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1. Introduction

The past few decades of research and 
development have produced highly opti-
mized lithium-ion batteries (LIBs) for 
applications such as electric vehicles and 
grid storage.[1] To further improve these 
technologies and accelerate the transition 
to clean energy, new electrode materials 
with increased energy density, better safety, 
and reduced cost are needed. At present, 
these factors are primarily limited by the 
cathode active material. Layered intercala-
tion cathodes such as LiCoO2 (LCO) and 
LiNixMnyCo1-x-yO2 (NMC) currently domi-
nate the LIB market as they provide high 
specific energy (e.g., ≈700–800  Wh kg−1 
for Ni-rich NMC) and excellent cycling 
stability.[2–5] Despite the promising per-
formance of LCO and NMC cathodes, the 
high Ni and Co content in these cathodes 
leads to high costs and poses a threat to 
supply chain stability.[6,7] Hence, the devel-
opment of Co/Ni-free cathodes is critical to 
meet ever-growing energy demands.

Cation-disordered rocksalt (DRX) cathodes have recently emerged as a prom-
ising class of cobalt-free, high-capacity cathodes for lithium-ion batteries. 
To facilitate their commercialization, the development of scalable synthesis 
techniques providing control over composition and morphology is critical. To 
this end, a sol-gel synthesis route to prepare Mn-rich DRX cathodes with high 
capacities is presented here. Several compositions with varied Mn content and 
nominal F doping are successfully prepared using this technique. In-situ X-ray 
diffraction measurements demonstrate that DRX formation proceeds at mod-
erate temperature (800 °C) through the sol-gel route, which enables intimate 
mixing among reactive intermediate phases that form at lower temperatures. 
All synthesized compositions possess cation short-range order, as evidenced by 
neutron pair distribution function and electron diffraction analysis. These DRX 
materials demonstrate promising electrochemical performance with reversible 
capacities up to 275 mAh g. Compared to the baseline oxide (Li1.2Mn0.4Ti0.4O2), 
the Mn-rich compositions exhibit improved cycling stability, with some 
showing an increase in capacity upon cycling. Overall, this study demonstrates 
the feasibility of preparing high-capacity DRX cathodes through a sol-gel based 
synthesis route, which may be further optimized to provide better control over 
the product morphology compared to traditional synthesis methods.
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Lithium-excess cation disordered rocksalt (DRX) materials 
have emerged as a promising class of cathodes that can achieve 
high specific energy (up to 1000 Wh kg−1) and utilize low-cost, 
earth-abundant elements such as Mn and Ti.[8–11] In contrast 
to the well-ordered crystal structures of traditional Li-ion cath-
odes (e.g., layered, spinel, and olivine cathodes), DRX materials 
are characterized by a high level of disorder within the cation 
sublattice, where facile lithium transport is enabled by perco-
lating Li-rich clusters.[8,9] The high capacity of DRX cathodes 
is attributed to a combination of transition metal and oxygen 
redox processes.[12–15] Increasing the redox-active transition 
metal content, in addition to partial fluorine substitution for 
oxygen, reduces the reliance on oxygen redox and improves the 
cycling stability of DRX cathodes.[12,16–26] However, it remains 
challenging to synthesize DRX compositions with high fluorine 
content (>10%) using synthesis techniques that are scalable and 
can provide control over the particle morphology, warranting 
the exploration of alternate synthesis strategies.[27]

DRX cathodes are typically synthesized via high tempera-
ture solid-state routes.[17,18,20,28,29] Although such routes often 
result in the desired DRX phase, they require that precursor 
powders are well mixed through mechanical mixing/milling 
to ensure a fast and homogenous reaction upon heating, and 
they provide poor control over particle morphology. Addition-
ally, DRX oxyfluorides prepared by such methods are limited by 
the fluorine solubility in the rocksalt oxide framework. Using 
first-principle calculations, Ouyang et al. found that Mn3+/Ti4+-
based DRX compositions have low fluorine solubility and can 
only substitute 5.7% of the anion sites at 1000 °C, and related 
compositions generally have comparably low fluorine solubility 
(e.g., <10% of anion sites at 1000 °C).[17] In addition to solid-
state routes, high-energy mechanochemical methods have been 
used to successfully synthesize DRX oxyfluorides such as Li2
Mn1/2Ti1/2O2F,[12,21,25,30] though such methods are difficult to 
scale, provide little control over particle size and morphology, 
and often yield materials with poor crystallinity. Alternate syn-
thesis routes are therefore desirable to produce DRX cathodes 
in a scalable and controllable fashion.

In this work, a sol-gel-based synthesis route was developed 
to prepare Mn/Ti-based DRX cathodes. Compared to traditional 
solid-state and mechanochemical routes, sol-gel methods enable 
homogenous, atomic-scale mixing of the precursors,[31] which 
can lead to lower energy reaction pathways and facilitate the 
formation of the desired phase during annealing. Sol-gel pro-
cesses can also produce powders with controlled morphology at 
relatively low temperatures while maintaining excellent control 
over product purity and homogeneity. Because of these advan-
tages, sol-gel synthesis has previously been explored for various 
other LIB cathode materials.[32–36] Here we target several DRX 
cathodes with nominal compositions Li1.2Mn0.4Ti0.4O2, Li1.2Mn
0.5Ti0.3O1.9F0.1, Li1.2Mn0.6Ti0.2O1.8F0.2, and Li1.2Mn0.7Ti0.1O1.7F0.3, 

hereafter referred to as LMTO04, LMTOF05, LMTOF06, and 
LMTOF07, respectively based on the Mn content (LMTOF sam-
ples). With X-ray diffraction (XRD), we confirm that all samples 
are composed of a single DRX phase, with no detectable crystal-
line impurities. However, energy dispersive X-ray spectroscopy 
(EDX) and solid-state nuclear magnetic resonance (ssNMR) 
spectroscopy measurements reveal that the fluorinated samples 
have lower-than-expected F contents (0.1 – 0.6 at%), likely due 
to LiF volatilization during heating.[27] Despite their low F con-
tents, they show promising electrochemical performance with 
capacities up to ≈275 mAh g−1 and improved capacity retention 
after 50 cycles compared to the baseline oxide. Notably, some 
Mn-rich compositions exhibit an increase in discharge capacity 
with cycling, which warrants further investigations into the 
redox mechanisms of these materials.

2. Results and Discussion

2.1. Sol-Gel Synthesis

The pure DRX oxide phase (LMTO04) was prepared using a 
sol-gel synthesis procedure outlined schematically in Figure 1, 
which highlights two key experimental steps: (i) a sol-gel reac-
tion to produce an intermediate oxide precursor followed by 
(ii) high-temperature calcination. In the sol-gel step, metal 

K. Page
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University of Tennessee Knoxville
Knoxville, TN 37966, USA
C. Wang
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Richland, WA 99354, USA

Figure 1. A schematic of the sol-gel synthesis procedure used for the 
preparation of DRX cathodes in this work.
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precursors (manganese acetate tetrahydrate, lithium nitrate, 
and titanium isopropoxide) dissolved in ethanol undergo 
hydrolysis and polycondensation reactions as the solvent is 
evaporated to form a network of atomically mixed cations (gela-
tion).[31] The dried gel was pyrolyzed at 400 °C to produce an 
intermediate oxide mixture, which was then subjected to high-
temperature calcination to obtain the desired DRX phase. Addi-
tional details on the synthesis procedure are provided in the 
Experimental Section.

Phase evolution of the sol-gel precursor during calcina-
tion of LMTO04 was evaluated using in situ XRD as shown 
in Figure 2(a). The sample initially contained a mixture of 
LiMn2O4 (spinel) and Li2TiO3 (monoclinic) formed during the 
pyrolysis of the gel at 400 °C (Figure S1, Supporting Informa-
tion shows the XRD pattern of the sol-gel precursor). Although 
the precursors were prepared with a nominal 1:1 cation:anion 
ratio to produce a DRX phase, we suspect that oxidation 
occurred during pyrolysis (performed in air), thereby forming 
the anion-rich spinel phase (cation-anion ratio of 3:4). Moreover, 
our ab-initio calculations reveal that LMTO04 is only metastable 
at 400 °C, lying 30 meV/atom above the convex hull. The cal-
culated energy above hull (Ehull), as defined with respect to all 
competing phases in the Li-Mn-Ti-O space, is plotted for the 
DRX phase as a function of temperature in Figure  2(b). This 
plot reveals that LMTO04 only becomes stable above 900 °C 
owing to increased entropic contributions from configurational 
disorder in the cation sublattice. High temperature stabilization 
of the disordered configuration is confirmed by the in-situ XRD 
measurements displayed in Figure 2(a), which show that a DRX 
phase forms above 800 °C, in addition to a minor Mn3O4 impu-
rity phase that reacts upon further heating. For comparison, 
LMTO04 was also synthesized using a conventional solid-state 
route, which was characterized using in situ XRD (Figure S2, 
Supporting Information). In contrast to the sol-gel approach, 
solid-state synthesis required annealing at higher tempera-
tures (≥900 °C) for longer times (>9 hours) to obtain phase-
pure LMTO04. The improved reaction rate achieved using a 
sol-gel approach is attributed to more intimate mixing between 
the precursors, thus providing an efficient alternative to more 
energy-intensive techniques such as ball milling.

Ex situ XRD and 7Li ssNMR characterization on sol-gel 
samples annealed at 750 °C, 900 °C, and 1000 °C for 1 h were 

performed to identify the optimal annealing temperature, as 
presented in Figure 3. While XRD is sensitive to crystalline 
phases, 7Li ssNMR probes the local environments of Li nuclei 
in amorphous and crystalline phases and can easily distinguish 
ordered/disordered paramagnetic phases (here, Mn-containing, 
and redox active) from diamagnetic impurities in DRX sam-
ples. Li nuclei in (possibly amorphous) diamagnetic impurities 
result in sharp 7Li signals centered ≈0 ppm. On the other hand, 
the chemical shift of Li nuclei present in the cathode struc-
ture is dominated by paramagnetic interactions between the Li 
spins and unpaired d electron spins arising from Mn3+ species, 
resulting in a broad NMR line shape and a large Fermi contact 
shift. The magnitude and direction of this shift depend on both 
the number of Mn3+ ions in close proximity (<5 Å) to Li and on 
the Li-O-Mn bond angle. In the disordered rocksalt structure, 
Li+ has: (i) 12 nearest-neighbor metal (M) ions (M = Li+, Mn3+, 
or Ti4+) connected through a 90° Li-O-M bond angle and (ii) 6 
next-nearest-neighbor M ions connected through a 180° Li-O-M 
bond angle. Hence, for a sufficiently disordered system, the 
presence of a large number of different Li environments results 
in a very broad spectrum with limited spectral resolution.[37] 
In contrast, the ordering of the metals on the cation sites, as 
in spinel or layered rocksalt oxides, significantly reduces the 
number of distinct Li environments, resulting in discrete 7Li 
ssNMR resonances.

As the reaction temperature is increased from 750  °C to 
1000  °C, cation-ordered phases stabilized at lower tempera-
tures evolve into a cation-disordered phase, as demonstrated 
by both XRD and 7Li ssNMR. At 750  °C, a mixture of layered 
oxide (spinel, monoclinic), DRX, and trace Mn3O4 phases were 
observed from the XRD patterns shown in Figure 3(a). Similarly, 
the corresponding 7Li ssNMR spectrum contains many sharp 
signals characteristic of Mn-based ordered oxide structures 
in line with the XRD results as shown in Figure  3(b). Upon 
increasing the temperature to 900 °C, XRD indicates the sample 
was predominantly DRX with a minor ordered impurity phase 
(small peak at 2θ = 18°). These findings are supported by the 7Li 
ssNMR spectrum obtained on the same sample, which exhibits: 
(i) sharp signals characteristic of ordered phases, albeit with sig-
nificantly reduced intensity than that of the 750 °C sample and 
(ii) a broad underlying asymmetric signal indicating the pres-
ence of many distinct Li local environments, as is expected for 

Figure 2. a) In-situ XRD used to study the phase evolution of the sol-gel precursor for LMTO04. The hkl peaks at 900 °C represent the DRX phase 
b) Calculated energy above the hull (Ehull) associated with LMTO04, determined using ab-initio cluster expansion calculations.
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the DRX phase. A phase-pure LMTO04 DRX without any crys-
talline ordered impurities is formed at 1000 °C as confirmed by 
XRD. The presence of a dominant broad and asymmetric line-
shape in the 7Li ssNMR spectrum and the absence of notable 
sharp signals (other than a low-intensity resonance at 0  ppm, 
corresponding to (an) amorphous impurity phase(s) such as 
Li2CO3 or LiOH often present in DRX synthesis products) con-
firms the formation of a mostly phase pure DRX.

The ex situ XRD and ssNMR results indicate that heating 
above 900 °C for a short duration is desirable to obtain a pure 
DRX phase when using the sol-gel synthesis route presented 
here. This finding agrees well with our ab-initio calculations, 
which suggest that the desired DRX phase is thermodynami-
cally stable only at temperatures above 900  °C (Figure  2(b)). 
Additionally, electron diffraction patterns were collected on the 
750 °C, 900 °C, and 1000 °C samples as shown in Figure 3(c). 
These patterns contain: (i) bright Bragg spots associated with 
a DRX structure and (ii) diffuse scattering patterns suggesting 
cation short-range ordering (SRO) in these samples.

2.2. Materials Characterization

The sol-gel-based route was extended to prepare Mn-rich DRX 
oxyfluorides (LMTOF05, LMTO06, and LMTO07). In this pro-
cess, the pyrolyzed sol-gel precursor was mechanically milled 
with LiF and annealed at 1000  °C. As shown in Figure 4(a), 
XRD patterns from the as-synthesized LMTO04, LMTOF05, 
LMTOF06, and LMTOF07 DRX samples confirm the formation 
of a DRX structure (spacegroup 3Fm m ) with no significant 
crystalline impurities.

Neutron total scattering data was collected to probe the 
long-range and local structure of these materials. Rietveld 
refinements were performed on the neutron diffraction data 
assuming a structure model with a random cation distribution 

(Figure S3, Supporting Information). This analysis indicates 
a monotonic increase in the cubic lattice parameter with 
increasing manganese content, from 4.1489 Å for LMTO04 to 
4.1647 Å for LMTOF07 (Figure S4, Supporting Information) 
which reflects the incorporation of larger Mn3+ ions (64.5 pm vs 
60.5 for Ti4+ ions) into the lattice. Figure 4(b) shows the neutron 
pair distribution function (N-PDF) analysis performed on the 
total scattering data to study the local structure of these LMTOF 
samples. Previous studies have shown that SRO in DRX cath-
odes has a dramatic influence on their electrochemical proper-
ties, especially their rate capability.[17,38–43] Based on the refine-
ments performed here, a random cation distribution model 
provides a reasonable fit of the experimental data for long-
range features; however, this model is unable to capture many 
of the subtle short-range (<6 Å) features (e.g., peak splitting). 
The SRO evidenced by N-PDF is consistent with the observed 
diffuse scattering in electron diffraction patterns collected on 
the same set of samples (Figure S5, Supporting Information). A 
more detailed analysis of the nature of the SRO using advanced 
modeling methods (e.g., Reverse Monte Carlo simulations) will 
be the focus of a future study.

Scanning electron microscopy (SEM) was used to examine 
the particle morphology in the as-synthesized LMTOF DRX 
samples. These samples contain irregularly shaped particles 
with sizes ranging from sub-micron to 20 µm, as shown in 
Figure S6 (Supporting Information). Sample compositions 
were evaluated using scanning transmission electron micro-
scope – energy dispersive X-ray spectroscopy (STEM-EDX) 
mapping, inductively coupled plasma–optical emission spec-
troscopy (ICP-OES), and fluoride-ion selective electrode (F-ISE) 
measurements. Figure 4(c) shows that all LMTOF samples con-
tain a homogenous distribution of Mn, Ti, O, and F. Elemental 
compositions, as determined by EDX mapping are summa-
rized in Table S1 (Supporting Information). The measured Mn/
Ti ratio is consistent with the nominal composition; however, 

Figure 3. The phase evolution of LMTO04 DRX samples annealed at 750 °C, 900 °C, and 1000 °C for 1 h. At each temperature, the products are charac-
terized by: a) XRD, b) 7Li ssNMR, and c) electron diffraction. Asterisks in panel (b) indicate spinning sidebands due to the fast rotation of the sample 
during ssNMR data acquisition. Arrows in panel (c) are used to highlight diffuse scattering patterns that arise due to SRO in the cation sublattice of 
the DRX phase.
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the measured O/F ratio is higher than the targeted value, indi-
cating a lower-than-expected fluorine content. For example, 
LMTOF05 has an O/F ratio of 32 compared to the nominal 
value of 19. This finding is supported by the elemental compo-
sitions obtained from ICP-OES and F-ISE indicating that the 
LMTOF05, LMTOF0.6, and LMTOF0.7 samples only contain 
0.14, 0.59, and 0.59 at% F, respectively, compared to the target 
values of 2.5, 5, and 7.5 at% (Table S2, Supporting Information).

19F ssNMR was used to further assess the incorporation of 
fluorine (or lack thereof) into the bulk DRX structure and to 
differentiate it from fluorine present in diamagnetic impuri-
ties. The 19F ssNMR spectra of the LMTOF samples shown in 
Figure 5(a),(b) feature (i) a broad and asymmetric signal (from 
200  ppm to −500  ppm), characteristic of fluorine nuclei in 
paramagnetic environments and (ii) a sharp signal ≈−204 ppm, 
attributed to a LiF diamagnetic impurity, as has been discussed 
in prior studies on DRX oxyfluorides.[12,18,21,25,30,40] The param-
eters used to record the 19F ssNMR spectra in Figure 5(a) were 
optimized (e.g., long inter-scan delay of 30 s) to ensure that all 
the visible 19F diamagnetic and paramagnetic signals are fully 
relaxed. It is worth noting that even under these optimized 
experimental conditions, the 19F ssNMR signals from F nuclei 
directly bonded to paramagnetic Mn ions are too broad and too 
short-lived to be observed,[40] and the observed paramagnetic 
to diamagnetic signals intensity ratios are only semi-quantita-
tive. For all the samples, a low signal-to-noise ratio (SNR) is 
obtained despite the extensive signal averaging (512 transients 
collected over 4 h), which indicates the presence of only trace 

amounts of F. Additionally, for LMTOF06 and LMTOF07, the 
intense LiF peak (≈−204 ppm) indicates that a significant frac-
tion of the F content is present as an amorphous LiF phase 
and is not incorporated into the DRX structure. To better 
assess the evolution of the 19F local environments in the bulk 
DRX structure as the Mn content is increased across the 
Li1.2Mn0.4+xTi0.4-xO2-xFx compositional series, additional 19F 
ssNMR spectra were acquired with a short, 50  ms inter-scan 
delay to maximize the intensity of the fast-relaxing, paramag-
netic 19F signals, as shown in Figure  5(b). Under these con-
ditions, the SNR is only slightly improved despite extensive 
signal averaging (262, 144 transients), further confirming 
the limited F content in these samples. A slight increase in 
the average 19F chemical shift is observed with increasing Mn 
content, consistent with the presence of a greater number of 
Mn nuclei in the vicinity of the F nuclei on average. Overall, 
the 19F NMR results confirm that the LMTOF samples have 
minimal fluorine incorporation into the DRX phase in line 
with the F-ISE data.

The low fluorine incorporation observed in each LMTOF 
DRX sample is likely due to the loss of the LiF precursor at 
high annealing temperatures. Recent work has shown that LiF 
is highly volatile above its melting point (848 °C) when placed 
under flowing Ar.[27] This conclusion is further supported by the 
lower-than-stoichiometric amounts of Li detected in all LMTOF 
samples reported here (see ICP results in Table S2, Supporting 
Information). Notably, fluorination levels reported here are 
much lower than those previously reported for comparable 

Figure 4. a) XRD patterns of as-synthesized LMTO04, LMTOF05, LMTOF06, and LMTOF07. All samples were indexed to the cubic rocksalt phase  
( 3Fm m), b) Neutron pair distribution function analysis of LMTO04, LMTOF05, LMTOF06, and LMTOF07. The refinement was performed using a 
structural model with a random cation distribution within the cation sublattice, c) Morphology and elemental distribution of particles in LMTOF DRX 
samples. STEM-HAADF images and EDX maps are shown for LMTO04, LMTOF05, LMTOF06, and LMTOF07.
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DRX materials synthesized using a solid-state approach (gen-
erally 2.5-5 at%).[18,21,29] This difference may be attributed to 
the modified reaction pathway imposed by the sol-gel method, 
which effectively pre-reacts the elemental precursors together 
before LiF is introduced. As a result, synthesis of the oxy-
fluoride requires that LiF react with the more stable interme-
diate oxide phase(s) as opposed to the precursors themselves. 
Such a reaction may not proceed until higher temperature, at 
which point LiF evaporation is likely. To resolve these issues, 
several different approaches for preventing LiF loss may be con-
sidered in future work including: (i) annealing the precursor 
mixture within a sealed ampule, (ii) more aggressive milling of 
LiF with the sol-gel mixture, and (iii) using alternative fluorine 
precursors with reduced volatility. Considering the low fluorine 
content of the LMTOF samples, they may be described as Mn-
rich, F-doped DRX oxides.

As mentioned previously, DRX synthesis methods often 
result in the formation of diamagnetic Li impurities which 
can be observed and quantified using 7Li ssNMR. Figure  5(c) 
shows the 7Li spin echo NMR spectra collected on the LMTO04, 
LMTOF05, LMTOF06, and LMTOF07 samples, where the 
sharp resonance ≈0  ppm indicates the presence of diamag-
netic Li-containing impurities (e.g., LiF, Li2O, Li2CO3, LiOH). 
These impurities are likely amorphous in nature as they were 
not observed in the XRD patterns, and considering their low 

content, it is unlikely they have a significant impact on the 
DRX cathodes’ electrochemical properties. Unlike 19F ssNMR 
spectra, 7Li ssNMR spectra of DRX compounds can be fully 
quantitative if acquired with sufficiently long inter-scan delays 
(Figure S7, Supporting Information). Notably, the amount of 
amorphous diamagnetic Li impurities (≈1–5%) in these sam-
ples, as obtained from fits of the overall line shape, is lower 
than that found in DRX materials synthesized using conven-
tional synthesis routes (typically 10%),[12,25] suggesting that 
sol-gel method can lead to higher purity DRX products. We 
note that the amount of diamagnetic Li-containing impurities 
is slightly overestimated due to signal loss during the 7Li spin 
echo ssNMR experiment which is more severe for paramag-
netic signals.

2.3. Electrochemical Performance

To test the electrochemical performance, composite cathodes 
were prepared by first milling the as-synthesized active mate-
rial powders with carbon in a high-energy SPEX mill and then 
adding a binder solution to this mixture to prepare a slurry 
which was cast onto a carbon-coated aluminum current col-
lector. The ball milling process significantly reduced the par-
ticle size of the as-synthesized material (see SEM images in 

Figure 5. a,b) 19F and c) 7Li ssNMR spectra collected on LMTO04, LMTOF05, LMTOF06, and LMTOF07 samples. a) 19F spectra were obtained by signal 
averaging over 512 scans and using a long recycle delay (30 s) to ensure full relaxation of all the signals prior to excitation. b) 19F spectra were also 
recorded using a short recycle delay (50 ms) and averaged over 262, 144 transients to enhance the intensity of the fast-relaxing paramagnetic signals 
c) Quantitative 7Li spectra obtained using a long recycle delay. All spectra are scaled according to the number of moles of F/Li in the rotor and the 
number of scans. Asterisks indicate spinning sidebands.  
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Figure S8, Supporting Information) and resulted in broader 
XRD peaks due to a decrease in crystallite size (Figure S8, 
Supporting Information). Figure 6 shows the voltage profiles 
and differential capacity (dQ/dV) plots of the LMTOF cath-
odes cycled in half cells against Li metal anodes. The cells 
were cycled between 1.5  V and 4.8  V at a specific current of  
10  mA g−1 for the first 5 cycles, and 20  mA g−1 for subse-
quent cycles. All cells exhibit a sloping charge/discharge 
profile during the first cycle. The first cycle charge capaci-
ties of LMTO04, LMTOF05, LMTOF06, and LMTOF07 are 
262 mAh g−1, 235 mAh g−1, 234 mAh g−1, and 223 mAh g−1  
respectively, which are higher than the capacity theo-
retically achievable from Mn3+/Mn4+ redox. For com-
parison, the theoretical capacities from Mn3+/Mn4+ redox 
calculated using the actual compositions obtained from ICP 
and F-ISE analysis in LMTO04, LMTOF05, LMTOF06, and 
LMTOF07 are 131 mAh g−1, 158 mAh g−1, 184 mAh g−1, and 
201 mAh g−1, respectively. As demonstrated in prior work, 
additional capacity beyond Mn3+/Mn4+ redox is largely attrib-
uted to the oxygen redox process,[18,22,26,44,45] since Ti4+ acts 
only as a structural stabilizer and is electrochemically inactive 
over the voltage range used here.[10,46] As shown in Figure 6(b), 
the first cycle dQ/dV plots exhibit two peaks ≈3.7 V and 4.4 V 
(denoted as x and y respectively) during charging, which are 
related to Mn3+/Mn4+ and oxygen oxidation processes, respec-
tively.[18,20,22,26,44,45] For the LMTOF cathodes, the capacity from 

Mn3+/Mn4+ charge compensation increases with increasing 
Mn content, as evidenced by the growth of peak x and the 
decrease of peak y. A sharp peak at 4.4 V is observed during 
charging for LMTO04, indicating substantial oxygen redox, 
whereas this peak is almost nonexistent in LMTOF07. These 
findings support past work, wherein increasing the redox-
active transition metal content has been shown to limit ani-
onic charge compensation.[12,16–26] The first cycle discharge 
capacities of LMTOF05, LMTOF06, and LMTOF07 are similar 
(190 mAh g−1, 191 mAh g−1, and 199 mAh g−1 respectively), 
but substantially lower than that of LMTO04 (241 mAh g−1). 
This discrepancy is likely due to LMTO04 having a higher 
effective Li content compared to LMTOF05, LMTOF06, and 
LMTOF07 (Table S2, Supporting Information), due to LiF loss 
during the preparation of LMTOF samples as previously dis-
cussed. Additionally, suppression of the oxygen redox process 
with increasing manganese content could also play a role in 
lower first-cycle discharge capacities in Mn-rich compositions. 
During the first discharge, the dQ/dV peak ≈3.3  V is attrib-
uted to Mn4+/Mn3+ reduction (denoted as z), and the oxygen 
reduction peaks (broad peaks denoted as t) have a much lower 
intensity compared to oxygen oxidation peaks (peak y during 
charge), highlighting the largely irreversible nature of the ani-
onic charge compensation process. The first cycle coulombic 
efficiencies of LMTO04, LMTOF05, LMTOF06, and LMTOF07 
are 92.3%, 81.1%, 81.3%, and 89.1%, respectively. In general, 

Figure 6. Electrochemical performance of LMTO04, LMTOF05, LMTOF06, and LMTOF07 DRX half cells during (a), b) 1st cycle and (c), d) 20th cycle. 
(a), c) Voltage versus specific capacity plots (b), d) corresponding differential capacity versus voltage (dQ/dV) plots. The cells were cycled between 1.5 
and 4.8 V at a specific current of 10 mA g−1 for the 1st cycle and 20 mA g−1 for the 20th cycle.
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the coulombic efficiency during cycling decreases with 
increasing Mn content as shown in Figure S9 (Supporting 
Information).

After 20 cycles, Mn-rich compositions LMTOF06 and 
LMTOF07 develop distinct voltage plateaus at 4, 2.7, and 
1.7  V during discharge (denoted by arrows in Figure  6(c)). 
These changes are also evident in the corresponding dQ/dV 
plots shown in Figure 6(d), through the development of new 
peaks (denoted u,v, and w) and a shift in the Mn redox peaks 
to more negative values as compared to the first cycle. The 
evolution of the voltage profiles suggests potential structural 
rearrangements in LMTOF06 and LMTOF07 upon extended 
cycling. One possible explanation is the formation of a spinel-
like phase upon extended cycling as was recently reported 
for other Mn-based DRX cathodes.[22,47,48] Electron diffraction 
patterns collected on pristine and cycled LMTOF07 cathode 
(15  cycles) support this conclusion as shown in Figure S10 
(Supporting Information). Notably, these changes are not 
observed in the LMTO04 and LMTOF05 compositions which 
maintain sloping voltage profiles after extended cycling. While 
the changes in the voltage profile in LMTOF06 and LMTOF07 
during the first several cycles may be related to a rocksalt to 
a spinel-like phase transformation, it is difficult to precisely 
assign these features to a particular redox process. A detailed 
investigation of this cycling-induced phase transition and 
the charge compensation mechanism is important for DRX 
cathode design; however, such efforts would require addi-
tional advanced characterization which is beyond the scope of 
the present study.
Figure 7 compares the cycling stability of LMTO04, 

LMTOF05, LMTOF06, and LMTOF07 DRX cathodes over 
50  cycles. Corresponding voltage profiles of LMTOF samples 
are shown in Figure S11 (Supporting Information). Although 
the initial discharge capacities of LMTOF05, LMTOF06, 
and LMTOF07 are lower than that of LMTO04, these sam-
ples exhibit better cycling stability. After 50 cycles, LMTO04 

and LMTOF05 retain 76% and 95% of their initial discharge 
capacity, respectively, and the capacities of LMTOF06 and 
LMTOF07 increase by 16% and 26%, respectively. In gen-
eral, capacity retention improves with increasing Mn con-
tent. The superior cycling stability of LMTOF05, LMTOF06, 
and LMTOF07 is attributed to an increased contribution from 
Mn3+/Mn4+ redox and therefore reduced dependence on oxygen 
redox. In LMTOF06 and LMTOF07, the increasing capacity 
with cycling may be due to the formation of spinel-like phases 
with improved Li+ diffusion and hence higher active mate-
rial utilization,[47,48] although we note that additional charac-
terization studies are needed to support this conclusion. In 
LMTOF07, although the discharge capacity increases over the 
first 50 cycles, it reaches a peak value of 275 mAh g−1 after  
20 cycles before decreasing to 250 mAh g−1 after 50 cycles, 
with more rapid capacity fade upon extended cycling (Figure 
S12, Supporting Information). Low fluorine content, oxidative 
decomposition of the electrolyte due to the high cutoff voltage 
used here (4.8  V vs Li/Li+), an unstable cathode/electrolyte 
interface, and manganese dissolution may all contribute to this 
long-term capacity fade.

The rate capability of each LMTOF cathode was also charac-
terized by cycling the cells between 1.5 and 4.8 V at specific cur-
rents ranging from 10 to 1000  mA g−1, as shown in Figure 8. 
Overall, the discharge capacities for the LMTOF DRX samples 
decrease at higher rates due to higher overpotentials in the cell. 
In LMTOF06 and LMTOF07, the shape of the voltage profile 
changes with extended cycling as discussed earlier, leading to 
increased capacity with cycling at a given rate. In general, the 
rate capability improves with increasing Mn content. Increasing 
the specific currents from 10 mA g−1 to 1000 mA g−1 decreases 
the discharge capacities from 235, 214, 219, and 217 mAh g−1 to 
68, 53, 81, and 105 mAh g−1 for LMTO04, LMTOF05, LMTOF06, 
and LMTOF07 respectively. Cycling at high rates does not 
induce structural damage to the active material as evidenced by 
the materials recovering their initial capacity when cycling at 
10 mA g−1 after the rate capability test.

3. Conclusions

This study demonstrates a sol-gel synthesis route to prepare 
high-performance Mn-rich, F-doped DRX cathodes. Due to 
homogenous atomic-level mixing of the precursors, the sol-
gel route yields high-purity DRX phases at relatively low tem-
peratures, as compared to conventional solid-state methods. 
Increasing the Mn content of these materials leads to improved 
cycling stability and rate capability. The Mn-rich compositions 
develop pseudo-plateaus in their voltage profiles upon cycling, 
likely due to the formation of a spinel-like phase, which ena-
bles an increase in the discharge capacity upon cycling. This 
work provides a proof of concept for a sol-gel synthesis applied 
to Mn-rich DRX cathodes with high capacity and good cycling 
stability, and the route developed here may be extended to other 
Co-free DRX cathodes that cover a vast compositional landscape 
compared to traditional Li-ion cathodes. Further optimization 
of the sol-gel synthesis is suggested to increase the fluorine 
content and fine tune the particle size and morphology of these 
materials.

Figure 7. Comparison of the discharge capacity of LMTO04, LMTOF05, 
LMTOF06, and LMTOF07 DRX half cells during the first 50 charge-dis-
charge cycles. The cells were cycled between 1.5 and 4.8 V at a specific cur-
rent of 10 mA g−1 for the first 5 cycles and 20 mA g−1 for subsequent cycles.
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4. Experimental Section
Synthesis: LMTOF DRX materials were synthesized using a sol-gel-

based route. Product batches of 1.5  g were targeted; stoichiometric 
amounts of anhydrous LiNO3 (Strem Chemicals, 99%), and 
Mn(CH3COO)2.4H2O (Sigma-Aldrich, ≥99%) were sequentially dissolved 
in ethanol (8 g), and then titanium isopropoxide (Alfa Aesar, 95%) was 
added dropwise to this solution. Glacial acetic acid (0.25 g) (Alfa Aesar, 
99.7+%) was added to act as an acid catalyst, and water (0.15  g) was 
added to initiate the hydrolysis reaction. The solution was heated at 
70  °C on a hotplate in a sand bath for 18 h to evaporate the solvent 
content and obtain a gel. The gel was further dried on a hot plate at 
130 °C in an alumina crucible for 30 min followed by pyrolysis at 400 °C 
to form an intermediate oxide precursor. For LMTO04, the resulting 
pyrolyzed product was annealed at 1000 °C for 1 h under flowing argon. 

For LMTOF05, LMTOF06, and LMTOF07, the pyrolyzed product was ball 
milled in a SPEX 8000 m mixer/mill with a stoichiometric amount of LiF 
(Alfa Aesar, 99.98%) for 1 h and then annealed at 1000 °C for 4 h under 
flowing argon. The heating/cooling ramp rate was ±5 °C min−1. For the 
ex situ phase evolution study of LMTO04 using XRD, 7Li ssNMR, and 
electron diffraction, the sol-gel amorphous precursor was annealed at 
750 °C, 900 °C, and 1000 °C for 1 h under flowing argon.

To prepare LMTO04 through a conventional solid-state route, 
stoichiometric amounts of Li2CO3 (Sigma-Aldrich, ≥99%), TiO2 (Sigma-
Aldrich, ≥99.8%), Mn2O3 (Sigma-Aldrich, ≥99%) were first mixed in a 
mortar and pestle before performing in situ XRD heating measurements 
as described later in this section.

Cluster-Expansion Calculations: To calculate the free energy of 
LMTO, we built a cluster-expansion Hamiltonian on the octahedral 
cation and anion sites of the rocksalt structure (see previous work for 

Figure 8. First cycle voltage profiles at varying specific currents for a) LMTO04 b) LMTOF05 c) LMTOF06 d) LMTOF07. e) Comparison of rate capa-
bility for LMTOF DRX samples. The half cells were cycled between 1.5 and 4.8 V at a specific current of 10, 20, 50, 100, 200, 400, and 1000 mA g−1 for 
5 cycles each.
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details).[17] Pair interactions up to 7.1 Å, triplet interactions up to 4.0 Å, 
and quadruplet interactions up to 4.0 Å were included in the cluster-
expansion formalism. All interactions were taken with respect to a 
baseline-screened electrostatic energy defined by the formal charges 
of the ionic species (Li+, Mn3+, Ti4+, and O2−). The effective cluster 
interaction (ECI) coefficients were fitted to DFT-calculated energies 
using an L1-regularized least-squares regression approach designed to 
minimize the cross-validation error. Canonical Monte Carlo simulations 
were carried out to obtain the internal energy of Li1.2Mn0.4Ti0.4O2 as 
a function of temperature, from which the Gibbs free energy was 
calculated by integrating the heat capacity. The free energy was 
normalized with respect to the convex hull, which was constructed using 
data from density functional theory calculations made available in the 
Materials Project.[49]

XRD: Powder XRD on the as-synthesized powders was performed 
using a Scintag PDS 2000 diffractometer with Cu Kα radiation 
(λ  = 1.5406 Å) with a nickel attenuator and a quartz zero background 
sample holder. Powder XRD samples were ground by hand in a mortar 
and pestle for 5 min. Scans had a 2θ range of 10−80° with a 0.02° step size 
and a 2 s integration time. Temperature-dependent XRD measurements 
were performed on a Malvern PANalytical X'Pert Pro MPD diffractometer 
(45 kV, 40 mA) equipped with Anton Paar XRK-900 reaction chamber in 
a 2θ-θ  mode. During the XRD measurements, the reaction chamber 
was purged with argon to avoid unwanted sample oxidation and/
or degradation. The X-ray source was Cu Kα radiation (Cu Kα1  with  
λ = 1.541 Å and Cu Kα2 with λ   = 1.544 Å). XRD data were collected at 
100, 200, 300, 400, 500, 600, 700, 750, 800, 850, and 900 °C, where the 
ramp rate to each measurement temperature was 10 °C min−1 and after 
reaching the measurement temperatures, the sample temperature was 
equilibrated for 1 min prior to data collection. The scan range, scan step 
size, and exposure time at each scan step were 2θ = 10–80°, 0.016711°, 
and 52.705 s, respectively. The scan parameters resulted in 61 min of total 
measurement time at each temperature. Phase analysis was performed 
for the XRD data using PANalytical HighScore Plus software,[50] and 
XRD-AutoAnalyzer as described in a previous publication.[51]

Neutron Total Scattering: Neutron total scattering data was 
collected at room temperature on the Nanoscale Ordered Materials 
Diffractometer (NOMAD, BL-1B beamline), at the Spallation Neutron 
Source at Oak Ridge National Laboratory.[52] 3  mm diameter quartz 
capillaries were used as the sample holders. The average structures were 
obtained via Rietveld refinement using GSAS-II software,[53] assuming 
a rocksalt structure with random cation ordering (α-LiFeO2) as the 
structural model. The experimental PDF data were analyzed by least-
squares “small-box” modeling using PDFgui.[54]

ssNMR: Solid state 7Li and 19F NMR spectra were acquired at 
B0   =   2.35  T (100  MHz for 1H) using a wide bore Bruker BioSpin 
spectrometer equipped with a DMX  500  MHz console and a custom-
made 1.3  mm single X-broadband magic angle spinning (MAS) probe 
tuned to 7Li (38.9  MHz) or 19F (94.1  MHz). Samples were loaded into 
1.3  mm zirconia rotors and closed using Vespel caps in an Ar-filled 
glovebox. To avoid air and moisture exposure during data acquisition, the 
samples were spun at the magic angle (MAS) at υR = 60 kHz using dry 
nitrogen. 7Li and 19F chemical shifts were externally referenced against 
1  m aqueous LiCl (7Li δiso  = 0  ppm) and NaF (19F δiso  = −118.14  ppm) 
solutions, respectively. Both 7Li and 19F MAS NMR spectra were obtained 
using a rotorsynchronized spin-echo sequence (90° – τR – 180° – τR) 
with 90° radiofrequency (RF) pulses of 0.45 µs and 0.30 µs, respectively. 
For 7Li quantitative spectra, a total of 64 transients were averaged with 
a recycle delay of 20 s which was enough to reach full relaxation of 7Li 
signals. Fully relaxed 19F NMR spectra were obtained with a recycle delay 
of 30  s and signals were averaged over 512  transients resulting in an 
acquisition time of 4  h 15  min per sample. To enhance the signal-to-
noise ratio of 19F paramagnetic signals, a much shorter recycle delay 
of 50 ms was used (where only paramagnetic signals are fully relaxed) 
which allowed a large number of transients (264 144) to be acquired in 
a reasonable amount of time (3 h 57 min per sample). Solid-state NMR 
data were processed using Bruker TopSpin 3.6.0 and spectra were fitted 
using DMfit software.[55]

SEM: SEM images of LMTOF DRX powders were collected with a 
Zeiss Merlin SEM using a 10 kV accelerating voltage. Some SEM images 
were also collected with a Hitachi TM3030Plus tabletop microscope.

STEM/EDX Characterization: Electron microscopy work was 
performed on an aberration-corrected FEI Titan 80–300TM scanning/
transmission electron microscope (STEM) operated at 300  kV. TEM 
specimens were prepared by dispersing the cathode particles onto 
TEM lacey carbon grids inside an Ar-filled glovebox. The electron 
diffraction patterns were taken and processed using Digital Micrograph 
software. EDX data was collected using an Oxford X-Max EDS detector 
in scanning transmission mode. The quantitative EDX information 
was extracted using the “AZtec” software, where the overlapped peaks 
were deconvoluted by using the stored standard reference spectra and 
employing a linear least-squares procedure.

ICP/F-ISE: The sample compositions were determined using ICP-OES 
and F-ISE through Galbraith Laboratories Inc.

Electrochemical Testing: For cathode preparation, the active material 
was ball milled with SUPER C65 carbon (TIMCAL) in a 7:2 weight ratio 
for 1 h in a SPEX 8000 M mixer/mill. To obtain the electrode slurry, the 
milled mixture of active material and conductive carbon was thoroughly 
mixed with polyvinylidene fluoride (PVDF, Kynar) dissolved in 1-methyl-
2-pyrrolidinone (NMP) (Acros Organics, 99.5%) solvent in a 7:2:1 weight 
ratio for 1 h using a Turbula mixer. The slurry was cast onto a carbon-
coated aluminum current collector using a 200 µm doctor blade and an 
automatic film coater (MTI corporation AFA-III) and dried at 90 °C under 
vacuum for 18 h. Electrodes (7/16-inch diameter) were punched before 
transferring into an Ar-filled glovebox. R2032 coin cells were assembled 
inside an Ar-filled glovebox using a lithium reference/counter electrode, 
a DRX/C/PVDF cathode, 1.2  M LiPF6 in ethylene carbonate (EC)/
ethyl methyl carbonate (EMC) (3:7 by weight) supporting electrolyte, 
and Celgard 2325 separator. Galvanostatic cycling experiments were 
performed at 30  °C on a MACCOR system by polarizing the working 
electrode between 1.5 and 4.8  V versus Li/Li+ at a specific current of 
10  mA g−1 for the first 5 cycles and 20  mA g−1 for subsequent cycles. 
The rate capability experiments were performed between 1.5 and 4.8 V at 
varying specific currents of 10, 20, 50, 100, 200, 400, and 1000 mA g−1 for 
5 cycles each before returning to the initial rate of 10 mA g−1.

For the ex-situ electron diffraction measurements to observe the 
cycling-induced phase transition, the LMTOF07 cathode was cycled in 
a half cell for 15 cycles at a specific current of 10  mA g−1 for the first 
5 cycles and 20  mA g−1 for subsequent cycles and extracted from the 
cell in the charged state. The cathode was dried under vacuum at room 
temperature overnight.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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