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A B S T R A C T

Disordered rocksalt cathodes exhibit high specific capacities and high energy density; however, their low elec-
tronic conductivity poses a great challenge. Herein, we explored an aqueous-solution-based synthesis route that
involves controlling the surface charges of Li1.2Mn0.6Ti0.2O1.8F0.2 (LMTOF) to be anchored by a few-layer
reduced graphene oxide (rGO) for the first time. The uniform rGO wrapping on the surface of the LMTOF par-
ticles is achieved by electrostatic attraction between the negatively charged rGO and positively charged LMTOF
particles. Although the initial specific capacity of rGO-LMTOF composite increased by 58 % compared to the
pristine LMTOF, the composite experienced a severe capacity fade over cycling. The synthesis process in an
aqueous medium resulted in Li+/H+ exchange and TM dissolution as evidenced from inductively coupled
plasmon analysis and X-ray diffraction analysis. Therefore, this work suggests the search for alternative media or
conditions for the synthesis of carbon-disordered rock salt cathode composite.

1. Introduction

Disordered rocksalt with lithium excess (DRX) compounds have
emerged as low-cost and high-capacity (> 250 mAh/g) cathode mate-
rials for lithium-ion batteries (LIBs). [1–6] Whereas conventional or-
dered layered oxide cathode materials for LIBs rely on the use of cobalt
(Co) and/or nickel (Ni). [7,8] DRX compounds enable the use of various
transition metals (TMs), providing additional flexibility. This is possible
because the requirement of Li/TM separation in the crystal structure is
lifted, [9] enabling the development of cathode materials based on
abundant and inexpensive TMs such as manganese (Mn) and iron (Fe).
[10–13] In addition, because DRX compounds can use both cationic and
anionic redox reactions, their achievable specific capacity is not limited
by the available cationic redox reactions of the TM; these materials can
thus deliver high specific capacity exceeding 250 mAh/g. [14–16]

Despite recent significant improvements, DRX cathode development
remains in its infancy, and several important challenges remain before
they become practically viable and competitive with commercially
available ordered layered oxide cathodes. One significant issue is their

relatively low electronic conductivity. [16–18] Most studies on DRX
cathode materials have used a relatively high carbon content (≥ 20 wt
%) in the electrode preparation, [19,20] which greatly decreases the
electrode-level energy density. In addition, most DRX cathode studies
use high-energy ball milling to reduce the particle size of the DRX and
create homogeneous carbon mixing with DRX particles. [21,22] How-
ever, this process is not suitable for scale-up. Patil et al. recently
developed a graphitic carbon coating on a DRX surface and demon-
strated improved cycling stability with a relatively low carbon content
(10 wt%); however, the high-energy ball-milling process was still used.
[17] A vapor-phase carbon-coating method was applied to the DRX-type
Li1.2Mn0.4Ti0.4O2 compound by Xu et al.; however, only a limited
reversible capacity of 70 mAh/g was achieved without additional
high-energy ball milling with carbon nanotubes. [22] Although
graphitic carbon coating is preferred because non-graphitic carbon with
substantial defects accelerates the electrolyte decomposition and de-
grades the cathode performance, [23] graphitic carbon coating typically
requires high-temperature treatment at reducing environments that can
decompose the DRX-type compounds. [22]
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In this study, we explore a solution-based synthesis route that uses
the electrostatic interaction between Li1.2Mn0.6Ti0.2O1.8F0.2 (hereafter,
LMTOF) particles and few-layer reduced graphene oxide (rGO) sheets by
controlling the surface charges of LMTOF for the first time. Although we
confirm that the rGO sheets wrap the LMTOF particles, the synthesis
process in aqueous medium resulted in the leaching of metal ions and
Li+/H+ exchange, as evidenced from inductive coupled plasmon (ICP)
analysis and X-ray diffraction (XRD) analysis, which remains a
limitation.

2. Experimental section

2.1. Material synthesis

Reduced graphene oxide (rGO)-wrapped LMTOF particles were
prepared through a simple one-step process. Initially, LMTOF was pre-
pared via solid-state synthesis following a previously reported synthesis
method. [24] Typically, Mn2O3, TiO2, Li2CO3, and LiF precursors adding
up to ~200 g was ball-milled together with Y-stabilized ZrO2 in 500-mL
jars at 100 rpm using a Retsch Planetary Ball Mill PM 400. The milled
precursors were calcined at 1000 ◦C for 4 h using a ramp rate of 5 ºC
min− 1 under an argon (Ar) atmosphere. Calcination was conducted in
loose powder form at a 30-g scale. The calcined LMTOF was subse-
quently ball-milled at 400 rpm in an organic solvent for 4 h without any
carbon. The ball-milled material was recovered, dried, and sieved using
45-micron mesh. All the processes were conducted at the Materials
Engineering Research Facility at Argonne National Laboratory (ANL).

For the rGO wrapping, 20 wt% of graphite oxide (~20 µm, MSE
supplies) was dispersed in deionized water (0.2 mg mL− 1) and exfoliated
to graphene oxide by sonication for 100 min. The graphene oxide was
reduced by slowly adding 0.15 M of urea (99.9 % Sigma-Aldrich) to the
solution followed by stirring for 10 h at 80 ◦C in an oil bath. Next, 80 wt
% of the LMTOF powder was added to the above solution, and the so-
lution was stirred for 1 h at room temperature. Finally, the pH of the
solution was adjusted to 2, where the LMTOF and rGO have opposite
surface charges. rGO-wrapped LMTOF particles were obtained by
washing the resultant products using distilled water followed by drying
at 70 ◦C. rGO-wrapped PEI-coated LMTOF (hereafter, GPLMTOF) par-
ticles were prepared using a two-step process involving (1) coating of
LMTOF particles by a polyethylenimine (PEI) and (2) wrapping the
polymer-coated LMTOF particles in rGO sheets. In a typical process, 1 g
PEI and 0.8 g polyvinylpyrrolidone (PVP) were dissolved in 20 mL of
ethanol and methanol (1:1) mixture solution; subsequently, 1 g LMTOF
was dispersed in the solution at a concentration of 50 mg/mL. The
dispersion was subjected to sonication for 60 min and stirred at 600 rpm
for 24 h at room temperature. PEI-coated LMTOF (hereafter, PLMTOF)
was obtained by washing the products using methanol and acetone
followed by drying at 70 ◦C. For the GPLMTOF, 20 wt% of graphite oxide
was exfoliated to graphene oxide using sonication and it was reduced by
urea, following a similar procedure mentioned above. Then, 80 wt% of
PEI-coated LMTOF powder was added to the solution, and the solution
was stirred for 1 h at room temperature at a neutral pH. The resultant
sample was washed with distilled water followed by drying at 70 ◦C.
Finally, the rGO-wrapped PEI-coated LMTOF was heat treated at
different temperatures ranging from 200 ◦C to 300 ◦C under Ar flow for 2
h to remove the additional functional groups (heating rate of 5 ◦C
min− 1).

2.2. Materials characterization

The zeta potential was collected on a Brookhaven ZetaPALS instru-
ment. Samples were prepared by making a stock solution of powder @
10− 3 concentration in 5 mL of 1 mM KNO3. Seven aliquots were pre-
pared from this stock solution using 40 μL of the stock solution into 20
ml of 1 mM KNO3, and either the pH was recorded as is or each solution
was adjusted with nitric acid or ammonium hydroxide to achieve a

desired pH, ranging from pH 2 to pH 10. The zeta potential was subse-
quently measured, with each measurement being the average of 100
cycles.

A Rigaku Miniflex 600 high-resolution diffractometer equipped with
a Cu-Kα source (λ=0.15418 nm) was used for recording the XRD pat-
terns of the LMTOF-based samples.

Microstructural analysis of LMTOF samples was conducting using a
FEI Quanta FEG-250 and Phenom PW-100–017 scanning electron mi-
croscope. Energy-dispersive X-ray spectroscopy (EDS) elemental map-
pings were recorded using a Bruker Quantax EDS detector.

Inductively coupled plasma mass spectroscopy (ICP-MS; Agilent
7900) was used to investigate the ratio of elements present in the pro-
cessing solution. For this measurement, 20 mg of LMTOF was dispersed
in 20 mL of the solvent, and the suspension was left for different time
intervals. For the analysis, 20 µL of the solution was collected after
filtering out the LMTOF and then diluted with nitric acid for the ICP-MS.
The calibration curve was generated using standard solutions with 5
different concentrations ranging from 1 ppb to 1000 ppb. Linear fitting
was applied.

The carbon content of the GPLMTOF sample was measured using
TGA (TGA5500, TA Instruments). The measurement was performed at a
heating rate of 1 ℃ min− 1 from room temperature to 650 ℃ using an
aluminum pan.

2.3. Electrochemical study

GPLMTOF composite electrodes were prepared by hand mixing 80
wt% GPLMTOF with 10 wt% super C65 (Timcal) and 10 wt% of poly-
tetrafluoroethylene (PTFE, DuPont, Teflon 8A). For the control group,
the electrode was prepared by mixing 70 wt% of LMTOF, 20 wt% of
super C65, and 10 wt% of PTFE binder. The mixtures were then rolled
into a ~40-µm thin film inside an Ar-filled glovebox. Coin-type 2032
two-electrode cells were fabricated using the composite working elec-
trode (10 mm diameter) containing ~2.8 mg cm− 2 of the active mate-
rial, Li-foil counter/ reference electrode and a glass fiber separator
(Whatman, GF/B type). The electrolyte consists of a 1 M solution (99.99
%, Solvionic) of LiPF6 in a 1:1 mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC). A glove box (VAC) filled with high-purity
argon (99.999 %) and equipped with oxygen and moisture sensors/ab-
sorbers (H2O and O2 content < 1 ppm) was used for assembling the
electrochemical cells. Li-ion half-cells were subjected to galvanostatic
long-term cycling at 20 mA g− 1 in the voltage range of 4.8–2 V using an
Arbin battery testing instrument at room temperature.

3. Results and discussion

3.1. LMTOF-graphene composite synthesis in acidic environments

In this study, LMTOF powder was synthesized using a conventional
solid-state method following a previous study. [24] We selected this
specific LMTOF material as a model system for rGO composite devel-
opment because it can be synthesized at large-scale and has shown
reasonably good electrochemical performance. [3,24] The rGO-wrapped
LMTOF was synthesized using a solution-based synthesis route that
utilizes an electrostatic interaction between LMTOF particles and
few-layer rGO sheets, similar to the use of a rGO coating on Li4Ti5O12 in
our previous work. [25] Herein, we selected aqueous medium as a
processing solvent because rGO sheet is known to be well dispersed in it
[26] and because of its expected low environmental impact. Initially, the
surface charges of the LMTOF particles and graphene oxide were
determined from Zeta potential measurements. Fig. 1a presents the
measured Zeta potential of the LMTOF at varied pH levels. The LMTOF
particles held positive surface charges at pH 2, whereas they held
negative surface charges at higher pH. Because graphene oxide has a
negative charge across a wide range of pH levels between 2 and 12, [25]
the negatively charged rGO sheets may electrostatically attract
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positively charged DRX particles at pH 2, resulting in the rGO wrapping
over LMTOF (GLMTOF) particles. Fig. 1b presents a scanning electron
microscopy (SEM) image of the GLMTOF sample, which confirms the
uniform wrapping of rGO sheets on submicron LMTOF particles.

To understand whether the bulk structure of LMTOF is changed after
the solution-based synthesis process, we employed XRD analysis, as
shown in Fig. 1c. The XRD peaks of GLMTOF shifted to higher two-theta
angles compared with those of the pristine LMTOF sample; however, no
secondary impurity peaks were detected. We suspect the occurrence of
Li leaching out from the LMTOF during the solution-based synthesis
process because of the acidic environment. Fig. 1d presents the induc-
tively coupled plasma mass spectroscopy (ICP-MS) analysis of the so-
lution collected at different time intervals from the suspension of LMTOF
at pH 2. The ICP-MS analysis demonstrated that not only Li ions but also
Mn and Ti ions are leached out of the LMTOF powder. After 1 h of im-
mersion in pH 2 solvent, >23 % of the Li was leached out from the
LMTOF (0.27 Li out of 1.2 Li) and 20 % of Mn (0.12 Mn out of 0.6 Mn)
and 11 % of Ti (0.022 Ti out of 0.2 Ti) were leached out from the LMTOF.
The leaching of Li, Mn, and Ti from LMTOF became more significant
after 24 h of immersion in the pH 2 solvent. These results demonstrate
that the dissolution of Li, Mn, and Ti occurs, accompanied by structure
change during the solution-based synthesis process of GLMTOF at pH 2
in an aqueous medium while superior wrapping of rGO on LMTOF
particles is feasible. It is possible that impurities such as Li2CO3 (if any)
can contribute to the Li dissolution in the pH2 solution, but we do not
expect its contribution would be substantial because we did not observe
a noticeable amount of Li2CO3 or other impurities in the XRD analysis.

3.2. LMTOF-graphene composite synthesis in neutral environments

Another approach for rGO wrapping at neutral pH is proposed in this
work and involves a two-step process: (1) coating of LMTOF particles by
polyethyleneimine (PEI), which carries a positive surface charge, [27]
followed by (2) wrapping the polymer-coated LMTOF particles with
negatively charged rGO sheets. The morphology and structure of LMTOF
were observed to remain intact after the PEI coating, as evidenced by the
SEM and XRD analysis (Figures S1a–b). In addition, the electrochemical

performance of LMTOF did not significantly change after PEI coating
(Figure S1c). The GPLMTOF was obtained by exfoliating graphite oxide
to graphene oxide using sonication and then reducing it by urea fol-
lowed by the addition of PEI-coated LMTOF (see details in experimental
section). Figs. 2a and 2b show SEM images of the pristine LMTOF and
GPLMTOF samples, respectively. Fig. 2b clearly shows that most of the
LMTOF particles were wrapped by two-dimensional rGO sheets in
contrast to the pristine LMTOF particles in Fig. 2a. Energy-dispersive
X-ray spectroscopy (EDS) analysis further confirmed the uniform
coverage of carbon on LMTOF particles in Fig. 2d. In contrast, no C
signal was observed in LMTOF particles without rGO wrapping (Fig. 2c).
The carbon signal shown in the background of Fig. 2c comes from the
carbon tape that is used to hold LMTOF particles on the SEM sample
holder. Figure S2 presents the thermogravimetric analysis result for the
GPLMTOF, which was conducted in an oxygen atmosphere to estimate
the carbon content. The GPLMTOF sample experienced a weight loss of
21 % in the temperature range of 30 ◦C–650 ◦C, indicating approxi-
mately 21 wt% of total carbon content presents in the composite. Fig. 2e
shows the XRD patterns of LMTOF, PLMTOF, and GPLMTOF. No sig-
nificant secondary phases were detected in the XRD patterns after PEI
coating and rGO wrapping. Although a slight peak shift and peak
broadening at ~63◦ were observed after rGO wrapping, it is noteworthy
that the XRD peak shift detected for GPLMTOF is not significant, as
observed at pH 2 in Fig. 1c, which might indicate improved stability of
LMTOF in a neutral aqueous medium compared with that in an acidic
environment at pH 2.

3.3. Electrochemical performance evaluation of LMTOF-graphene
composite

To reduce the total rGO content in the composite, we also synthe-
sized GPLMTOF with reduced rGO content (~10 wt%). We confirmed
that the rGO wrapping over PLMTOF was achieved with ~10 wt%
carbon, as evidenced from the SEM image presented in Figure S3. The
carbon content in this GPLMTOF composite was estimated from a car-
bon analyzer. The 10 wt%-rGO-wrapped PLMTOF (namely
10GPLMTOF) was used for the electrochemical tests. The

Fig. 1. (a) Zeta potential of LMTOF at various pH, (b) SEM image of rGO-wrapped LMTOF (GLMTOF), (c) XRD patterns of LMTOF and GLMTOF, and (d) ICP-MS
analysis of the solutions collected at different time intervals after LMTOF powders were dispersed in water at pH 2.
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electrochemical performance of 10GPLMTOF was investigated in Li-
metal half-cells. Figs. 3a and 3b present the galvanostatic char-
ge–discharge profiles of the pristine LMTOF and 10GPLMTOF at 20 mA/
g in the voltage range of 4.8–2.0 V (vs. Li/Li+). LMTOF exhibits the
characteristic behavior of DRX materials with an initial discharge ca-
pacity of 168 mAh/g at a current density of 20 mA/g, retaining 152
mAh/g after 50 cycles (Fig. 3a). [2] In contrast, 10GPLMTOF exhibits a
high initial discharge capacity of 266 mAh/g at 20 mA/g with signifi-
cantly improved initial coulombic efficiency (160 % vs. 59 % of LMTOF).
It is possible that the rGO wrapping suppresses the irreversible side re-
actions; however, we cannot exclude the possibility of Li loss during the
synthesis process. Fig. 3c shows the cycling stability of the LMTOF and
10GPLMTOF electrodes. Although the initial discharge capacity of the
10GPLMTOF composite was higher than that of LMTOF, faster capacity
fade was observed in 10GPLMTOF over extended cycling, with retention
of ~47 % of the initial capacity after 50 cycles compared to 90 % for
LMTOF.

The pristine LMTOF shows relatively good capacity retention as
mentioned earlier, but a voltage decay during discharge is observed in
Fig. 3a. To better capture this behavior, we plotted the average charge
and discharge voltages of LMTOF and 10GPLMTOF at 20 mA/g as shown
in Fig. 3d. The pristine LMTOF shows a continuous decrease in both

average discharge and charge voltages while the voltage decrease in
discharging process is more obvious, indicating a continuous structural
change during repeated charge-discharge processes. [28] In contrast, the
average discharge voltage of 10GPLMTOF decreases while there is a
slight increase in charge voltages upon cycling at 20 mA/g. These
voltage changes may reflect a polarization increase due to various fac-
tors including electrolyte decomposition and Mn dissolution during
cycling. [29] The increase in polarization in 10GPLMTOF during cycling
is likely to lead to rapid capacity decay compared to LMTOF. The ca-
pacity decay observed in 10GPLMTOF could be related to the presence
of residual functional groups in the rGO [30,31] because the functional
groups in rGO decrease electrical conductivity and have catalytic effects,
which might accelerate electrolyte decomposition. [32]

Therefore, the 10GPLMTOF composite was heat-treated at different
temperatures ranging from 200 ◦C to 300 ◦C to remove the residual
functional groups. Fig. 4a shows the XRD patterns of 10GPLMTOF heat
treated at 200 ◦C (denoted as 10GPLMTOF200), 250 ◦C (denoted as
10GPLMTOF250) and 300 ◦C (denoted as 10GPLMTOF300) as well as
pristine LMTOF. We found that the broad secondary peaks evolved at
18◦, ~36◦ and ~58◦ in the 10GPLMTOF composites after the heat
treatment that correspond to the spinel-like phase. This spinel-like sec-
ondary phase is more prominent in the case of 10GPLMTOF300

Fig. 2. SEM images of (a) LMTOF and (b) GPLMTOF. SEM images and EDS mapping results of (c) LMTOF and (d) GPLMTOF. (e) XRD of LMTOF, PLMTOF
and GPLMTOF.
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compared to the 10GPLMTOF200 and 10GPLMTOF250. The electro-
chemical performance of 10GPLMTOF300 was further investigated in
Li-metal half-cells. Fig. 4b displays the galvanostatic charge-discharge
profiles of the 10GPLMTOF300 at 20 mA/g in the voltage range of
4.8–2.0 V (vs. Li/Li+). 10GPLMTOF300 exhibited an initial discharge
capacity of 205 mAh/g at a current density of 20 mA/g, retaining 125
mAh/g after 50 cycles. Moreover, we observed a well-developed plateau
at ~3 V in the charge–discharge profiles providing further evidence of
the formation of the spinel-like phase. [7] It is likely that the
aqueous-medium-based processing leads to Li extraction from LMTOF,

which can accelerate the spinel-like phase formation by heat treatment.
[33] Although 10GPLMTOF300 exhibited a high initial coulombic effi-
ciency (213 %), and discharge capacities than LMTOF, 10GPLMTOF300
experienced a large polarization and rapid capacity decay (61 %
retention after 50 cycles) (Fig. 4b and 4c). The development of elec-
trolytes with improved oxidation limit such as highly concentrated
electrolytes [34] may further improve the cycling stability of LMTOF,
which needs future studies.

Fig. 3. Galvanostatic charge–discharge profiles of (a) LMTOF and (b) 10GPLMTOF at current density of 20 mA/g. (c) Galvanostatic cycling performance of LMTOF
and 10GPLMTOF at 20 mA/g. (d) Average charge and discharge voltages of LMTOF and 10 GPLMTOF obtained from cycling performance at 20 mA/g.

Fig. 4. (a) XRD pattern of LMTOF, 10GPLMTOF200, 10GPLMTOF250 and 10GPLMTOF300. (b) Galvanostatic charge–discharge profiles of 10GPLMTOF300, and (c)
galvanostatic cycling performance of LMTOF, and 10GPLMTOF300.
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3.4. Stability of LMTOF in aqueous medium

To better understand the limitations of the aqueous-solution-based
synthesis process, we investigated the stability of LMTOF in the
aqueous medium. Fig. 5a shows the XRD patterns of LMTOF after
dispersion in aqueous solvents at varied pH levels (pH 7, pH 4, and pH 2)
for 1 h. The XRD peaks of LMTOF at ~43◦ and ~63◦ shifted to higher
two-theta angles, and a lower-pH solvent resulted in more significant
XRD peak shifts, indicating that LMTOF degrades faster in acidic envi-
ronments. Fig. 5b presents the ICP-MS analysis results of a neutral
aqueous medium (pH 7) after LMTOF dispersion at varied times. Even
after 0.25 h (15 min.), ~20 % of Li (0.24 Li) and ~6 % of Mn (0.0036
Mn) and ~3 % of Ti (0.006 Ti) were leached out from LMTOF. This
metal dissolution into aqueous medium becomes more substantial as the
time increases up to 24 h with a maximum of 35 % (0.42 Li), 18 % (0.11
Mn), and 6 % (0.012 Ti) from LMTOF.

We also found that the pH level of the aqueous solution after LMTOF
dispersion increases substantially up to > pH 10, which agrees well with
a recent work by Lee and his colleagues. [35] This implies that Li+/H+

exchange reaction occurs between LMTOF and aqueous media as
follows:

Li+(in LMTOF) + H+(aq) + OH− (aq)→H+(in LMTOF) + Li+(aq)

+ OH− (aq) (1)

The reaction above indicates that LMTOF can consume H+ from
aqueous media, which results in excess OH− in the solution (increasing
pH level). This reaction mechanism can also explain our observation
that an acidic environment accelerates Li ion dissolution as shown in
Fig. 1 and Fig. 5. Higher activity of H+ in an acidic environment shifts
the reaction (1) to the right. Similarly, a very recent study by Lun and his
colleagues confirms Li+/H+ exchange reaction can occur between a DRX
compound and an acidic solution. [36] Compared to the conventional
layered oxides such as LiCoO2 or LiNixMnyCozO2, DRX compounds
contain higher Li concentrations in a formula unit and higher Li chem-
ical potential. This implies that Li ions in DRX are energetically less
stable than the Li ions in layered oxides. This makes Li+/H+ exchange
between DRX compounds and aqueous media more thermodynamically
favorable compared to the conventional layered oxides. Notably, this
study also found that Mn and Ti ions are extracted from LMTOF in
aqueous media by characterizing the processing solutions after LMTOF
dispersion using ICP-MS as shown in Fig. 5b.

In summary, our findings demonstrate that the LMTOF is unstable in
an aqueous medium, and substantial Li+/H+ exchange and transition
metal dissolution occur when LMTOF is dispersed in aqueous media for
the carbon coating process. Therefore, limiting the synthesis reaction
time is one important parameter if using an aqueous medium for the

synthesis processing, and we believe finding alternative processing
media or conditions that do not degrade DRX compounds remains an
important challenge.

We further evaluated the electrochemical performance of LMTOF
powder after dispersion in an aqueous solution at pH 7 without rGO
wrapping (denoted as LMTOF-W) in Li-metal half-cells. Figures S4a-b
exhibit the galvanostatic charge-discharge profiles and cycling perfor-
mance of LMTOF-W in comparison with pristine LMTOF at 20 mA/g in
the voltage range of 4.8–2.0 V (vs. Li/Li+). LMTOF-W shows the char-
acteristic charge-discharge behavior of DRX cathodes with a slightly
higher initial discharge capacity of 189 mAh/g than the pristine LMTOF
(168 mAh/g). While we do not fully understand the origin of a higher
initial discharge capacity of the LMTOF-W than the pristine LMTOF, we
speculate that the structure change of LMTOF induced by water treat-
ment may promote the Li intercalation kinetics. One possibility is that
the Li extraction or Li+/H+ exchange by the water treatment could lead
to the spinel-like nano-domain formation, which has faster Li diffusion
kinetics. [36,37] However, the LMTOF-W shows a relatively rapid ca-
pacity decay (87 % retention after 50 cycles) compared to the pristine
LMTOF, which retains 90 % of its initial discharge capacity after 50
cycles. We expect that the structure change induced by water treatment
harms the structural stability of LMTOF during repeated Li extraction
and reinsertion, which may require future studies.

Interestingly, 10GPLMTOF shows even more accelerated capacity
degradation compared to LMTOF-W. Notably, the rGO introduced in this
work is expected to contain residual functional groups because we could
not apply an additional thermal reduction process to avoid the trans-
formation of DRX to the spinel-like phase as shown in Fig. 4a. As we
discussed in the previous section, the residual functional groups in the
rGO not only decrease electrical conductivity but also provide catalytic
sites, which might accelerate electrolyte decomposition. [32] As a result,
the residual functional groups in rGO can increase polarization and
degrade cycling performance. In this respect, we propose two potential
research directions: (i) The use of graphene sheets or carbon flakes with
much reduced functional groups are required. However, those graphene
sheets or carbon flakes are in general not dispersible in polar solvents
such as aqueous media. Therefore, non-polar solvents may need to be
applied. (ii) The reduction process of graphene oxide sheets without
damaging DRX compounds needs to be established.

4. Conclusion

In this work, we demonstrated the solution-based synthesis for
achieving a uniform rGO wrapping on the surface of LMTOF particles
using an electrostatic interaction between the negatively charged rGO
and positively charged LMTOF particles. Although the rGO wrapping on

Fig. 5. (a) XRD of LMTOF at various pH (b) ICP-MS analysis of LMTOF dispersed in water at different time intervals at pH 7.
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LMTOF particles was achieved, the composite underwent degradation
during the synthesis process in an aqueous medium. In particular, (1) we
found that the LMTOF particles are not stable in aqueous media: Li+/H+

exchange and TM dissolution were confirmed when the LMTOF particles
are dispersed in aqueous media. (2) The post-annealing process to
remove residual functional groups of rGO results in phase trans-
formation of the DRX to spinel-like phase because of the Li loss from the
DRX compound in the synthesis step using aqueous media. Therefore,
searching for alternative solvents or conditions to process rGO or carbon
coating on DRX compounds without Li+/H+ exchange and TM dissolu-
tion is needed.
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