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Impact of gadolinium doping into the frustrated
antiferromagnetic lithium manganese oxide spinel

Bhagirath Saini,’ R. Krishnapriya,'? Devika Laishram,’> Manoj K. Singh,* Rahul Singhal,> Sateesh Bandaru,>*

and Rakesh K. Sharma'-/-*

SUMMARY

Cubic spinel LiMn,0,4 (LMO) are promising electrode materials for advanced tech-
nological devices owing to their rich electrochemical properties. Here, a series of
Gd**-doped LiMn,0, were synthesized using a simple one-step sol-gel synthesis,
and a systematized study on the effect of increasing Gd>* concentration on mag-
netic properties is conferred. The Raman and density functional theory (DFT) cal-
culations of the synthesized materials were correlated with the magnetic proper-
ties; we observed a high coercivity value for the doped LMO compared to pristine
LMO, which scales down from 0.57T to 0.14T with an increase in Gd concentra-
tion. The samples exhibited paramagnetic (at 300K) to antiferromagnetic (at
5K) transition and variation in the magnetic moment due to the replacement of
Mn*Z or Mn*2 ion by Gd*? ion from the octahedral 16d lattice site. The observed
phase transitions in the hysteresis curve below the Neel temperature (Ty) at 5K
are found to be due to the superexchange mechanism.

INTRODUCTION

Considering its unique crystal structure, lithium manganese oxides (LMO) are an excellent electrode ma-
terial for various energy storage devices due to their rich electrochemical properties, thermal stability,
and environmental friendliness.' ™ Other than these, transition metal oxide and inorganic oxides are less
used in the field of energy storage and other applications due to their structural, morphological, and op-
tical property.””” Commonly, LMO exhibits cubic spinel structure (ordered spinel) and belongs to the Fd3m
space group in which Li, O, and Mn ion occupy the 8a tetrahedral (Td) sites, 32e™ position, and 16d octa-
hedral (Oh) sites, respectively.®'” When this material is used as anode material in Li-ion batteries, severe
capacity fading occurs due to the instability of Mn®*, leading to dissolution in the electrolyte. Generally,
Mn3* and Mn** are distributed in 1:1 ratio; wherein more Mn3* undergoes a strong Jahn-Teller (JT) distor-
tion due to a single electron in Eg orbital.'’ " To overcome this inhomogeneity, partial substitution of
Mn3* ions by electro-inactive rare earth elements was reported.'* The dopant ion suppresses the JT distor-
tion and stabilizes the spinel structure. Accordingly, doping of LMO by various transition metals'>'® and
rare earth metals'’” and surface coating with metal oxides'® were successively applied. The material ex-
hibits exceptional structural, electrochemical, and magnetic properties.’”"

In addition to their electrochemical properties, LiMn,O, and doped LiMn,O, are fascinating material for
studying the magnetic properties of geometrically frustrated spins because of the following intrinsic qualities:
(i) Gadolinium-doped LMO showed expansion of LiO,4 tetrahedra and contraction of MnOg Oh unit resulting in
replacement of geometrically frustrated spin state of Mn3+(t329e1g) and Mn4+(t329eog) ion by Gd** ion, creating
antiferromagnetic interaction.? (i) Gd ions show multiple magnetic interactions with Mn**/Mn**, responsible
for altered crystal structure and affecting the magnetic interaction. Mn-O-Mn geometry possibilities of LMO
display paramagnetic, ferromagnetic, and antiferromagnetic transitions.”” (iii) Mn®* and Mn** are distributed
into LMO lattice, wherein more Mn®* ions undergo a strong JT distortion of a single electron in eg orbital ions,
which can cause Mn**O4%~ Oh distortion. Magnetic measurements can investigate the magnetic structure and
electrical properties of spinels used in lithium-ion battery technology.” Li ions have a nonmagnetic (diamag-
netic) nature, which indirectly affects magnetic characteristics by influencing the cation valence of other lattice
elements. The type of metal ions and electronic states determine the magnetic characteristics of the sublattice
in the oxide framework. The magnetic properties can easily identify the minor variations that scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy (FITR),
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Scheme 1. The sol-gel synthesis procedure of LiMn,.,Gd,0,

for material properties, which easily checks the quality of the materials. Apart from the energy storage
applications, the Li-Mn-O family has piqued interest in magnetic interaction due to its orbital orientation
changes at very low temperatures.””> >’ The contemporaneous charge order with structural transition and
the complex magnetic characteristics of LMO at low temperature demonstrates the substantial interaction
of charge, lattice, and magnetic degrees of freedom in LiMn,O,4. The magnetic field of these doped LMO
is controlled by factors like dopant metals particle size, morphology, distribution in spinel lattice, dispersion
and synthesis pathway, etc.’**? A study on magnetic phase transitions of this material could give more insights
into a deep understanding of material behavior toward electrochemical application. Herein, we report a low-
temperature magnetic study of Gd>* ion-doped LMO at 5K and 300K using zero-field-cooled (ZFC) and field-
cooled (FC) techniques and the effect of 4f-3d interactions, transition, and rare earth metals. The effect of mass
magnetization, saturation magnetization susceptibility, magnetic moment, and the site disorder with varied
dopant concentrations are explored with the correlation of Raman and density functional theory (DFT).

RESULTS AND DISCUSSION

Structural and morphology analysis

As reported earlier, Gd doping in LMO was accomplished by a simple sol-gel route and is demonstrated in
Scheme 1.7 The phase purity and the crystal structure of pristine and doped samples of LiMn,,Gd,QO4
(x =0.00, 0.01, 0.02, 0.03, and 0.04) were analyzed by XRD in Figure 1. The sharp, intense peaks confirmed
the formation of highly crystalline cubic spinel LMO in accordance with Joint Committee on Powder Diffrac-
tion Standards (JCPDS) No. 35-0782. The doped materials showed peaks of lower intensity between 26
from 28° to 33° and 73° to 77° due to the formation of GdMn,Os during the oxidation in the presence of
partial pressure of oxygen.** Moreover, the low-intensity peaks denote the maximum incorporation of
Gd into the spinel lattice.”” Upon increasing Gd doping, the high intense XRD peak of pristine LMO is
shifted to higher 20 (inset Figure 1) due to higher ionic radii of Gd** ion, which further confirms the substi-
tution of Gd ion in place of Mn.** Morphological variation in LMO upon Gd doping was observed in the
TEMimages (Figures 2A-2F). In Figure 2D, Gd04 exhibits minute granular structures due to high Gd doping
compared to pristine LMO. The fast Fourier transform (FFT) images Figures 2C and 2F and the d-spacing
(0.47 nm) were calculated from the High-resolution transmission electron microscopy (HRTEM) images,
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Figure 1. XRD patterns for LiMn,.,Gd,O, samples and inset enlarge view of (111) plane

which correspond to the highest intense XRD plane (111), as seen in Figure 1. The high thermal stability of
Gd-doped LMO from room temperature to 650°C is observed from TGA graphs as shown in Figure ST,
where Gd02 exhibited exceptional stability and minimum weight loss of 0.4% compared to Gd01 (1.6%).

Figure 3 discloses the surface morphological features of all Gd LMO samples via SEM. Minor variations in the
size and Oh morphology were observed on doping. Figure 3A represents the SEM images of pristine LMO
crystals, revealing the truncated Oh morphological features with both size and shape inhomogeneity.
Figures 3B-3E depicts the SEM images of Gd LMO samples, and it is evident that doping does not affect
any morphological variations. The average crystal size was found to be around 1 um for pristine LMO, which
upon doping, resulted in a decrease in the particle size (0.5-0.8 um). Figures 3F and 3G are the corresponding
Energy Dispersive X-Ray Analysis (EDX) spectrum for pristine LMO and Gd01 samples, which confirm the pres-
ence of Mn, O, and Gd. In addition, EDX mapping of Gd01 and Gd02 shows the distribution of the atoms,
which confirms the homogeneous doping of Gd into LMO spinels, as shown in Figure S2. The attachment
of different functional groups in the synthesized materials was analyzed using FTIR studies; corresponding
spectra are given in Figure S3. The obtained FTIR spectrum of LMO shows absorption bands at 862 and
1089 cm™', respectively, corresponding to the metal-oxygen (Mn-O) vibrational frequencies. The low-fre-
quency broadbands are associated with -OH peaks, indicating less crystalline water in the LMO lattice. The
surface compositions of the prepared materials are analyzed by using the X-ray photoelectron spectroscopy
(XPS) technique. The XPS survey scan of LMO and Gd LMO is given in Figure 4A, which confirms the presence
of Mn, O, Li, and Gd. The binding energy for Li 1s at 53.87 eV may be due to Li* ion as shown in Figures 4B and
4F. The Mn2p spectral peaks were clearly separated into the two oxidation states of Mn2p3/, and Mn2p1,, by
about 11.5 eV. These binding energies are quite similar to the previous report. In Mn 2p spectrum, the two
peaks of each Mn 2P3,, and Mn 2P, , are separated into two valance states of Mn®* and Mn**. Figure 4C shows
the binding energies of Mn*" are deconvoluted at 641.82 eV (Mn 2p3/2) and 653.58 eV (Mn 2p;,,), whereas
Mn** shows deconvoluted peaks at 645.32 eV (Mn 2p3,,) and 657.54 eV (Mn 2p1/2).36'3/ Figure 4G indicates
the binding energies of Gd-doped LMO for Mn*" at 641.58 (Mn 2ps/,) and 653.26 (Mn 2p1,2) and for Mn**
at 645.02 (Mn 2p3/,) and 657.34 (Mn 2p4,2).°>* Variation in the peaks of Mn3* and Mn** can be attributed
to the Gd interaction with the Mn ion. Gd 4d core level shows three peaks at 141.12 eV, 146.34 eV, and
153.14 eV assigned to the Gd metal peak (LiMn{.9sGdpsO4), Gd-Ox, and Gd satellite peak, respectively, as
shown in Figure 4E.*° The oxide form supports the presence of Gd(lll) species.’” The deconvoluted O 1s spec-
trum displayed in Figure 4C indicates two peaks at 529.7 and 531.4 eV owing to the surface oxygen present in
Mn or Gd Oh sites and Li Td sites, respectively.*”*

Raman analysis

Raman spectroscopy was used to investigate the structural changes in Gd-modified LiMn,O,4 samples.
Based on group theory, the cubic structure of LiMn,O4 with space group Fd3m (Oh7) yields
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Figure 2. Low- and high-magnification TEM images of (A and B) pristine LMO and (D and E) GD04
(C and F) inversed fast Fourier transform (IFFT) of as-prepared catalyst of pristine LMO and Gd04, respectively.

(*Raman, = Ag + E4 + 3F,g) active Raman modes.”’ Figure 5A shows the Raman spectra of Gd-modified
LMO samples measured at room temperature. In order to prevent thermal decomposition, a laser power
of 10 mW was used. The second phase of composite materials is GdMn,Os, which is a paramagnetic ma-
terial with an orthorhombic structure at room temperature. The group theory analysis predicted that the
orthorhombic phase would have a Pbam space group and would yield 48 Raman active modes (*Raman,
R3c = 13Ag+13B1g+11B1g+11B1g)."” Owing to Gd substitution at the Mn** and Mn** sites, there is
dispersion within the bond lengths of the modified LiMn,O4 samples. This produces subtle changes in
electron distributions. Thus, only a few main higher Raman modes (>500 cm™") are clearly distinguishable.
In Figure 5B, the Raman spectrum of LiMn,O,4 shows a broad and dominant Raman band at approxi-
mately 630 cm™" and a shoulder at approximately 600 cm™', both assigned as Aqg and Fag modes, respec-
tively. Raman vibrations at 630 cm™
MnQO,. Among the factors affecting the widening of 630 cm ™" are bond lengths of the cations and anions,
as well as the degree of polyhedral distortion produced by LMO, which consists of distorted Oh (Mn®*
O,) due to the JT effect and isotropic Mn** O4. Raman mode near ~400 cm™, the shoulder peak, is
mainly caused by the Mn*"-O bonding and is very sensitive to lithium ions in LMO. These two Raman
modes are responsible for regulating the magnetic phase and spinefl phase of LMO samples. Neverthe-
less, low-wavenumber Raman modes are observed and assigned as ~510 (F,), ~452 (Eg), and ~382 (Eg)
and mainly originate from Li-O stretching bonds, O-Li-O, O-Mn**-O, and O-Mn**-O bending vibrations.
These modes are very weak in intensity compared to Ag mode at 600 cm™. In this case, we are able to

correspond to symmetric stretching vibrations of Mn-O groups in

detect Raman modes with cubic symmetry-based LiMn,O,4 samples based on differentiating the sample
from the second phase orthorhombic GdMn,Os. However, it is not feasible to determine the exact
frequency of Raman modes. Furthermore, Gd®* ion doping itself creates disorder at the atomic level,
which results in a diffuse spectrum. For this reason, it is difficult to accurately identify and assign mode
frequencies. Raman modes of polycrystalline complex two-phase structures of Gd-doped LMO samples
are difficult to identify. A similar explanation can be found in the literature.”> When Mn**/Mn** ions are
partially substituted by Gd®* ions, they cause Mn-site disorders in LMO, resulting in anomalous shifting of
Raman modes toward higher frequencies (blue shift), and the rapid absence of certain modes, as shown
by X-ray diffraction. In addition, components such as the binding strength force constant and change in
effective mass can affect Raman mode shifting. As the atomic masses of Mn®**/Mn** ions were replaced
by Gd*" ions in the LMO lattice, an anomalous change in Raman modes was observed since Gd**
(157.9 g) has a higher atomic mass than Mn (54.0 g). This leads to an increase in effective mass and force
constant of Gd**-modified LMO lattice and Mn**-O and Mn**-O stretching bond distortion. LMO
compounds doped with Ce, Gd, and Nd were also reported to have similar properties.”*** Raman modes
of low intensity in LMO are shifted and transmitted as broad peaks as a result of Gd doping. As Gd con-
centration increases, Raman modes with higher frequency modes become more prominent, possibly due
to increased orthorhombic phase in Gd04 sample. Sample (Gd04) shows additional new Raman modes
near 212 cm~" and 678 cm™' (* in Figure 5A), indicating the presence of GAMn,Os. The results also sup-
port XRD of Gd-doped LiMn,O4 samples.
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Figure 3. SEM image of pristine LMO (A) and Gd-doped LMO with different concentrations (A-E) and EDX
mapping of LMO and Gd04 (F and G)

First-principles calculations

In order to further understand and elucidate the electronic, magnetic, and structural changes of Gd-doped
materials, first-principle calculations were carried out on lattice models of LiMn,O,4 and doped LiMn,.
«Gd, O, systems. The LiMn,O4 belongs to the space group Fd3m and the corresponding fully relaxed struc-
ture as shown in Figure 6. LiMn,Oy4 has cubic close-packing arrangement and contains 8 Li's, 16 Mn's, and
32O’sionsin acell, and the corresponding molecular formula is LigMn1,03,. The DFT + U computed lattice
parameters of LiMn,O4 is a = 8.358 A, which is slightly higher than that of the standard value (8.321 A), and
Mn-O distance is 1.995 A, slightly elongated compared to the standard value (1.934 A); both these param-
eters are in excellent correlation with the experimental value. Doping formation energies were calculated
using the following formula: Gd-substitution in LiMn,O4

The substitution energy of Gd in LigMn1,.,Gd,O3;, i.e., the change in the formation energy of Gd-
substituted LigMn14.,Gd,O3, with respect to LigMnO3; is

Esub = E LisMn16-xGdx032 — E LisMn16032 = XHad + XUmn (Equation 1)

where, LigMn14.,GdO3, and LigMn1403; are total energies of Gd-doped LigMnq4.,Gd, O3, systems and
pure LiMn,Oy supercell, and xugg and xpw, are chemical potentials of Gd and Mn atoms.

Fully relaxed LMO results in the mono-doping, double-doping, and up to the penta-doping case with the DFT
data are listed in Table 1, and all fully c/a relaxed pure and Gd-doped structures are shown in Figure 6. For the
Gd-doped system, it is understood that the lattice constants and volumes are increased with increasing Gd-
doping concentration; a possible reason might be that the ionic radius of Gd*(0.938 A) is higher than that
of Fe?*3* (0.76 A/0.645 A). The formation energies of the Gd-doped LigMn 1,03, supercell have been shown
in Table 1. The formation energies of Gd-doped structures (LigMn14,Gd O3, supercell) are negative values,
indicating that the doping process is energetically more favorable and experimentally more promising while
increasing the Gd-doping concentration, and it further stabilizes the Gd-doped systems. To explore the mag-
netic behaviors of Gd-doped LigMn,05; supercell, DFT + U calculations have been performed. The computed
magnetic momentum for the Mn in LigMn1,03; supercell is 3.82 pg, consistent with earlier studies.”® In general,
Gd will contribute 7 pB magnetic moment; thus, Gd doping enhances the magnetism of LigMn14.,Gd,O3; (x =
1-5) doped systems. The computed atomic magnetic moments of mono-, bis-, tri-, tetra- and penta-Gd atom
doped in LigMn1O3; supercell are provided in Table 1. From Table 1, an enhanced magnetic momentum is
observed while increasing the Gd-doping concentration in LigMn1,O3, supercell, which states that more
dopant (Gd) incorporation in LigMn;403;, should result in more magnetic momentum. The atomic magnetic mo-
mentum of the Gd doped in LigMn4O3, systems was enhanced and observed up to 0.08 Gd-doping

iScience 26, 105869, January 20, 2023 5
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Figure 4. XPS spectra of as-prepared materials: (A) survey spectra of LMO and Gd-LMO
(B) High-resolution spectra of LMO (B-D) and Gd-LMO (E-H).

concentration. It is also observed that these doped systems' atomic spin magnetic momentum is decreased
above 0.08 Gd-doping concentration, which is well matched with the experimental observation. At high Gd-
doping concentrations, exchange interactions and redistribution of the charge will occur, and the magnetic
properties of these LigMn;,O3, systems depend on the Mn**-Mn*" interaction with 3d-4f election spin
coupling. At low concentrations, the Gd®* atoms enter the Mn®* lattice, and Gd**-Mn®* interaction occurs
through the 3d-4f election coupling (Figure 6A). The partial density of states of LigMn59,Gdp04O4 and
LigMn1581Gdp. 190, has been shown in Figure 7. From projected density of states (PDOS) of
LigMn15.06Gdo.04Oa, coupling is possible 3d of Mn®* (red line) and 4f of Gd>* atoms (green line). At high Gd-
doping concentrations (Gdg 19) 3d-4f election coupling would be stronger than (Figure 7B) Gd-doping at low
concentration (0.04). Thus, slight reductions in magnetic momentum values of Mn3* (3.282 pg) and Gd**
(7.117 pg) are observed in the LiMny5g1Gdo 1904 doped system.

A 660

B Gdo4

650

Ag Raman mode +

2

d Gdo1 Gdo2 Gdo3 Gdo4

N

£

g Gdo3
Gdo2 | =

Gdo1 )
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Figure 5. (A) Raman spectra of the Gd-doped LiMn,O, samples at room temperature in the frequency range from
150 to 800 cm ™"

Anomalous frequency shift in Ag Raman mode in Gd-doped LMO samples is shown in the inset.

(B) Lorentzian fit of Ag and F2g modes in LiMn,O, samples doped with Gd.
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LigMn, 5 4,Gd, 1,0, LigMn, 5 ¢,Gd, 140, LigMn5 5,Gdy, 1904

Figure 6. Fully relaxed structures of pure LiMn4403, and Gd-doped LigMn44.,Gd,O32 (x = 0.04 to 0.19) supercell
systems (top view)

Magnetic properties

Magnetization characteristics are subjected to various extrinsic and intrinsic factors such as dopant grain size,
atomic composition, density, anisotropy, bond length, bond angle, and cation distribution between Gd** and
Mn3**or Mn**.% Gd ions show multiple magnetic interactions with Mn®**/Mn**, which are responsible for
altered crystal structure and affect the magnetic interaction. Possible magnetic interaction is (1) Mn3*-O-
Mn**, 2) Mn**- O-Mn*®", (3) Mn**-O-Mn*", (4) Gd*"-O-Mn**, (5) Gd**-O-Mn*", and (6) Gd*"-O-Gd*" in which
ferromagnetism is showing at low temperature due to (4), (5), and (6) type of interaction. Temperature-depen-
dent magnetization of all samples was recorded by ZFC and FC mode under an external magnetic field of
200 Oe from 300K to 5K, (Figures 8A-8D). When the temperature drops below 70 K, the temperature-depen-
dent behavior of the ZFC and FC curves is observed to be qualitatively different for different applied magnetic
field strengths. Both ZFC and FC highlight paramagnetic, diamagnetic, ferromagnetic or antiferromagnetic,
and exchange coupling of lattice ions.*” During cooling, particles tend to magnetize to minimize the
magneto-crystalline energy. Blocking temperature (Tg) is the temperature at which the magnetic anisotropy
energy barrier is overcome by thermal activation, leading to the fluctuation of its magnetization. The value

Table 1. Lattice constant a (in A), atomic volumes (As), magnetic moment (in uB), bond distances, formation
energies (in eV)

System Lattice parameters Volume/ion (in A3) TP AE:orm

LigMn14032 8.358 10.42 3.817

LiMn15.06Gdo.0404a 8.426 10.68 7.132 —4.63

LiMn15.92Gdp 0804 a =8.597 10.95 7.133 —7.74
c=28.309

LiMn1s.65Gdo 1204 a=8.651 11.22 7.131 ~11.13
c=8.403

LiMn15.84Gdo.1604 a=875 11.57 7.126 ~13.08
c=8.462

LiMn15.81Gdo 1904 a=8.802 11.57 7.117 ~16.97
c=8.570
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Figure 7. Total densities of states and PDOS were computed for the LigMn15.96Gdo.0404 (A) and LigMn45.81Gdo.1904 (B) using DFT + U

of Tg is almost equal to pristine LMO, except Gd01. Tg is not dependent on the doped Gd concentrations but
mainly upon the interactions between the atoms. From Tg to lower-temperature region, the system moves to-
ward either ferro- or antiferromagnetic. Above Tg, thermal vibration becomes stronger over the Zeeman inter-
action due to more thermal energy, causing randomization of the magnetic moment orientation and
decreasing the magnetization value. The obtained Tg values for LMO, Gd01, Gd02, Gd03, and Gd04 systems
are 46.49,41.71,46.70, 47.25, and 47.30 K, respectively. In the case of Gd01, there will be more Mn - Mn inter-
action to reduce the antiferromagnetic interactions. The decrease in Tg temperature for GdO1 can be ex-
plained on the basis of the interaction between the doped and the lattice ion. The inverse susceptibility of
all the Gd-doped LMO was plotted and shown in Figures 9A-9D. Figure 9A shows the chance of more than
one phase transition present in the lattice responsible for the sudden decrease in Tg value and Mn - Mn inter-
action and started paramagnetic to antiferromagnetic transformation at a very high temperature. Further-
more, the Neel temperature (Ty) of the Gd03 compositions (Figure 9C) indicated the highest value compared
to other compositions. The extracted Curie-Weiss parameters for Gd01 are 6c = —271.48 Kand Cp =4.77 emu
K/mol from the linear fit of the inverse susceptibility. The other estimated Curie temperatures are —297.73,
—289.47, and —198.21 K for Gd02, Gd03, and Gd04, respectively, indicating paramagnetic behavior above
70 K. The negative Weiss constant indicates that the Antiferromagnetic (AFM) interactions get stronger as
the proportion of Mn®* rises, owing to the increased number of AFM rough involving Mn**.* It can be
concluded that those antiferromagnetic interactions of the Mn** ion spins are dominant over ferromagnetic
superexchange interactions. The effective magnetic moment of LMO (6.1 ug mol™") obtained from inverse sus-
ceptibility (Figure S4) indicates a valence state of Mn®*/4*
plot. According to previously reported results, it can be noted that an effective magnetic moment corresponds
to a high spin state of Mn®" in the LMO lattice.”” These are the exchange interaction components across a
shared Oh-site edge in LiMn,O,. The Curie-Weiss parameter for other Gd-doped LMO are given in Table 2.
It is clearly observed that effective magnetic moment increases with the Gd doping and further decreases up
to 6.35 uB, and the same trend was observed in DFT studies. At low concentrations, the Gd** atoms enter into
the Mn®* lattice and Gd**-Mn>* interaction occurs through the 3d-4f election coupling (Figure 6A). At high
Gd-doping concentrations, exchange interactions and redistribution of the charge will occur, and the mag-
netic properties of these LigMn;4Os, systems depend on the Mn*"-Mn*" interaction with 3d-4f election spin
coupling. At high Gd-doping concentrations (Gdo.19) 3d-4f election coupling would be stronger than the (Fig-
ure 6B) Gd-doping at low concentrations.

, apparently in 3:1, which can be easily seen in the XPS

In addition, isothermal magnetic hysteresis analyses were measured from +5to —5 T at 300 k (Figures 10A-
10D). At low temperatures (5 K), the sigmoidal shape curve suggests magnetic phase transfer from paramag-
netic to magnetically ordered antiferromagnetic.*’ The computed magnetic moments of Mn**, Mn®*, and
Gd*" are 3.03-3.40, 3.88-4.00, and 7.11 pg, respectively.bO The magnetic dipolar orientation of the rare earth
exhibits a disordering form at room temperature. As a result, it's possible that rare earth ions (Gd*") are
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Figure 8. ZFC and FC magnetization under magnetic field of 200 Oe for (A) Gd01 (B) Gd02, (C) Gd03 and (D) Gd04
from 5k to 300k

nonmagnetic at room temperature, which can be easily seen in M-H plots.”' This enhancement in the magnetic
properties is attributed to the higher magnetic moment of Gd doping in LMO enhancing the magnetic prop-
erties of materials owing to the higher moment of Gd3* (4f’) which is located in the Oh 16d lattice site. Higher
concentrations of Gd>* lead to a decrease in the coercivity of LMO spinel as more energy is required for
magnetization or demagnetization. The coercivity measures the magneto-crystalline anisotropy of Gd
LMO, which depends upon engaged vacancies of Mn ion at the Oh sites, concentration, and ionic radii of
the Gd dopant.” The coercivity is influenced by factors like morphology, grain size, porosity, domain structure
anisotropy, and ion exchange. As a result of the orientation of cation distribution between Gd** and Mn?* or
Mn?** (strong Gd-Mn superexchange interaction) in the spinel system, Li ions have no magnetic interaction with
the other lattice ions, but Mn and Gd have interaction at the 8a Td and 16d Oh sites. The geometry of cubic
spinel has interatomic 3d metal and 4f metal interaction at the 16d Oh site through the weak overlapping
between the Mn ion with Gd ion(tz4-4f) and Mn-O with Gd ions (to4-O-4f). High-spin Gd*" ion holds three un-
paired electrons in Tyu, while Mn3* and Mn** have one unpaired and three electrons, in which the last elec-
trons are in Eg and t,g orbital, respectively. According to Goodenough, the interaction between Mn** has an-
tiferromagnetic interaction due to the direct overlapping of tyg-tsg.”> GdOT has the highest coercivity of 0.58 T
and remanent magnetization of 4.9 over all the other synthesized materials, which might be due to an early
starting of antiferromagnetic interaction through the Tiu-2p~s-t24/Eg interaction that dominates over other
ferromagnetic and paramagnetic interaction.” Coercivity, remanent magnetization, and Curie-Weiss fit ob-
tained for the doped materials are shown in Table 2. This increase in magnetization is attributed to higher un-
paired electron of Gd®* (4f) compared to Mn*** ion placed at 16d Oh sites and may also be due to released
Mn ion from Oh, rearranging in antiparallel manner.””> Gd02 shows the highest magnetic moment among the
doped materials (Hc = 0.56 T and Mr of 2.31 emu g~") which is possibly due to the combined effect of Mn®*-
Mn®* interaction with 3d-4f election spin coupling.

Conclusion

The Gd-doped LMO was successfully prepared by a one-pot hydrothermal sol-gel route. A detailed analysis of
magnetic susceptibility, inverse susceptibility, coercivity-remanent magnetization, and magnetic moment was
studied by correlating with Raman and DFT analysis. The obtained results observed a high coercivity value for
the doped LMO compared to pristine LMO, which scales down from 0.57 T to 0.14 T with an increase in Gd
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Figure 9. %-1Vs T plot under magnetic field 200 Oe for (A) Gd01 (B) Gd02, (C) Gd03 and (D) Gd04 from 5k to 300k

concentration. The current study revealed that Gd LMO shows paramagnetic nature at room temperature and
undergoes paramagnetic to antiferromagnetic phase transition at very low temperatures owing to ion ex-
change between Mn and Gd ion. The susceptibility follows the Curie-Weiss law with a negative Weiss constant
indicating the dominated antiferromagnetic interaction over paramagnetic. The obtained magnetic moment
of the materials is due to the combined effect of Mn®**-Mn®* interaction with 3d-4f election spin coupling.
Gd02 showed the highest magnetic moment (6.50ug) with Mr of 2.31 emu g_W and Hc of 0.56 T.

Limitation of the study

The cost of the synthesized materials via doping of rare earth could become one of the major challenges
with this approach. It is, therefore, important to synthesize materials based on earth-abundant metals,
which can be tested for energy materials. In this study, the magnetic properties of the energy storage
catalyst (Gd-doped LMO) correlated only with the Raman spectroscopy and DFT calculations but did
not correlate with the electrochemical properties. This requires further studies to understand the relation-
ship between electrochemical properties and magnetic behaviors.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

Table 2. Magnetic parameter of LiMn,_,Gd,0, samples

Sample Composition Mr (emu g b) Hc(Tesla) O (Temp.) M (1B)
Gdo1 LiMn1 90Gdo 0104 4.902 0.576 —271.48 6.17
Gdo02 LiMn1.96Gdp.0204 2.31 0.567 —297.73 6.50
Gdo3 LiMny 7Gdo 0304 0.593 0.215 —289.47 6.40
Gdo4 LiMny 06Gdo 0404 0.47 0.146 ~198.21 6.35
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Chemicals

CH;COOLi Alfa Aeser CAS: 867-55-0
(CH3CO0),Mn Alfa Aeser CAS: 6156-78-1
(CH3CO0);Gd Alfa Aeser CAS: 100587-93-7
2-ethylhexnoic acid Sigma CAS: 149-57-5
Software

ImageJ GitHub https://imagej.net/
OriginLab OriginLab Corporation https://www.originlab.com
Other

X-ray diffraction Bruker D8 Advance

phase identification ICDD https://www.icdd.com/

X-ray photoelectron spectroscope

Oxford Instruments

Omicron Nanotechnology

N adsorption-desorption Quantachrome ASIQMUO00U11-6
Transmission electron microscope FEI Tecnai G2T20
Thermogravimetric PerkinElmer STA-6000

physical property measurement system (PPMS) Quantum design PPMS DYNACOOL
FTIR BRUKER VERTEX 70v

SEM ZEISS EVO 18
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Rakesh Kumar Sharma (rks@iitj.ac.in).

Materials availability
This study did not generate unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.

This article does not report original codes.

Any additional information required to reanalyse the data reported in this article is available from the lead
contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Preparation of LiMn,_,Gd, O,

In the typical synthesis procedure, the stoichiometric ratio of different precursor salts such as lithium ace-
tate, gadolinium acetate, and manganese acetate were dissolved separately in the 2- ethyl hexanoic acid
by continuous magnetic stirring at 120°C for 20 min to get a homogeneous mixing of all precursors. The
temperature of the resultant precursor solution is further increased to 410°C and maintained for 8-10 h
with constant stirring. A brownish powder was formed and which on calcination at 450°C for 4 h resulted
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in a sample devoid of all organic impurities. Further heat-treatment at 850°C for 14 h in a box furnace, re-
sulted in phase pure LiMn,_,Gd,O,4 (x = 0.00, 0.01, 0.02, 0.03 and 0.04) powder in a blackish color. The sam-
ples were named LMO, Gd01, Gd02, Gd03 and Gd04 respectively. A schematic illustration of the synthesis
process is given in Scheme 1.

Sample preparation for magnetic measurements

The samples were pre-heated overnight before the analysis of magnetic properties. 20 to 50 mg of the sam-
ple was used for magnetic measurements using the PPMS instrument. ZFC and FC measurements are car-
ried out at varied temperature conditions from 300 K to 5 K at the constant magnetic field of 200 Oe.
Isothermal magnetic hysteresis analyses were measured from +5 to —5 T at constant 300K and 5K.

Computational details

DFT calculations were performed using the Vienna ab-initio Simulation Package (VASP).***’ Projector-
augmented wave (PAW) potentials were employed for the ion-electron terms, with valence configurations
of Li(s"p?%), Mn(d®"), Gd(4f’5d") and O(2sp*), using the implementation of Kresse and Joubert.”® Hubbard
Ut corrections were modelled by considering the on-site Coulomb corrections of Mn 3d and Gd 4f orbitals
using the spin-polarized GGA + U method introduced by Dudarev et al.””*%; U4 was set to 4.84 and 6.0 eV
for Mn and Gd atoms respectively. The number of VASP plane waves was controlled by the cut-off energy,
which we set to 550 eV, having tested for cut-off convergence. Brillouin-zone integrations were performed
during geometry relaxation using k-point grids with a 4 x 4x4 for pure LiMn,O4 and the doped structures
LiMl’]z.deXO4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Particle size of the samples is calculated from the SEM image (Figure 3) as mean average using IMAGE J
software and no other statistical analysis and quantifications used.

ADDITIONAL RESOURCES

There are no additional resources need to be declared in this manuscript, additional requests for this can
be made by contacting the lead contact.

16 iScience 26, 105869, January 20, 2023

iScience



	ISCI105869_proof_v26i1.pdf
	Impact of gadolinium doping into the frustrated antiferromagnetic lithium manganese oxide spinel
	Introduction
	Results and discussion
	Structural and morphology analysis
	Raman analysis
	First-principles calculations
	Magnetic properties
	Conclusion
	Limitation of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Preparation of LiMn2-xGdxO4
	Sample preparation for magnetic measurements
	Computational details

	Quantification and statistical analysis
	Additional resources




