds
[32]. The Raman spectrum also exhibits a broad, high-intensity band
between 800 and 3000 cm™!; this band is related to the carbon

bands [29,31]. Similarly, a set of bands with lower intensity is presented
between 150 and 520 cm’l, corresponding to the F&z), Eg and F§3g) modes
associated with the Li—O symmetric bonding in LiO4 tetrahedra and the

bl
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Fig. 3. (A) TEM image of the Li,Mn; gTip204@N-doped graphene oxide composite with fast Fourier transform showing spinel structures with the space group
indicated and color box images of the local vector with the p-spacing (color scale bar of p-spacing in nm), (B) HR-TEM and (C) TEM spectrum with EDS elemental
mapping of manganese, titanium, oxygen, carbon, and nitrogen (from left to right) of the LiMn; gTip 204@N-doped graphene oxide composite.
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contained in the hybrid material. The complete Raman spectrum with
the deconvolution between 800 and 3000 cm ™! is presented in Fig. 2(C).
According to the literature reports, the typical Raman spectrum of gra-
phene oxide should present the characteristic bands marked as D, G and
2D. The D and G bands appear at approximately 1350 cm ™' and 1520
em™}, respectively, and are associated with amorphous carbon (D) and
graphite carbon (G). The p-band derives from disorder in the sp>-hy-
bridized carbon, while the G-band is related to the tangential stretching
(Eag) mode of graphite [33-35]. The broad-2D band at approximately
2000 cm ! is related to the second-order Raman scattering process [33,
36]. The spectra of graphene oxide are characterized by intense D and G
bands and a wide 2D band [36]. The Raman results are consistent with
those of other reported N-doped graphene oxide materials [37]. The
intensity ratio of the p-band to the G-band (Ip/Ig) gives information
about the disorder degree of graphene [38]. The Ip/Ig ratio obtained
from the deconvoluted D and G bands for the LiyMn; gTip 204@N-doped
graphene oxide hybrid material is 0.60, which suggests that there is a
low grade of defects and disorders introduced in the graphene oxide
material during spinel modification [39].

Additionally, FTIR was employed to identify the functional groups
present on the N-doped graphene oxide surface. The FTIR transmittance
spectrum of the LiyMnj gTip204@N-doped graphene oxide sample is
presented in Fig. 2(D). First, the narrow peak observed at 1490 cm !
was attributed to the presence of C=C stretching. In addition, C—N
stretching was observed at a wavelength of 1380 cm™!, and the typical
C=N stretching vibration band at 1322 cm ™! also appeared; this peak
corresponds to the characteristic bands of nitrogen doping. The bands
that appear at 1637 cm ™! and 1430 cm ™! confirm the occurrence of C=0
and C-O-H stretching, respectively. Finally, the typical bands associated
with the C—O-C group appear between 1087 and 873 cm ™! [40,41]. The
FTIR spectrum allowed us to confirm the presence of N-doping into a
graphene oxide matrix.

The morphology of the active materials was studied by SEM. The
SEM images of the LiyMn; gTip 204 and LiyMnj gTip 204@N-doped gra-
phene oxide samples are shown in Fig. S1(A) and S1(B), respectively, in
the supplementary Information. There is a notable difference in the
particle shape and size between the samples. The pristine LiyMn; g
Tig.204 spinel sample presented rounded nanoparticles with comparable
sizes between 50 and 80 nm, separated by well-defined boundaries, as
shown in Fig. S1(A). The LiyMn; gTip204@N-doped graphene oxide
sample exhibited particle sizes significantly larger than those of the
pristine sample, with particle sizes between 300 and 500 nm. This
sample presents the typical spinel morphology of octahedron-shaped
and composed of {111} surfaces, although slightly less defined
compared to the pristine material, as shown in Fig. S1(B). After
annealing at elevated temperatures, the particle size increased signifi-
cantly and favored the growth of a preferential orientation in the crystal,
which could significantly affect the electrochemical properties of the
active material [42].

Fig. 3 shows TEM images and Fourier image analysis that reveal the
distribution of the spinel domain of the LiyMn; gTiy 204@N-doped gra-
phene oxide composite. The fast-Fourier transform showing spinel
structures with a p-spacing of 0.246 nm (dark blue regions) corre-
sponding to the LiMn; gTip 204 spinel (113) plane and the yellow-red
regions (d-spacing = 0.30 nm) are related to the N-doped graphene
oxide matrix; comparatively, the higher transparency areas indicate the
spinel structure, and dark areas indicate the stacking nanostructure of
several N-doped graphene oxides (Fig. 3(A)). In addition, the high-
resolution TEM image of an individual particle shows that the mate-
rial is formed of octahedrons linked together randomly (Fig. 3(B)). To
demonstrate a uniform distribution of elemental Mn, Ti, O, C and N,
elemental mapping was obtained, as shown in Fig. 3(C). The EDS
mapping reveals that the hybrid material was formed during the post-
treatment with 1,10 phenanthroline. As expected, the results confirmed
the uniform distribution of N on the graphene oxide matrix and the
spinel in the N-graphene oxide matrix.
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Table 1
BET surface area of the positive materials.

Material BET surface Area Pore Volume Distribution
(ng— 1) (CmBg — 1)

LiyMn; gTip 204 3.5 0.007

LiyMn; gTip 204@N-doped 13.5 0.056

graphene oxide

This significant size change is also confirmed by Bru-
nauer—Emmett—Teller (BET) analysis, and the BET surface area results
are listed in Table 1. Additionally, the nitrogen adsorption/desorption
isotherms (type II — IUPAC classification) are provided in Fig. S2 of the
Supplementary Information. The BET surface area of the LiyMn; gTip 204
material is significantly lower than that of the Li,Mn; gTiy 204@N-doped
graphene oxide composite. It is easy to associate this increase in the
surface area and pore volume to the impregnation of the LiyMn; gTig 204
into the N-doped graphene oxide structure. In addition, the significantly
high pore volume distribution for the LiyMn; gTip204@N-doped gra-
phene oxide material can improve lithium-ion transportation because
the electrolyte can impregnate the porous material more easily [28].
Yang et al. [43] reported that metal oxides were uniformly anchored
onto the surface of graphene, decreasing the volume expansion/con-
traction during the cycling process, and that such a network structure
can enhance electron conduction [44].

3.2. Electrochemical evaluation

3.2.1. Electrochemical behavior in the LP30 electrolyte

We performed CV experiments to elucidate the electrochemical
behavior of the positive electrodes using LiyMn; gTip 204 and LixMn; g.
Tip.204@N-doped graphene oxide as the active materials and LP30 as
the electrolyte. The CV results of the positive electrodes tested in half-
cells are presented in Fig. S3. No evident discrepancy in the cyclic vol-
tammograms between the two active materials was observed, indicating
similar reaction mechanisms. In the case of the LiyMn; gTig 204 electrode
(Fig. S3(A)), the CV displayed two sharp redox peaks at approximately
4.04V and 3.97 V (peaks I/1*) and 4.14 V and 4.09 V (peaks II/II*), and
the CV of the LixMn; gTip204@N-doped graphene oxide composite
(Fig. S3(B)) also presented two sharp redox peaks at approximately 4.01
V and 3.98 V (peaks I/I*) and 4.14 V and 4.10 V (peaks II/11*). The cyclic
voltammograms clearly showed peaks corresponding to redox reactions
of the classical spinel LiMn,O4 between the LiMnyO4 (Mn**3%) and
A-MnO, (Mn**) couple during lithium intercalation/deintercalation
[14], reaction (1), which can be attributed to topotactic two-phase
reversible reactions [45]. The role of titanium in the structure is only
to stabilize the spinel structure; therefore, it is electrochemically inert in
the potential range under study, 4.6-3.0 V.

Lian]_gTi0_2042MH1_gTi0_204 + XLiJr +xe~ (l)

Fig. 4 (A and B) shows the galvanostatic charge/discharge profiles
corresponding to the cycle numbers (1st, 50th, 70th and 100th) of the
pristine LiyMn; gTip 204 and LiyMn; gTip 204@N-doped graphene oxide
electrodes, respectively, at a current density of 14.9 mA g’1 (0.1 C). Both
electrodes showed two charge plateaus at approximately 4.0 V, as was
also apparent in the CV results. The LixMn; gTip 204 electrode presented
a discharge specific capacity in the 1st cycle of 54.4 mA h g that
decayed to 52.2 mA h g* in the 50th cycle and then to 38.5mAh g} in
the 70th cycle; however, the specific capacity values decreased over a
few cycles, while the LiyMn; gTip 204@N-doped graphene oxide elec-
trode presented an initial capacity of 139.4 mA h g™}, which decayed to
112.1 mA h g} in the 50th cycle and then to 104 mA h g* in the 70th
cycle, maintaining a capacity retention of 89% higher than that of the
pristine material. From the derivation of the GCD curves (Fig. 4(C) and
(D)), we obtained the same response as the CV experiments, where the
redox peaks associated with the topotactic two-phase reversible
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capability performances at different charge current densities. The tests were performed in a potential range of 4.6 and 3.0 V in an LP30 electrolyte.

reactions are perfectly defined. Furthermore, in the case of the derivate
for the LixMn; gTip 204@N-doepd graphene oxide, we obtained an in-
crease in the charge involved regarding the pure spinel, which is asso-
ciated with an enhancement in the electrical and ionic conductivity of
the material due to the N-doped graphene oxide sheets inserted into the
spinel, as demonstrated above.

The cycling stability and the corresponding coulombic efficiency of
the LiyMn, gTip204 and LiyMn; gTip204@N-doped graphene oxide

electrodes in the potential range of 4.6 — 3.0 Vat 0.1 C (1 C = 149 mA
g’l) are presented in Fig. 5(A). The LiyMn; gTip 204@N-doped graphene
oxide electrode presented a better cycling stability than the pure
LixMn; gTip 204 electrode. The initial discharge capacity of the
LixMn; gTip 204@N-doped graphene oxide electrode was 139 mA h g’l,
and it exhibited 81% charge retention after 70 cycles, while the
LixMn; gTip 204 electrode presented an initial discharge capacity of 73
mA h g7, which is lower than that of the composite electrode. In
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addition, the coulombic efficiencies for both positive electrodes were
maintained near 96% during the 70 cycles performed. Fig. 5(B) shows
the rate capability performance of the LiyMn; gTip204 and LixMn; g
Tip.204@N-doped graphene oxide electrodes. The LixMn; gTip 204@N-
doped graphene oxide electrode exhibits a much better rate capability
performance than the pristine spinel electrode. The discharge capacity
decreased gradually as the current rate increased from 0.1 C to 5 C, and
in all cases, the charge current was 0.1 C. In particular, the LiyMn; g
Tip.204@N-doped graphene oxide electrode can deliver considerably
high specific capacity values on discharges of 139, 109, 106, 99, 91 and
79mAh g'1 at current discharges of 0.1 C,0.2C,0.5C,1C,2Cand5C,
respectively; these values are higher than those exhibited by the pristine
LixMn; gTig 204 electrode, which were 86, 75, 71, 63, 50 and 41 mA h
g’l. In addition, at a 2 C discharge rate, the LiyMn; gTip 204@N-doped
graphene oxide electrode presented a specific capacity of 91 mA h g2,
while the capacity of the LiyMn; gTip 204 electrode was 50 mA h g'l. The
stable reversible capacity of LiyMn; gTip204@N-doped graphene oxide
reverted to 108 mA h g when the current returned to 0.1 C. The novel
composite electrode exhibited a distinctly superior rate capacity per-
formance, which may be related to the good electron conductivity of the
N-doped graphene sheets and to the additional morphology changes
conferred by the composite material synthesis.

3.2.2. Electrochemical performance of the Li,Mn; gTip 204@N-doped
graphene oxide electrode tested in LP30 and IL-based electrolytes

As discussed in the introduction, ILs may improve the electro-
chemical and thermal stability of LIB systems constituted by high ca-
pacity/high voltage positive electrode materials when used as
electrolytes. Elevated temperature also results in poor battery perfor-
mance, which accelerates the oxidative degradation of electrolytes.
Degradation of the carbonate electrolyte produces a large number of

byproducts, which in turn affects the coulombic efficiency of the battery
and rapidly decays the cycle life [46]. Thus, there is a possibility of IL
application in high potential Li-ion batteries and, in particular, their
behavior with high voltage positive materials should be studied. Here,
we already showed the compatibility of our hybrid material on an
L-based electrolyte. Fig. 6 shows the electrochemical performance of the
LixMn; gTip204@N-doped graphene oxide composite material tested in
a1 mol L LiTFSI/ [(Pyr1,4)(TFSI)] electrolyte. Fig. 6(A) shows the GCD
curves of the active material performed at 14.9 mA g’l (0.1 C) and at
25 °C. A specific capacity of 135 mA h g! was obtained in cycle number
100, and this capacity is comparable with the values obtained in the
LP30 electrolyte. Furthermore, the differential capacity of each GCD
curve showed two characteristic peaks (see Fig. 6(B)) corresponding to
the topotactic two-phase reversible reactions [45] already observed in
the materials tested in the LP30 electrolyte. In addition, as shown in
Fig. 6(C), an enhancement of the cycling life of the LixMn;g
Tip 204@N-doped graphene oxide electrode was observed, with a spe-
cific capacity of approximately 120 mA h g! in cycle number 140. The
rate capability of the LiyMn; gTip204@N-doped graphene oxide elec-
trode in LP30 and the IL-based electrolyte was also investigated. Fig. 6
(D) and Fig. S4 compare the rate capability performances at tempera-
tures of 25 °C and 40 °C, respectively. At 25 °C, the performance of both
cells was comparable by the 15th cycle at 1 C, reaching almost the same
capacity (100 mA h g’l). When the rate was further increased to 2 C and
5 C, the capacity of the cell with the IL-based electrolyte dropped to
values lower than 70 mA h g™}, while for the cell with LP30, the values
were greater than 90 mA h g'. In contrast, at 40 °C, the discharge ca-
pacity of the cell with the IL-based electrolyte had an improved rate
capability, delivering 115mA h g! and 104 mA h g™ at 0.1 Cand 2 C,
respectively. The same behavior was observed in the cell with LP30,
where the rate capability was 119 mA h g™ and 106 mA h g at 0.1 C
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phene oxide. (C) LiyMn; gTip204@N-doped graphene oxide in an IL-based
electrolyte.

and 2 C, respectively. It is important to mention that at 40 °C, the cell
with the 1 mol ! LiTFSI/ [(Pyr1,4)(TFSI)] electrolyte had a remarkably
high and stable rate performance because the physiochemical proper-
ties, specially the ion conductivity, of the IL-based electrolyte improved
strongly with increasing temperature. Thus, at 40 °C, lithium extrac-
tion/insertion was facilitated by an increase in temperature [47,48].

A more detailed analysis of the electrochemical performance of the
active materials tested in both LP30 and IL-based electrolytes was per-
formed by EIS at different states of charge and discharge. Each EIS
experiment was performed in a three-electrode cell as follows: a fresh
electrode, which was stabilized by performing 30 discharge/charge

Electrochimica Acta 449 (2023) 142210

cycles at a constant current density of C/10, was used. Afterward, the
completely delithiated electrode was discharged at C/10 with a different
applied cutoff of discharge. When the cutoff was achieved, the circuit
was opened for 30 min, and the measured potential was applied for 30
min. Finally, the EIS experiment was carried out at the registered OCP.
Fig. S5 shows the E vs. t curves of the experiment (with LiyMn; g
Tip 204@N-doped graphene oxide as an example), representing how the
above sequence was performed. Fig. 7 shows the Nyquist plots of the EIS
experiments at different amounts of lithium (x) in LiyMn; gTiy 204-based
electrodes for the three conditions under analysis, i.e., LiyMn; gTip 204,
LixMn; gTip204@N-doped graphene oxide, both in the LP30 electrolyte
and LiyMn; gTip 204@N-doped graphene oxide in the IL-based electro-
lyte. All experiments were performed at 25 °C.

The overall impedance resistances of pure LiyMnj gTig 204 were
higher than those of LiyMn; gTip204@N-doped graphene oxide
(comparing Fig. 7(A) and (B)). This decrease in all resistances is asso-
ciated with the graphene oxide network, where LiyMn; gTip 204 was
incorporated, improving the conductivity between the particles.
Furthermore, the overall impedance resistances of the LiyMn;g.
Tip.204@N-doped graphene oxide in the IL-based electrolyte were even
higher than those in the organic electrolyte (Fig. 7(C)). In this case, the
two semicircles are perfectly separated, and the diffusion contribution is
completely diminished; we associated this phenomenon with poor Li-ion
diffusion in the IL-medium in the frequency range that we performed the
EIS experiments. Additionally, in all cases, the overall resistance
decreased as the amount of intercalated lithium was increased, which is
attributed to the formation of a more conductive material (by the
presence of Mn>* in the spinel) [45], as can be observed in Eq. (1). In
Fig. S6, we present the Nyquist plots of the discharge of pure LiyMn; g
Tip.204, LixMn; gTig204@N-doped graphene oxide, both in the LP30
electrolyte, and LixMn; gTip204@N-doped graphene oxide in the
IL-based electrolyte.

By fitting the measured data with an electrochemical equivalent
circuit (EEC), we obtained detailed information about the electro-
chemical processes. The EEC used to fit the experimental EIS data for the
LixMn; gTip 204 and LiyMn; gTip204@N-doped graphene oxide elec-
trodes is represented in Fig. S7. The EEC consisted of the electrolyte
resistance (Rgp) in a series with a parallel arrangement between resis-
tance and a constant phase element (CPE), which was associated with
the cathodic electrolyte interface (CEI) layer formed on the positive
electrode surface (Rcgi|CPEcg). This is linked to a second parallel
arrangement of a polarization resistance (R;,) and a CPE of the double
layer (CPEq) representing the charge transfer reaction of the active
material and a T diffusion element with a constant a < 0.5 in series with
the resistance (R,T|CPEq). Rg. can be directly obtained from the
impedance spectra and equals zero when crossing the real Z axis at high
frequencies. Rcgi|CPEcg and RpT|CPEq are observed as a depressed
capacitive loop in the middle-frequency region, and the respective time
constants appear coupled when the electrodes are tested in the LP30
electrolyte. The diffusion process is reflected in the lower-frequency
region.

In Fig. S8, we show the representation of the phase angle vs. log
(frequency) (Bode plot), which easily reflects the different time con-
stants. For instance, in the Nyquist plots of the LiyMn; gTip204@N-
doped graphene oxide in LP30, there seems to be one time constant;
however, in the Bode plot of the phase angle, two overlapping time
constants are clearly observed.

The different resistance values were obtained by fitting the EIS
spectra and were plotted as a function of x of lithium (for both lithiation
and delithiation processes) for pure LiyMnjgTip204 and LiyMn; g
Tip.204@N-doped graphene oxide in LP30, Fig. 8(A) and (C), respec-
tively. In the Supplementary Information the Table S1, Table S2 and
Table S3 inform the resistance and capacitance values for pure
LixMn; gTip 204 and LixMn; gTip 204@N-doped graphene oxide both in
LP30 and LiyMn; gTip 204@N-doped graphene oxide in IL-based elec-
trolyte, respectively. The resistance values of LiyMn; gTip 204@N-doped
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graphene oxide tested in the IL-based electrolyte are shown in Fig. 8(E).
The Rp, Rcpr and Rgp, values are lower for LixyMn; gTip 204@N-doped
graphene oxide than those exhibited by the pure LiyMn; gTip 204 active
material, suggesting the enhancement in the electrical conductivity by
the incorporation of the N-doped graphene oxide. As expected, in the
three cases, the Rg; and Rcgy values were practically unchanged
throughout the lithiation and delithiation processes. In contrast, because
Rp describes the electrical properties of the material, as the amount of
lithium is increased (i.e., more conductive spinel in the presence of
Mn3+), the Rp values decrease.

In addition, we determined the capacitances (C) using the CPE
constant values (Q and o) obtained from the fittings. The capacitance

values associated with the CEI and the double layer as a function of the
lithiation state are plotted in Fig. 8(B), (D) and (F) for LiyMn; gTip 204 in
LP30, LixMn; gTig.204@N-doped graphene oxide in LP30 and LiyMn; g
Tip.204@N-doped graphene oxide in the IL-based electrolyte, respec-
tively. We used the Brug equation to calculate the capacitances [49]:

o
(R +Rel )"

The capacitance values of the CEI in the three cases did not change
with the state of lithiation of the materials. In contrast, the capacitances
of the double layer decreased as the amount of lithium was increased
and followed the same trend as the Rp. However, the capacitance values

C= (2)
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were lower for LiyMn; gTip204@N-doped graphene oxide than those
exhibited by pure LiyMn; gTip 204. Therefore, throughout the lithiation
process (as a consequence of the reduction of Mn**, as described in the
section on the CV experiments), the spinel became more conductive,
making the double layer thinner. Additionally, Because the capacitances
are normalized by the BET area of the samples, it is possible to analyze
the CEI thickness formed in both electrolytes, which is inversely pro-
portional to the capacitance value (where the dielectric constants are
approximately equal). The thickness of the CEI formed in the IL was
lower than that formed in the LP30 electrolyte; however, due to the
resistance of both CEIs (Rcgp), the CEI formed in organic solvent was
probably more porous and conductive and more permeable to lithium
ions.

We also obtained the time constant (t) as the amount of lithium was
changed, and we compared the pristine and hybrid materials in the LP30
electrolyte (Fig. S9). The most important difference is that the hybrid
material required less time than the pristine material, suggesting faster
charge transfer. Furthermore, the trends in the variation of t as the
amount of lithium was changed were the same as those of the Rp of both
materials in LP30.

From the imaginary resistance (diffusion part) of the Nyquist plot
versus the inverse square root of angular frequency (o~/2), we obtained
the diffusion coefficient of lithium-ion (D) for the more discharged
state (more lithiated spinel), according to the following equation [50].

R*T?

Dui = 2A2n4F* C2 o2

3
Where R is the gas constant, T is the absolute temperature, F is the
Faraday constant (96,486 C rnol’l), A is the geometric surface area, n is
the number of electrons exchanged and C is the lithium-ion concentra-
tion, and o is the slope of the imaginary resistance (Z;y) vs. the inverse of
the angular frequency (w™1). We obtained values of Dy of 1.77 x 10710
em? s7! and 6.37 x 107! cm? s7! for LixMn; gTip 204@N-doped gra-
phene oxide and pure LiyMn; gTip 204, respectively. Not only the ob-
tained Dy, values are characteristic of this kind of system, where lithium
ions are intercalated in a solid structure, but also it was obtained a
higher Dy;, for the hybrid material, which corresponds to the material
with better ionic conductivity [51,52], as it was described before.
Finally, the electrical conductivity of the materials was obtained using
the current vs. potential (i vs. E) measurements in a two-cell terminal.
The slope of the resulting i vs. E plots were used to calculate the elec-
trical conductivity considering the materials geometric distribution,
according to the following equation [53].

Oie = <R1> G)

Where o is the electrical conductivity, R; ¢ is the electrical resistance, L
is the thickness of the active materials, and A is the geometric area of the
electrode. The electrical conductivity values obtained for pure
LiyMn; gTip 204 and LixMn; gTip204@N-doped graphene oxide were
1.25 pS em ! and 4.77 pS em™!, respectively. The hybrid material
LiyMn; gTip 204@N-doped graphene oxide showed values of electrical
conductivity significantly larger than the LiyMn; gTip 204 pure spinel,
thanks to the incorporation of conductive carbon substrate. As it has
been reported from other studies, the electrical conductivity values of
manganese oxide are between 1.0 and 10 pS em™! [54]. The absolute
conductivity values obtained in the current work are comparable to
literature reports.

XPS measurements were performed to investigate the formation of
the CEI on a carbon sheet electrode surface cycled using the LP30 and
LiTFSI/[(Pyr1,4)(TFSI)] electrolytes. The survey spectra obtained after
the first discharge demonstrate that the CEI formed on the carbon sheet
surface differs in composition in each electrolyte. The carbon sheet
cycled with LP30 and the Li electrode (called C/LP30) showed F 15,01
s, C1 s and P 2p spectra (Fig. S10(A)), while the electrode cycled with
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Fig. 9. Rate capability performance at different temperatures and charge cur-
rent densities of the Liy,Mn; gTip 204@N-doped graphene oxide composite. The
tests were performed in a voltage range of 3.0-4.6 V in 1 mol L™ LiTFSI/
[(Pyr1,4)(TFSI)] electrolyte.

the IL (called C/IL-based) showed F1s,01s,C1s,N1sandS 2p spectra
(Fig. S10(B)) related to CEI formation on each electrode surface.

For the C/LP30 surface, the photoelectron emission bands in the 532
and 533.6 eV binding energy ranges are attributed to C—O and C=0,
respectively, which are dominating species in the O 1 s spectrum
(Fig. S10 (C)), indicating that the carbonate solvent (EC:DMC) decom-
posed during the process, participating in CEI formation [55,56]. The
peak of fluorine indicates two bonds [7], the C-F bond at ~688 eV and
the P-F bond at 686.5 eV. This spectrum is attributed to the degradation
of the salt [55]. In addition, a weak signal at ~135.1 eV in the P 2p
spectrum (Fig. S10 (C)) is attributed to P-Li species, which implies the
participation of LiPFg salt in CEI layer formation [47].

In contrast, the C/IL-based surface formed in (Pyr; 4)(TFSI) electro-
lyte presented in Fig. S10(D) shows the O 1 s photoelectron emission
band. The binding energy of 531.5 eV is attributed to C — O bonds, and
the 533.0 eV emission band corresponds to C = O bonds [7]. Further-
more, in the IL-based electrolyte, it shows a significant number of SO,
moieties in the ~532.9 eV binding energy, derived from the decompo-
sition of FSI™ anions [7,57]. Moreover, the deconvolution of the S 2p
spectrum confirms the presence of the SO5 group from FSI breakdown.
The 169.3 and 170.5 eV binding energies are attributed to 2ps/» and
2p1,2, respectively, indicating that the electrolyte participates in the
formation of the CEI layer. The S 2p spectrum clearly shows the presence
of SOy [58]. Similarly, the N 1 s photoelectron spectrum is shown in
Fig. S10 (B). The spectrum of two well-defined peaks at ~398.9 eV and
~401.8 eV occur, which are assigned to the N-S bond in the LiTFSI
electrolyte, confirming that the TFSI™ anion contributes to the formation
[59,60]. The appearance of LiF in the F 1 s (~685.2 eV) and C-F
(~687.6 eV) spectra suggests the decomposition of the LiTFSI on the
carbon sheet electrode surface [7].

When we used LiyMn; gTip204@N-doped graphene oxide in both
electrolytes, the first electrochemical cycle led to the formation of a CEI,
which is the result of the deterioration of the electrolyte and the salt due
to surface reactions.

Finally, we performed rate capability experiments using the
LiyMn; gTip 204@N-doped graphene oxide electrode in the IL electrolyte
at different temperatures. We found that there was a clear dependence
since temperature greatly influenced the physiochemical properties
(viscosity and conductivity) of the IL-based electrolyte. The rate capa-
bility profiles of the LixMn; gTip 204@N-doped graphene oxide electrode
were evaluated at 25 °C, 40 °C and 60 °C (Fig. 9). At 25 °C, the
LixMn; gTip 204@N-doped graphene oxide electrode exhibited moderate
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Fig. 10. Differential capacity (dq/dV) plots versus voltage of the LiyMn; gTip 204@N-doped graphene oxide composite performed at different currents (C-Rate). The
tests were performed in a voltage range of 3.0-4.6 V in 1 mol L™ LiTFSI/[(Pyr; 4)(TFSD)] electrolyte at 25 °C (A), 40 °C(B) and 60 °C (C).

discharge capacities of 116 and 100 mA h g™! at high C-rates of 0.5 C and
1 C, respectively. The discharge capacity values of the LiyMn;g
Tip.204@N-doped graphene oxide electrode further increased to 129
mAhg!and 117 mA h g™ at rates of 0.5 C and 1 C, respectively, when
cycling at 40 °C. This response shows an optimal temperature where the
viscosity and conductivity of the IL allows a favored diffusion of lithium
ions. However, the discharge capacities decreased to 125 mA h g™* and
116 mA h g! at 0.5 C and 1 C, respectively, when cycling at 60 °C.
Moreover, the rapid capacity decayed at rates of 5 C and 10 C due to the
thermal stability of the IL at high temperatures.

In Fig. 10, we show the derivative of charge vs. potential (dQ/dV vs.
E) profiles corresponding to the fifth cycle at each rate performed at
different temperatures. This representation offers an approach to esti-
mating the fraction of charge assigned to each redox couple and how this
fraction changes at different rates. Similar to that of the LiyMn; g
Tip.204@N-doped graphene oxide electrode in the organic electrolyte,
two potential plateaus were observed for each discharge curve, showing
the double steps of lithium extraction/insertion from/into LiyMn; g.
Tip.204@N-doped graphene oxide. When the electrode was cycled at
25 °C and a high rate, the fraction of charge assigned to each redox
couple decreased with the cycles. Nevertheless, when the rate capability
experiments were performed at 40 °C and 60 °C using the LixMn; g.
Tip.204@N-doped graphene oxide electrodes, the charge involved in
both processes remained the same at all the applied rates. This result
confirms that not only the properties of the IL but also the kinetic
properties of the electrochemical reactions were favored at increased
temperatures for this application.

4. Conclusions

In summary, we first enhanced the electrochemical response of
LixMn; gTip 204 through by supporting it on porous N-doped graphene
oxide in LP30 as an electrolyte. Using XRD, Raman spectroscopy and
FTIR spectroscopy, we determined that the LiyMn; gTip204 and
LixMn; gTip204@N-doped graphene oxide materials were successfully
synthesized. From the fast-Fourier transform of the TEM images, we
obtained the typical spinel and carbonaceous structures and p-spaces
related to the corresponding phases of LiyMn; gTip204@N-doped gra-
phene oxide. Furthermore, EDS mapping showed a uniform distribution
of N on the carbon matrix and spinel into the N-graphene oxide matrix.
Additionally, the BET surface area of the hybrid material was increased
4 times compared with that of the pristine material due to the impreg-
nation of the spinel particles on a porous carbonaceous matrix.

Lithium-ion storage properties were determined through numerous
electrochemical techniques. First, using LP30 as the electrolyte, the CV
experiments and the differential capacity of the GCD curves showed the
typical peaks corresponding to redox reactions of the classical spinel
LiMnyO4 couple during Li intercalation/deintercalation, which is
attributed to topotactic two-phase reversible reactions. We obtained an
enhancement in the charge involved in the case of the hybrid material
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due to the improvement in the conductivity of the hybrid material. In
terms of cyclability, we obtained more than 80% capacity retention over
70 cycles. Since one of the abilities of this material is the high potential
range, we employed IL-based electrolytes. We performed complete
characterization using EIS at different states of charge and discharge
comparing pristine and hybrid materials on both kinds of electrolytes.
From the different electrical parameters obtained, such as resistances
and capacitances, we determined that the hybrid material enhanced the
electrical conductivity, reflecting a better charge transfer process. We
also determined that on both electrolytes, the CEI was formed (charac-
terized by XPS) and was thicker when we used LP30 and more
conductive than when we used IL (as shown by the values of the re-
sistances associated with the CEI).

Finally, a long cycle performed at 25 °C and a rate capability
response at 40 °C, both at 0.5 C using 1 mol L' LiTFSI/ [(Pyrq,4)(TFSD)]
as the electrolyte, showed superior specific capacities of 116 mA h g™
and 129 mA h g7}, respectively. Therefore, the electrochemical proper-
ties of the LiyMn; gTip204@N-doped graphene oxide electrode were
strongly influenced by the variation in temperature and consequent
changes in the physicochemical properties of the IL-based electrolyte.
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