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The increasing demand for portable electronic devices and batteries has led to a growing interest in Li com-
pounds. Lithium manganese oxides (LMO) are the most popular lithium-ion sieves (LIS) precursor materials due
to their high lithium adsorption capacity and selectivity. The key step in forming LIS is the lithium desorption
process from the crystalline lattice of the LMO. However, this process has been less researched than its coun-
terpart, the lithium adsorption process. In this line, there are some studies describing the process of lithium
desorption in acid media from spinel-type LMO. Nevertheless, there is no evidence of the lithium desorption
process of layered-type lithium-rich LMO in acidic media. In the present work, we investigated the lithium
desorption behavior of different LMO nanocomposites in HCl. LMOs with different Li/Mn ratios were synthesized
by promoting the lithium-rich layered phase (Li,MnOg3). The morphology, size, crystallinity, chemical compo-
sition, and surface properties of LMO nanocomposites and delithiated products were studied. In addition, density
functional theory (DFT) calculations were carried out to understand the differential lithium desorption behavior,
confirming its dependence on the Li/Mn ratio of the LMO nanocomposites. Herein, we demonstrate that the
lithium diffusion energy barrier plays a major role during lithium desorption from LMO nanocomposites. Our
results suggest that an exhaustive characterization of lithium precursor materials (LMO) is necessary to select a
suitable desorption process.

1. Introduction adsorption [11], membrane technology [12,13], and lithium ion-sieves

(LIS) [14]. The most commonly used as the standard commercial process

Lithium and derivative compounds in the form of ceramics or glasses
play a key role in several commercial applications such as batteries,
pharmaceuticals, and lubricants, having become strategic technological
elements [1-3]. Today, there is a dramatic increase in global lithium
consumption due to principally increased demand for electronic devices
and electric vehicles [4]. In this context, the lithium extraction process
has received great attention. Currently, the primary resources of lithium
are brine deposits from South America (Chile, Bolivia, and Argentina),
followed by hard rock resources [4,5]. Thus far, different methods for
lithium extraction from brine have been explored, such as evaporative
crystallization [6,7], solvent extraction [8-10], electrochemical

in the lithium industry is solar evaporation-precipitation technology [5].
However, major concerns with this technology are the lithium selec-
tivity, long production time, low recovery efficiency, and the severe
impact on ecosystems [7,15]. Although the membrane and electro-
chemical technologies have shown interesting results in terms of selec-
tivity, these technologies are highly constrained by their operational
conditions and costs [5]. For these reasons, active research is currently
focusing on improving lithium selectivity, efficiency, and extraction
rate, considering low capital cost and environmental impact. In this
context, LIS technology has received increasing attention because it
overcomes the issues mentioned above [14]. Thus, LIS technology
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allows a high adsorption capacity, superior lithium selectivity, and
environmentally friendly and feasible production along with highly pure
and readily accessible lithium products [14,16-18].

The synthesis route of LIS starts with the synthesis of the precursor
material. These materials can be synthesized using various synthetic
routes, such as soft chemical synthesis methods (sol-gel, hydrothermal,
and molten salts) and solid-state synthesis [19]. Whatever the synthesis
is chosen, the next step is stripping lithium from the crystalline lattice of
the precursor materials by acid treatment. Thus, the lithium stripping
results in the formation of vacant crystal sites that act by steric-effect as
lithium ion-sieves [14,20,21].

From the point of view of the metal transition framework, LIS can be
obtained principally from two types of precursor materials, namely,
lithium manganese oxide (LMO) and lithium titanium oxide (LTO). The
most widely used precursor materials have been spinel-type lithium
manganese oxide (LMO) due to their high lithium adsorption capacity,
excellent regeneration performance, and simplified synthesis compared
to LTO [21-23]. Different spinel-type LMO can be found depending on
the Li/Mn ratio [24-26]. The chemical formula LiyMn3 404 (0 < x <
1.33) represents these spinel-type LMO. Their spacial ordering is based
on the cubic crystalline structure of the Fd3m space group represented
by (Li)ga[Mn(IIMn(IV)]16404 formula. In the spinel-type LMO, the Li™
ions occupy the tetrahedral 8a sites, while the Mn (III) and Mn (IV) ions
are randomly distributed over octahedral 16d sites with mole ratio 1:1
and 02 jons occupy close-packed cubic 32e sites [27]. For Li/Mn ratio
close to 2, layered-type LMO with the chemical formula Li,MnOs can be
obtained. Interestingly, a theoretical study proposed the lithium-rich
layered-type LMO as promissory material for lithium recovery applica-
tions [28]. This precursor material is characterized by a monoclinic
special ordering of space group C2/m represented by {(Li;,
2)2¢(Li1)ah}interslab{ (Li1,2)2b(Mn1) 4¢(01)4i(O2)gj}formula. The lithium-
ion is distributed in octahedral sites into the [Li*] layer stack (2c and
4 h sites) and transition metal [LiMn;y] layer (2b sites), while the Mn (IV)
ions are distributed octahedral 4 g sites [29]. This material has a higher
lithium theoretical adsorption capacity. Despite this, few studies have
evaluated its performance as a precursor material of lithium adsorbents.
Qiangian Yu et al, applied a series of lithium-ion sieve precursor ma-
terials based on LMO composites with Li;MnOs formation as a secondary
phase [30]. They carried out a standard lithium desorption process (0.1
M HClI for 12 h) for all LMO composites. However, their result shows that
the lithium desorption process occurs successfully in the spinel phase
and not in the layered phase. They found that the lithium adsorption
capacity decreased with increasing layered-Li,MnO3 in LMO compos-
ites. Other studies have reported a similar effect of the Li,MnO3 content
on the adsorption performance of LMO [31,32]. Nevertheless, they did
not explain the reasons or the underlying mechanism for this behavior.
The optimization of the desorption process plays a crucial role in the LIS
application. Some studies have shown interest in explaining the mech-
anism of lithium desorption in spinel-type LMO. In fact, different
mechanisms have been proposed, such as the ion-exchange by topotactic
extraction, redox reactions via disproportionation of Mn*> to Mn*™* and
Mn*2, or both mechanisms [33-36]. Despite the great information
available for spinel-type precursor materials, there is still a technolog-
ical gap to optimize the desorption behavior in layered-type LMO as
lithium adsorbent precursor material. Thus, a systematic comparative
study of the desorption process of spinel-layered LMO composites in
acidic media is proposed.

This report provides experimental and theoretical results about the
lithium desorption process of LMO nanocomposite containing spinel and
layered phase. First, we hydrothermally synthesized LMO nano-
composites consisting of spinel LijoMn; ;04 (Fd3m) and layered
LioMnOs3 (c2/m). By controlling the increase of the lithium-rich mono-
clinic phase, we formed LMO nanocomposites with different Li/Mn ra-
tios. Then, the LMO nanocomposites were systematically submitted to
the lithium desorption process at different HCl concentrations and
temperatures. A full characterization of the LMO and their delithiated
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nanocomposites in terms of morphology, size, crystallinity, chemical
composition, and physical properties were performed. Also, crystalline
ground state structures, electronic properties, and their intrinsic lithium
diffusion pathways were investigated by Density Functional Theory
(DFT) calculations for pure phases of Li; 15Mn; 704 (Fd3m) and Li;MnOg
(c2/m) along with their delithiated structures.

2. Materials and methods
2.1. Chemicals

All the chemicals and standards used in this works are of analytical
grade (purity > 98%). Salts of LiOH and MnSOy, acquired from Merck
Milipore ®, were used for the synthesis of LMO nanocomposites.
Hydrogen peroxide (H202, 30%) and hydrochloric acid (HCl, 37%) were
acquired from Sigma-Aldrich.

2.2. Synthesis of LMO nanocomposites materials

LMOs nanocomposites materials were synthesized by a hydrother-
mal method using a previously reported protocol [37]. The crystalliza-
tion temperature was varied from 110 °C to 170 °C, denoting samples as
LMO-110, LMO-140, and LMO-170. Spinel-type LMO in pure phase
(LMO-s) was synthesized in similar conditions (3 mol-L! LiOH, 1.2
mol-L! HyO5 and 0.4 mol-L! MnSO4) at 110 °C. The resulting materials
were centrifugated and washed several times with ultrapure water. The
precipitate was dried and calcined at 400 °C for 4 h.

2.3. Desorption of LMO nanocomposites

The behavior of the lithium desorption along to manganese disso-
lution of the nanocomposites was studied in a batch system. In other to
evaluate the lithium desorption rate, 50 mg of LMO were dispersed in
50 ml of 0.1, 0.25 and 0.5 M HCI and stirred for 72 h at 25, 40 and 60 °C.
Aliquots of 1 ml were sampled at different intervals of time (0.25-72 h).
The resulting material (now named HMO) was centrifugated and filtered
through an Acrodisc® 13 mm syringe filter with 0.2 pm Supor® mem-
brane (Pall Life Sciences, Ann Arbor, USA). The sample compositions
were determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Optima 2100 DV). The desorption
capacity values (q) were calculated from the change of solution con-
centration using the following equation:

q =V 100%

where qe lithium or manganese contents (mg/g) and Cp and C, are
the initial and final concentrations (mg/L), respectively, V is the volume
of solution (L) and m is the mass of adsorbent (g).

2.4. Characterization techniques

The crystallographic structure of the LMO nanocomposites and their
delithiated phases were examined using powder X-ray Diffraction (XRD)
in a Bruker New D8 Advance X-ray diffractometer equipped with a
Johansson monochromator (Cu-Kal radiation, A = 1.5406 f\) and
LYNXEYE XE detector. The diffraction patterns were scanned from 26
10° to 90°, with an angular step of 0.02° and 2°/s. The diffraction data
have been refined through the Rietveld technique using the Match
software (Crystal Impact).

Morphological characterization of LMO nanocomposites and their
delithiated phases have been studied by field-emission scanning electron
microscopy (FESEM; Philips XL-40FEG), operating with an acceleration
potential of 10 keV. The morphology and microstructure were further
investigated using high-resolution transmission electron microscopy
(HR-TEM) and electron diffraction (ED), with a JEOL 2100F, operating
at an accelerating voltage of 200 kV.

Fourier transform infrared (FT-IR) spectroscopy was used to identify
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Fig. 1. XRD patterns of the synthesized LMO nanocomposites (a), crystal structure of the cubic spinel Li; 15Mn; 704 (b), crystal structure of the layer-structured
monoclinic Li;MnOj (c) and detailed changes in XRD patterns at different 20 (degree) for samples: LMO-s (black), LMO-110 (red), LMO-140 (blue) and LMO-170

(green) (d).

the functional groups in the LMO nanocomposites and their delithiated
phases. The FT-IR spectra were obtained using a Spectrum Two FT-IR
Spectrometer in the 4000-450 cm™! range with 4 cm™! resolution and
far-infrared in the 200-350 cm ™! range with 2 cm™! resolution.

The specific surface areas of the LMO nanocomposites and their
delithiated phase were calculated using the multiple-point Bru-
nauer-Emmett-Teller (BET) method using an ASAP2010 instrument
(Micromeritics). The sample compositions were determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES,
Perkin Elmer Optima 2100 DV) after the samples digestion in a mixture
of HC1 (2 mol~L’1) and HNO3 (2 mol-L'l) in the volume ratio 1:1. The Mn
average oxidation state (AOS) of the LMO nanocomposites was deter-
mined using a two-step colorimetric method based on Leucoberbelin I
and formaldoxime methods (20).

2.5. DFT calculations

DFT calculations were performed to obtain the optimized cell pa-
rameters and electronic properties for Li; 12Mn; 704 and Li,MnO3 and
their delithiated structures using the Quantum ESPRESSO 6.5

computational package [38]. The supercells used to represent
Li;.12Mn; 704 and Li;MnO3 were LigMn;503 and LigMn4O15, respec-
tively. In order to construct the delithiated structures of LMO, Li atoms
were replaced by H atoms. Three delithiated structures, namely,
LigH1Mn;503; (replacing Li at 16d position) HgLi;Mn;5032 (replacing
all Li at 8a positions) and HoMn;5032 (fully delithiated), were con-
structed for LigMn;5035, Likewise, three delithiated structures, namely,
LigHoMn4O12 (replacing Li from [LiMny] layer position) HeLiaMnsO12
(replacing Li from [Li] layer position) and HgMn4O, (fully delithiated),
were constructed for LigMn4O12 supercells. Ultrasoft pseudopotentials
were chosen for Li, Mn, O, and H. All calculations were performed with
Generalized Gradient Approximation (GGA) and parameterized by
Perdew, Burke, and Ernzerhof (PBE). Moreover, the strong correlation of
the 3d transition metal was taken into account using the DFT + U
method. The Hubbard U value was 3.5 for the Li; 15Mn; 704 (mixture of
Mnt3/Mnt* ions) and 5.0 for the Li;MnO3 (Mn"'4 ions). The kinetic
energy cutoffs for wavefunction was set to 40 Ry for all calculations. The
convergence criteria for the energy tolerance was set to 10 Ry, and the
force tolerance was set to 10" Ry per Bohr. The Monkhorst-Pack method
[39] was used to sample the k-point mesh with 3 x 3 x 3 for
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Li; 12Mn; 704 and 6 x 6 x 6 for Li;MnOs. All calculations were carried
out considering spin polarization and ferromagnetic ordering. The ob-
tained optimized cell parameters and atomic positions for LigMn;5032,
LigMn4012, and their delithiated structures were used to construct the
simulated XRD spectra using the VESTA software package [40].

Nudged Elastic Band (NEB) method implemented by Quantum
ESPRESSO 6.5 computational package was employed to obtain the
minimum-energy pathways for Li-ion diffusion. All NEB calculations
were performed using nine images and a path convergence threshold of
0.05 eV A-1. Grimme’s DFT-D was adopted as the long-range dispersion
correction.

3. Results and discussion
3.1. LMO nanocomposites characterization

LMO precursor materials with a different Li/Mn ratio were success-
fully synthesized by the hydrothermal method, favoring the lithium-rich
layered monoclinic phase (LiMnOs). The obtained LMO nano-
composites were characterized in terms of crystallinity, chemical
composition, morphology, size, and surface properties.

In order to determine the crystalline structure of the synthesized
LMO nanocomposites, XRD spectra were analyzed. Fig. 1(a-c) shows the
characteristic XRD patterns of the different LMO nanocomposites and
their crystalline structures. Two phases can be evidenced (Fig. 1a). The
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Table 1
Chemical analysis of the LMO nanocomposites after HCI treatment at different
concentrations.

Nanocomposite HCI Concentration Li/Mn ratio Mn AOS
LMO-s - 0.65 3.46
0.1 0.02 3.68
0.25 0.00 3.70
0.5 0.00 3.69
LMO-110 - 1.07 3.65
0.1 0.08 3.79
0.25 0.07 3.82
0.5 0.07 3.82
LMO-140 - 1.72 3.88
0.1 0.35 3.90
0.25 0.28 3.91
0.5 0.36 3.91
LMO-170 - 1.76 3.91
0.1 0.48 3.92
0.25 0.47 3.93
0.5 0.46 3.92

relative diffraction intensities corresponding to (111), (311), (222),
(400) and (404) confirmed the formation of the cubic spinel
Li; 12Mn; 704 (Fd3m spatial group; COD entry # 96-151-3976), while
characteristic peaks of monoclinic Li;MnOs (c2/m spatial group; COD
entry # 96-154-4474) at (001), (020) and (33-1) planes were found. In
order to obtain detailed information about the spinel/layered ratio of
LMO nanocomposites, we carried out phase quantification by Rietveld
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refinement method. Rietveld refinement method allows to model a full
powder diffraction profile based on crystal structure data, specimen and
instrument effects, by fitting a vast range of corresponding functions
parameters. In order to find the minimum difference between the
calculated and the experimental powder diffraction pattern, the pa-
rameters are varied by applying a nonlinear least-squares technique
[41]. Thus, by using the previously determined LMO phases, the quan-
tification by Rietveld refinement results in 100% spinel phase for LMO-s
sample, 70.7% spinel and 29.3% layered phase for the LMO-110 sample,
15.6% spinel and 84.4% layered phase for the LMO-140 sample and
13.2% spinel and 86.8% layered phase for LMO-170 sample (Fig. S1).
The cell parameters obtained from the Rietveld refinement of the LMO
phases in the nanocomposites are presented in Table S1. Fig. 1d shows
the main differences between the diffraction patterns of our nano-
composites in the ranges 18-20°, 20-25°, 35-40°, 38-46°, and 63-67°.
The absence of any peak related to the layered phase in the LMO-s
sample is noticeable. In contrast, the increase of the layered phase in
the LMO-110, LMO-140 and LMO-170 samples is observed. In this
context, shoulder-like peaks between 20 and 25° correspond to (020)
and (110) planes, and peak splitting between 63 and 67°, assigned to
(—133) and (33-1) planes are attributed to the superlattice in Li;MnO3
[42,43]. These results are according to the chemical content of our
nanocomposites, where both the Li/Mn ratio and the Mn AOS of the
LMO nanocomposites increased with increasing layered phase (see
Table S2).

The morphological study of the different nanocomposites was

LMO-110

LMO-140 * 4

LMO-170

Fig. 4. FESEM images of the LMO nanocomposites after the treatment with HCI at different concentrations.
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performed by FESEM. Fig. S2 shows FESEM images of the synthesized
LMO nanocomposites. The results indicate that all samples exhibit
agglomerated nanoparticles. In particular, it is observed that the nano-
composites with a low Li/Mn ratio (LMOs and LMO 110 samples) exhibit
nanostructured nature with mixed granular and cubic morphologies
(Fig. S2a-b). Meanwhile, at a high Li/Mn ratio (LMO-140 and LMO 170
samples), the distribution of nanoparticles results in a mixture of gran-
ules and nanorod morphologies (Fig. S2¢c-d). The mean nanoparticle size
estimated from FESEM images for the LMOs, LMO-110, LMO-140, and
LMO-170 nanocomposites was found to be 26 + 6 nm, 27 + 4 nm, 37 +
5 nm, and 44 + 7 nm, respectively.

TEM and HRTEM were subsequently used to study the micro-
crystallinity and local microstructure of the most representative sam-
ples at low and high Li/Mn ratios. Fig. 2 shows TEM and HRTEM images
and their corresponding SAED patterns of LMO-s (a) and LMO-170 (b).
TEM images reveal that both LMO-s and LMO-170 samples present
agglomerated nanoparticles with cubic and granular morphologies. The
LMO-s sample has particle sizes between 10 and 50 nm, while the LMO-
170 sample confirms the presence of nanocubes of about 25-60 nm. The
local study of the microstructure in the samples with low Li/Mn ratio
(LMO-s sample) showed the presence of a single spinel-phase oriented
along (111) and (311) zona axes. On the contrary, the samples with a
high Li/Mn ratio (LMO-170 sample) exhibit nanoparticles with both
spinel and layered phases oriented along the [111] and [020] zone
axes, respectively.

3.2. Li* desorption process behavior at different HCI concentrations

Once the physicochemical characterization of the precursor material
was performed, we studied the desorption process of the different LMO
nanocomposites. Fig. 3 shows the effect of the different acid treatments
on the LMO nanocomposites. First, it is important to note that at 24 h of

the incubation with HCl at room temperature, the delithiated process in
the pure spinel phase (LMO-s) is complete [16,44]. On the contrary,
samples with the presence of the layered phase (LMO-110, LMO-140,
and LMO-170) did not fully delithiate their structures after the desorp-
tion process [30]. More interestingly, these LMO samples exhibited a
differential delithiation behavior depending on the layered phase con-
tent. According to the lithium-rich phase increase, the percentage of
lithium desorption decreases from 100 to 70%. Remarkably, the incre-
ment of the HCI concentration has no significant effect on the lithium
desorption performance (Fig. 3.b); therefore, the increase from 0.1 to
0.5 M HCI does not trigger a rise in lithium desorption. In this context,
the lithium desorption process in spinel-type LMO using both 0.1 M and
0.5 M HCI with the same acid incubation time has been reported suc-
cessful [16,44,45]. However, in potassium-doped spinel structures, it
has been shown that varying the HCl concentration in the range from 0.3
to 1.2 M has a differential effect on lithium desorption [46]. On the other
hand, our results showed that the rise of the lithium-rich layered phase
induces a decrease in manganese dissolution from 1,7% to 0.7%.
Although reported and own research have shown that the lithium
desorption process can be effective independently of the acid concen-
tration, an important issue concerning manganese dissolution is evi-
denced with increasing HCl concentration. Thus, Xiao et al. reported
dissolution of 2% Mn at 0.5 M HCI, while Qian et al., 5.43% at 0.6 M HCl
[45,47]. Therefore, the proper selection of the acid concentration is
essential to avoid destabilizing the LMO structure via manganese
dissolution [14].

In order to obtain the whole picture, we realized a study of the
chemical content for all solid samples (see Table 1). After the lithium
desorption process, all samples showed that Li/Mn ratio decreased.
Remarkably, the Mn AOS increases for delithiated LMO-s and LMO-110
samples, probably due to the redox reaction between Mn*® and Mn**
[48]. In contrast, with the increased layered phase, the Mn AOS does not



R. Pulido et al.

30 T T T T : T T
) Mnd
a) ngMn4012

20 op 1
=
A
8
ﬁ
Y
1)
[a)
s
%
]
‘2
b
1)
a

-10 -8 -6 -4 -2 0 2 4 6

E-EgeV)

Chemical Engineering Journal 441 (2022) 136019

30 b)l T | \ T T T
Mnd
H.:Mn,O
20 - VA2 op |
Total
S
2
]
E
2
Q
a
N
°
]
3
2
Qo
a
-60 i I | \ : | L
0 8 6 4 2 0 2 4 6
E-Ey(eV)

Fig. 6. Density of states for the ground state structure of Li;MnO3 and Li; 12Mn; 704: fully lithiated structures (LigMn4O;2 (a) and (c) LigMn;¢035 supercells) and

delithiated structures (HgMn4O;, (b): and (d) HoMn;403, supercells), respectively.

change significantly for LMO-140 and LMO-170 samples, indicating that
the redox reaction does not take place during the lithium desorption
process [49,50].

Interestingly, FESEM analysis showed that the crystal size increased
in all samples with increasing acid concentration (Fig. 4). All samples
exhibit agglomerated nanoparticles with spheric morphologies. In
particular, it is observed that the LMO-s crystal size increased from 51 +
6 nm at 0.1 M to 57 + 7 nm at 0.5 M HCI, the LMO-110 from 54 + 6 nm
at 0.1 M to 59 + 6 nm at 0.5 M HCl. LMO-140 from 45 + 3 nm at 0.1 M
to 56 + 6 nm at 0.5 M HCl and LMO-170 from 58 + 5nm at 0.1 M to 78
+ 9 nm at 0.5 M HCL. The specific surface area analysis for LMO nano-
composites delithiated with 0.5 M HCl was also studied by BET assays.
Experimental BET values were found to be 68.6 + 0.2 m%/g for HMO-s,
70.3 + 0.2 m?/g for HMO-110, 63.6 = 0.2 m?/g for HMO-140, and 46 +
0.2 m%/g for HMO-170. Therefore, there is an increase in specific surface
area after the desorption process compared to the lithiated LMO. These
results agree with other studies that reported an increase of the specific
surface area with lithium desorption [35,51].

In order to evaluate the evolution of the crystalline structure of LMO
nanocomposites after acid treatment, we performed XRD analysis. Fig. 5
shows the experimental XRD spectra of LMO and HMO for each nano-
composite series at different HCI concentrations. In general, the exper-
imental results reveal that increasing the HCl concentration has no
differential effect on the crystallinity of nanocomposites of the same
series. Nevertheless, the diffraction intensity decreases in all samples
after the desorption process. Likewise, the main diffraction indices
shifted to higher angles after acid treatment, suggesting that crystalline
interplanar spacing decreased. This change has been attributed to the
Li" deintercalation from the crystalline lattice of LMO [17,46,52]. More
interestingly, we have recently reported that depending on the content

of the LMO phase, the desorption process exhibits a differential effect on
the HMO structure [37]. In this sense, the XRD pattern of HMO-s and
HMO-110 samples shows that the main diffraction indices of the LMOs
and LMO-110 samples ((111), (311), (400) and (404)) are preserved
after the desorption process (Fig. 5 a,b). Thus, both HMO-s and HMO-
110 samples have a well-defined cubic-spinel crystal structure
[36,51]. Curiously, there is no evidence of any diffraction indices of the
C2/m space group in the HMO-110 sample, suggesting a structural
transformation from layered to spinel phase [53-55]. On the other hand,
the HMO-140 and HMO-170 samples show the (020) diffraction indice
and the double peaks around 37° 26 angles corresponding to the (311)
and (1 30) planes index to C2/m space group [56]. Diffraction indices
corresponding to the spinel phase ((313), (511), and (531)) are also
detected (Fig. 5 c,b). Based on these results, we conclude that the HMO-
140 and HMO-170 samples exhibit a mixture of spinel and layered
phases. In this line, Chitrakar et al. [57] reported that the crystalline
structure in monoclinic-type precursor materials is conserved during the
lithium desorption process. However, based on XRD simulation, this
adsorbent was indexed as layered double hydroxide type with the 3R;
sequence of oxygen layers ([(OH)20Tiz(OH),]) by Cheng et al. [58].

In order to elucidate and grasp a better understanding of the struc-
tural transformation of our nanocomposites after the desorption process,
quantum mechanics-based first-principle calculations were conducted.
First, the structural parameters of the relaxed computational cell for the
different lithiated and delithiated states in pure-phase LMOs were
calculated by the GGA + U method (Table S3, S4). Also, the optimized
structures are shown in Figs. S3 and S4. The results showed that full Li*
substitution would reduce the cell volume in both LMO-types. In
particular, the spinel-type LMO showed that full desorption of Li* from
the 8a position (Table S3, structure HgLi;Mn15035) involved a reduction
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170 (d).

in cell volume greater than fully desorbed (Table S 3, structure
HgMni5035). On the other hand, the lattice parameters calculated for
layered-type LMO evidenced that the cell volume was lower in
substituting Li" atoms from [Li'] layers (see Table S4, structure
HgLioMn4O15) than in the substitution of lithium atoms from the
[LiMny] layer (see Table S4, structure LigHoMn4O;5). Similar results
have been reported for simulations of the spinel-type LMO [33].
Table S5 compares the calculated lattice constants to the experimental
lattice constants for spinel and layered type LMO. The calculated lattice
parameters overestimate the experimental lattice parameter by
approximately 2.3% for Lij 12Mn; 704 and 0.2 to 0.7% for LioMnOs.
Similar results were reported by other authors [33,59,60]. In this sense,
to complement the study of the structural transformation of our mate-
rials, we carried out the simulation of XRD spectra for the different
delithiated states of spinel and layered type LMO in pure phase (Fig. S5).
Clearly, the characteristic (111) and (400) peaks for the spinel and
(001) and (131) for the layered LMOs show slight shifts towards a
higher 26 angle, in agreement with what occurred in our experimental
results. The (111), (311) and (400) diffraction peaks of the different
delithiated states of spinel-type LMO were preserved (Fig. S5a). How-
ever, a slight shift in the (111) diffraction peak of the HgLi;Mnj5033
structure, corresponding to the substitution of Li" atoms from the 8a
position, is observed. This shift is probably due to the reduction of the
cell volume. No significant changes were found in the diffraction pattern
of the LigH;Mn15035 structure corresponding to the substitution of Li*
atoms from 16d position. On the other hand, the (001), (130), and
(131) diffraction peaks for layered-LMO were preserved after gradual
delithiation (Fig. S5b). Interestingly, the substitution of Li" atoms from
the 2b position, corresponding to the transition metal layer, does not
involve a substantial change with respect to the lithiated layered-type
diffractogram. On the other side, the substitution of Li* atoms from
the 2c and 4 h positions, corresponding to the lithium layer, is similar to

the fully delithiated layered-type spectrum. Overall, our theoretical
investigation showed that full Li* substitution would reduce the cell
volume in both LMO-types. These results confirm the contraction of
interplanar distance (table S6) and are in line with other studies [33].
Interestingly, the simulated XRD data suggest a structural trans-
formation similar to what is observed experimentally in this work for
delithiated LMO.

First-principles calculations were also used to provide insight into
the electronic structure during the delithiation process of spinel and
layered type LMO (Fig. 6). Fig. 6a-b shows the density of states (DOS) for
the ground state structure of Li,MnOj3 and its fully delithiated structure.
Also, the DOS for the different delithiated structures of the layered LMO
are shown in Fig. S6. In general, the density of states of the conduction
band and the valence band of the lithiated and delithiated simulated
materials are composed of O 2p and Mn 3d states. An overlap/hybridi-
zation between the 3d state of Mn and the 2p state of O (typical of 3d
transition metal oxides) is observed in all simulations [60]. This obser-
vation indicates that the Mn—O bond exhibits covalent binding proper-
ties [61]. The occupied states close to the Fermi level are composed
predominantly of O 2p states in all simulated structures. The bandgap
decreased from 1.4 to 0.5 eV when the delithiation process occurred. It
implies a change of the post-delithiation electronic properties in layered
materials, becoming materials with a semi-metallic behavior. On the
other hand, the DOS for the ground state structure of Li; 12Mn; 704 and
its fully delithiated structure is shown in Fig. 6¢-d. Likewise, the DOS
analysis for the different simulated delithiated structures is shown in
Fig. 7S. The results evidenced that the electronic structure of
Li; 12Mn; 704 and their different delithiated state are governed by a
strong hybridization between the O 2p and Mn 3d states. It is observed
that all simulated structures have metallic electronic properties, such
have been reported previously [62]. The Fermi level crosses the con-
duction band for the fully lithiated structure (LigMn;¢0352), while for
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their different delithiated structures, the conduction band becomes fil-
led. Comparable results have been reported in other studies [63].

FTIR was used as a complementary technique for browsing the near-
neighbor environment of oxygen coordination around the lithium and
manganese cations. Fig. 7 shows the FTIR spectra of LMO nano-
composites before and after the acid treatment (HMO samples). Two
strong absorption bands characterize all LMO samples at around
500-700 cm ™. These bands are assigned to the asymmetric stretching
vibrations of octahedral MnOg as a major contribution [64,65]. How-
ever, in this region, the stretching vibrations of the tetrahedral LiO4
groups have also been reported around 650 cm™! [33] and 350-550
cm ! [66]. In this sense, infrared spectroscopy studies of lithium inor-
ganic compounds have shown that at low and high frequency, the vi-
brations of MnOg groups are strongly coupled to LiO, polyhedral
vibrational modes (LiO¢ and LiO4) [64]. In this regard, all samples
presented a band at 653 cm ™! attributed to the vibration of the LiOj.
Nevertheless, the increase of the LiMnOs layered phase in samples
LMO-110, LMO-140, and LMO-170 gradually decreases the LiO4 vibra-
tion band because this is an intrinsic band present in the spinel-type
LMO [33]. Interestingly, the variation of the acid concentration has no
significant effect on the FTIR spectra of the same samples series, which is
consistent with previous results. However, a differential effect of the
desorption process depending on the layer phase content was observed
in the 500-700 cm™! region. At high frequency, the vibrational mode
assigned to LiO4 (653 cm 1) disappeared and the frequency coupled Mn
(IV)Og octahedra vibrations decreased in the HMO-s and HMO-110
samples, evidencing that the desorption process takes place (Fig. 7a,b)
[48]. In contrast, in the LMO-140 and LMO-170 samples with higher
lithium content, the vibrational mode assigned to LiO4 (653 em™)
weakened but not disappeared (Fig. 7c,d). Interestingly, at low fre-
quency (Fig. S8), it was found that the vibrational mode corresponding
to LiO4 (around 422 cm™!) disappeared in all samples. Nevertheless, the

vibrational modes assigned to LiOg (250-350 cm ! region) weakened
but not disappeared. These results suggest that the desorption process is
more favorable at LiO4 tetrahedra than at LiOg octahedra. These results
are consistent with the previous chemical analysis, which indicated that
the percentage of lithium desorption is higher for the spinel-type
nanocomposite (LMO-s and LMO-110) than for the layered-type nano-
composite (LMO-140 and LMO-170). Moreover, additional bands
around 850-1050 cm ™! appear in all samples. These bands are attrib-
uted to the asymmetric conjugate vibration of H' supporting the
occurrence ion-exchange process [34,48,67]. It is important to note, due
to the above-mentioned stronger coupling between the LiO, and MnO,
vibrational modes, the infrared spectrum of this type of material is
complex. Then, further studies are necessary to elucidate the underlying
nature of the vibrational modes of both LMO and their subsequent HMO
materials.

3.3. Li" desorption process behavior at different temperatures

In order to understand in-depth and optimize the lithium desorption
behavior of our nanocomposites, kinetic studies were carried out for up
to 72 h at different temperatures (25, 40, and 60 °C) with 0.1 M HCI
solutions. Fig. 8 shows the effect of temperature on the lithium
desorption process of the LMO nanocomposites. In general, all samples
showed that the lithium desorption process was enhanced by increasing
the temperature. Fig. 8a shows the kinetic behavior of the lithium
desorption at different temperatures for the LMO-s sample. In this ma-
terial, the lithium desorption is quickly completed within 8 h at 25 °C.
Similar results have been reported by Xiao et al., for spinel-type LMO at
room temperature [45]. However, after increasing the temperature to 40
and 60 °C, the lithium desorption was fastly achieved at times 0.5 and
0.25 h, respectively, indicating the key role of the temperature in this
process. In this sense, Gao et al., reported that the lithium desorption
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Fig. 9. Percentage of manganese dissolution at different temperatures. LMO-s (a), LMO-110 (b), LMO-140 (c) and LMO-170 (d).

rate increased rapidly when spinel-type LMO was submitted to 0.5 M
HCl at 40 °C, reaching lithium desorption of 96.5% within 20 min [48].
Interestingly, our results show a temperature-dependent effect that is
more evident when increasing the layered phases (Fig. 8b-d). In fact, at
room temperature, the LMO-110, LMO-140, and LMO-170 do not ach-
ieve full lithium desorption. However, the increase in temperature ac-
celerates the desorption process in all samples. Particularly in the HMO-
110 sample, the lithium desorption process is full within 8 h at 40 °C and
4 h at 60 °C. HMO-140 and HMO-170 samples complete the process at
24 h and 12 h at 40 and 60 °C, respectively. In the context of layered
metal oxide compounds, such as Li;TiOs, it has been reported that for an
increasing Li/Ti ratio (from 2.0 to 2.16), the lithium desorption de-
creases from 85,62% to 77.87% under the same desorption conditions
(0.25 M HCl, 60 °C) [68]. A similar tendency is observed with the in-
crease of the layered phase in our material. On the other hand, the in-
crease in temperature increases the manganese dissolution in all samples
(Fig. 9). Nevertheless, the spinel-type nanocomposites (Fig. 9 a-b)
showed a higher percentage (1.7-3.4%) of manganese dissolution
compared to lithium-rich nanocomposites (0.65-1.2%) (Fig. 9 c-d). It is
important to mention that a higher manganese dissolution implies the
destabilization of the crystalline structure of the LMOs, either layer or
spinel, so it is a key parameter to be controlled [5,14,48].

Our results consistently indicate the existence of a dependence
relation between the desorption behavior and the content of the layered
type phase in the nanocomposite, being temperature, the driving force
for the lithium desorption process. These results suggest that a study of
the energetic profile and the lithium diffusion pathways is necessary. In
this context, a thermochemical analysis of the Li*/H" Exchange En-
ergies based on DFT is included in the supporting information. The
thermochemical analysis for the layered LMO shows that the Exchange
Energy for the delithiation from the [LiMny] layer is higher than from
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the [Li] layer. Additionally, a systematic study of the possible lithium
diffusion pathways through first-principles nudged elastic band (NEB)
calculations have been carried out. To describe the behavior of lithium
diffusion in our materials, we studied the energy barrier of lithium
diffusion to a nearby possible lithium vacancy. Fig. 10 shows the
migration path energy barriers for Li diffusion between neighboring
lithium sites in LioMnOg. Fig. 10a-b shows the two possible diffusion
paths for the lithium atoms between the neighboring [Li] and [LiMn;]
layers in Li;MnOj3. The energy barriers of lithium diffusion from the 2b
position of the [LiMny] layer to the 2c and 4 h vacancy sites of the [Li]
layer were 0.8207 eV and 0.8214 eV, respectively. Fig. 10 c-e shows the
three possible diffusion paths of the lithium atoms in the [Li] layer. The
energy barriers of Li at the 2c position of the [Li] layer diffusing towards
the 4 h vacancy site of the [Li] layer was 1.0603 eV, while for the Li
diffusion at the 4 h position of the [Li] layer towards the 2c and 4 h
vacancy sites of the [Li] layer was 0.6840 and 1.0386 eV, respectively.
These results suggest that the energy demand for the diffusion of the
lithium atoms from the 2c position of the [Li] layer to the 4 h vacancy
site of the [Li] layer is higher than other possible diffusion pathways in
LisMnOg [29]. On the other hand, Fig. 11 shows the energy barriers of
the possible lithium diffusion pathways for Lij 12Mn; 704. Fig. 1la
shows the diffusion of the lithium atom between the neighboring sites at
position 8a. The energy barriers of Li at the 8a position diffusing into the
vacancy of the 8a site was 0.2003 eV, while the energy barriers of Li at
the 16d position diffusing into the vacancy of the 8a site was 1.1447 eV
(Fig. 11b). This result agrees with the thermochemical analysis of the
Li*/H" Exchange Energies for the spinel LMO (Supporting information).
Interestingly, it can be appreciated that there exists a significant dif-
ference in the energy barriers for the lithium diffusion between the
spinel and the layered LMO. In fact, it suggests from the thermody-
namical point of view that lithium desorption is easier to achieve in
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spinel than layered type LMO, which supports our experimental results.

In our study, HMO materials are obtained from the lithium-ion
stripping from the crystalline lattice of the precursor materials (LMO)
by acid treatment. This process involves forming hydrogenated states
that act as lithium-ion sieves [21]. Thus, the HMO material is charac-
terized by owning an active crystalline lattice that can intercalate/de-
intercalated Li* or HT ions depending on the solution medium [14].
Because a critical aspect of LIS material proper function is the structure
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stability [5,21,22], we analyzed the effect of the same acid treatment
condition on the crystalline structure of the HMO of the most repre-
sentative samples at low and high Li/Mn ratios by XRD. Fig. 12 com-
pares the XRD spectra of spinel (a; LMO-s) and layered (b; LMO-170)
LMO types and their resultant HMO after acid treatment at RT and 40 °C
during 24 h. After the acid treatment, the main diffraction indices
shifted to higher angles in spinel and layered LMO types. Fig. 12a shows
that the increase in temperature from RT to 40 °C impacts the crystalline
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structure of the LMO-s sample, causing the formation of a quasi-amorph
structure at 40 °C. It seems clear that the loss of the crystal structure in
spinel-type LMO can be, at least, be attributed to the increase in the Mn
dissolution and further destabilization of the Mn-O framework at high
temperatures. Our results closely match those obtained previously,
suggesting that manganese dissolution affects the structural stability of
the spinel LMO material [21,48,67].

On the contrary, an increase in the desorption temperature of LMO-
170 favored the deintercalation of lithium from the crystal lattice of
layered-type LMO (Fig. 12b), which is in line with the Li kinetic study.
The main diffraction indices shifted even more to higher angles after
acid treatment at 40 °C than RT. Interestingly, at 40 °C the crystalline
structure of the LMO-170 is more preserved than the LMO-s. This result
confirms the better stability of the Mn-O framework in the layered LMO
than the spinel one, which is also evidenced in the Mn kinetic study. In
fact, layered materials have been previously utilized to stabilize the
crystalline structure of other materials in battery applications [69].

Altogether, these experimental and theoretical findings provide
conclusive support indicating that lithium desorption by HCl is easier to
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achieve in spinel than layered type LMO (Fig. 12c). Therefore, if these
differences are not considered in the design of a desorption process for
LMO nanocomposites, it could have negative consequences for the
practical application of these materials. For instance, the destabilization
of the crystal structure in spinel-type LMO and/or a reduced adsorption
capacity in lithium-rich LMO due to unsuccessful Li desorption of the LIS
material.

4. Conclusions

In the present study, we have investigated the lithium desorption
behavior of different LMO nanocomposites in acidic media. LMO
nanocomposites with different Li/Mn ratios were systematically formed
by hydrothermal synthesis favoring the lithium-rich layered phase
(LioMnO3). Then, LMO nanocomposites and their delithiated products
(HMO) were characterized in terms of crystal structure, morphology,
size, and chemical composition. Herein, it is reported that there is a
differential lithium desorption behavior that depends on the Li/Mn ratio
of the nanocomposite. Using a computational approach assisted by DFT,
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we have demonstrated that the diffusion energy barrier can explain
these differences.

Interestingly, the experimental and simulated XRD spectra after
lithium desorption process showed that the spinel-type LMOs maintain
their crystalline structure, while both spinel and layered crystalline
phases are detected in lithium-rich layered LMOs. In turn, a decrease in
the cell volume and interplanar distance of the delithiated products was
evidenced. Interestingly, DOS analysis shows that the fully delithiated
materials exhibit the electrochemical properties of metallic materials.
Remarkably, no significant effect of acid concentration on the desorp-
tion process was evidenced. FTIR showed that the desorption process
strongly depends on the content of the layered-type LMO. Thus, the
desorption of the tetrahedral LiO4 groups is more favorable than that of
the octahedral LiOg groups. On the other hand, the temperature was the
driving force for a successful desorption process in lithium-rich mate-
rials. In this sense, the computational study of the different lithium
diffusion routes by NEB showed that the differential desorption process
found in our materials could be a consequence of the high energy barrier
for lithium diffusion in layered-type LMO compared to spinel-type LMO.
In this context, our investigation suggests that a detailed characteriza-
tion of the starting material is necessary to choose a suitable desorption
process. We are confident that this study will open up new approaches
for the application of lithium-adsorbent materials based on lithium
manganese oxide.
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