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The modification of a polyanionic positive electrode material LIMNPO,4 by transition metal doping was
experimentally studied on the basis of carbon coating in order to address the drawbacks of low electronic
conductivity and charge—discharge performance. A hydrothermal procedure was successfully used to cre-
ate a LiMn;_,Fe,)PO4/C (x = 0, 1/24, 1/12, 1/8, and 1/4) cathode material, and its performance was
evaluated. After comparing the material's electrochemical performance at different doping concentrations,
the ideal Fe content was found to be x = 1/4. The Li(Mn;_,Fe,)PO4/C sample exhibits excellent
electrochemical performance, discharge ability of 141.6 mA h g%, 100 cycles at 1C rate, capacity retention
ratio of 97.88%, and the best kinetic characteristics. First principles calculations showed that the
Li(Mn;_,Fe,)PO4/C material has the smallest band gap, and the total state density is closest to the Fermi
level; thus, more electrons can be used to transition to the conduction band, which is the reason for its
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position and decreases electron localization and the diffusion energy barrier, which is very conducive to
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1 Introduction

At a time when oil and other conventional energy sources are
increasingly scarce around the world, there is an exigent need
for the effective development and use of sustainable energy,
such as solar, wind and tidal energy.' Nevertheless, these new
sources of energy are unstable and constant; thus, they need to
be converted into electricity before they can be exported, which
has motivated research on rechargeable batteries. Lithium-ion
batteries (LIBs) have become the dominant technology in the
field of man-carried electronic equipment and electromobiles
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electron movement and improves the diffusion kinetics of lithium ions in a doping system.

owing to their high energy density, excellent cycling
steadiness, poor self-discharge characteristics and environmen-
tal friendliness.>* High energy density lithium-ion batteries
have been associated with an array of issues in recent years,
including deteriorating battery life and the coexistence of
electrochemical side reactions that can compromise electrode
integrity in harsh settings. The design of cathode materials for
LIBs is fraught with numerous significant obstacles.*” There-
fore, enhancing the nature of lithium-ion batteries via the
design of new and emerging materials and doping materials
has emerged as a research hotspot. As can be seen from Fig. 1,°
there is a great potential for polyanionic cathode materials:
PO,*" series electrodes with high reaction potential are more
suitable for large-scale energy storage systems. However, the
mass and charge transport retardation of LiMnPO, severely
hinders its application.””® For many years, researchers have
been trying to promote the property of the material. While
combining conductive elements and decreasing the material’s
size can improve the LiMnPO, material’s electrochemical per-
formance, it has minimal effect on the material’s electron-ion
transport capabilities since its crystal properties remain largely
unaffected.'®™ Elemental doping can fundamentally elevate
the performance of LiMnPO, materials, and one of the most
widely used methods is the doping of equivalent or covalent
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Fig. 1 Schematic diagram of the cathode material potentials of the Li-ion
battery versus capacity, where M = Fe, Mn, Co, Ni, etc.

cations at Li or transition metal Mn sites.'*'® Theoretical

calculations suggest that Li site doping can reduce the electro-
chemical performance of LiMnPO, by blocking the conduction
pathway, which in turn can cause damage to the electrochemi-
cal performance of LiMnPO,. Therefore, the doping of the Li
site is a matter of controversy.'®

The electrochemical properties of lithium manganese phos-
phate can be effectively improved by doping manganese with
various metal elements. These methods can cause dispersed
metal ions LiMnPO, to provide conducting bridges, which can
substantially enhance the electronic conductivity of LiMnPO, as
well as the charge and discharge properties of materials. Among
these, the inclusion of iron can not only solidify the material’s
structure and increase its energy density but it also provides the
material two platforms for charging and discharging, which
enhances the material’s response kinetics."””'® For this reason,
in recent years, research has been more concentrated on
Li(Mn,_,Fe,)PO, composite materials. Han et al. prepared sphe-
rical or annular secondary particles of Li(Mn,_,Fe,)PO,/C (x =
0.2, 0.5, 0.8) using a modified polyol reaction to enhance the
electrochemical performance of the LiMnPO, material."®
LiMn, gFe, ,PO,/C is the one that shows the highest perfor-
mance. It delivers a high discharge capability of 161 mA h g~*
at 0.05C and a capacity retention rate of 80.4% for 900 cycles at a
discharge rate of 0.5C. In addition, 90% and 83% of its original
capacity can be maintained at 45 °C and 55 °C after 100 cycles,
respectively. Wang et al. selectively grew iron-doped Mn;O,
nanoparticles onto GO for the first time through controlled
hydrolysis and solvothermal reaction with Li* and PO*" to
generate Li(Mn, _,Fe,)PO, single crystal nanomaterials, display-
ing a high specific capacity and unprecedented high power.”® At
high discharge rates of 20C and 50C, the stable capacity of the
material was respectively 132 mA h ¢! and 107 mA g™ ', and
85% and 70% at 0.5C (155 mA g~ ). Li* can diffuse rapid in the y-
direction of [100], setting the stage for complex hybrid materials
design and engineering and advanced energy storage with
graphene.

Because iron and manganese are transition metals and
occupy the same lattice in the material, the properties are more
similar and can be highly compatible; thus, Li(Mn,_,Fe,)PO,/C
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(x =0, 1/24, 1/12, 1/8, 1/4) materials can be formed.”'>* In this
paper, based on carbon coating, the doping modification of the
transition metal potential of the positive polyanionic LiMnPO,
material is investigated experimentally. Li(Mn, _,Fe,)PO,/C (x =
0,1/24,1/12, 1/8, 1/4) electrode was successfully prepared the by
hydrothermal method, and its performance was tested. The
electrochemical performances of the materials with different
doping amounts were compared, and the best Fe content was
selected. Simultaneously, in order to better understand and
support experimental phenomenon, first principles were
applied to explain the reasons for the differences in electro-
chemical properties from the electronic structure.

2 Experiment and calculation
2.1 The synthesis of the Li(Mn, ,Fe,)PO,/C cathode

All of the drug solutions employed in this research were of
analytical reagents, and all of them were planned using deio-
nized water. The technological process is shown in Fig. 2, and
the detailed operation steps can be summarized as follows.

First, LIOH-H,O crystal of a certain mass was weighed
according to the ratio of the quantities of matter in the
composite Li(Mn;_,Fe,)PO,/C. A 200 mL solution of LiOH-
H,0 was prepared and placed in a constant temperature
collecting heating stirrer to heat up to a certain temperature.
For the chemical reaction, 50 mL of the H;PO, standard
solution was mixed in the warm LiOH-H,O liquor, and the rate
of acceleration of the drop was controlled until the white
precipitate was fully precipitated. Li;PO, grey powder was
obtained after standing at room temperature for 1 h, followed
by washing, frying, sieving, and calcination.

Then, crystals of MnSO,4-H,O and FeSO,-H,O of a certain
mass were weighed according to the ratio of the quantities of
material in the Li(Mn,_,Fe,)PO,/C composite material. Both
crystals were dissolved in a 36 mL mixed solution of PEG400-
H,0 with the off-white powder Li;PO, synthesized, where the
ratio of the volumes of PEG400-H,O was 1: 2. After stirring, the
resulting mixture was transferred to a 50 mL PTFE-lined reactor
and reactor at 160 °C for 9 hours. The powder Li(Mn, _,Fe,)PO,
was obtained by cooling the solution to room temperature,
washing, vacuum drying and sieving.

Lastly, the Li(Mn,_,Fe,)PO, powder was thoroughly mixed
with vitamin C to a certain percentage, and the mixed slurry
was stirred in a ball mill for 3 hours (adding 20 mL anhydrous
ethanol). The precursor powder was obtained by drying the
mixed slurry in an oven at 80 °C for 8 h. The Li(Mn, _,Fe,)PO,/C
composites were prepared by sintering in a tube at 550 °C for
3 hours in nitrogen atmosphere.

2.1.1 Materials characterization. An X-ray diffractometer
(SmartLab type) is used to investigate the crystalline phase of
materials. The radiation source is the Cu-target Ko ray with a
wavelength of / = 1.544426 A, an operating voltage of 40 kv
and a scan rate of 0.04° s~ . The morphologies of all the samples
could be observed using an FEI Quanta200 field scanning
electron microscope (SEM) and X-ray energy dispersive

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The plot of the Li(Mn;_,Fe,)PO,4/C (x = 0, 1/24, 1/12, 1/8, 1/4) composite material.

spectrometer (EDS). XPS measurements were carried out using a
monochromatic Al Ko excitation source (hv = 1486.6 eV) on the
ultra X-ray photoelectron spectrometer equipped with a Kratos
Axis instrument.

2.1.2 Electrochemical performance test. The electrode
material, acetylene black and polyvinylidene fluoride (PVDF)
were mixed in N-methylpyrrolidone (NMP) at a ratio of 8:1:1.
After the resulting slurry was evenly coated on the aluminium foil,
in order to enhance the uniformity and density of the electrode,
the slurry was extruded onto the electric roller. The slurry was
allowed to dry in a vacuum oven at 120 °C for 8 h. The stack of
CR2032 buttons was assembled in a glove box filled with high-
purity argon using Celgard 2400 as the diaphragm with the
electrode material prepared as the positive electrode and the Li
metal as the opposing electrode. The electrolyte has a design and
aratio of 1.0 M LiPF, in EC: DMC: EMC =1:1:1 vol%. A CT2001A
LAND battery tester was used to measure the charge-discharge
and cycling properties under constant current for the 2.5-4.5 V
voltage range. Impedance and CV tests were performed at Shang-
hai Chenhua Electrochemistry Workstation (CHI660E).

2.2 Computing method

All crystal structure plots were drawn in the VESTA software
package, and the computational process was performed using
the VASP software package. The geometry, lattice vectors and
atomic coordinates of the initial crystal of Li(Mn,_,Fe,)PO,/C
were optimized using the conjugate gradient (CG) method
until the forces acting on each relaxation atom were less than
0.05 eV A™'. The energy of the optimized crystal structure was
calculated, including the state density, energy band and popu-
lation of the material. The SCF convergence standard for
electronic self-consistent calculation was 1.0 x 10~ % eV atom !,
and the calculation converges completely when the energy
change of the system is below the set of convergence values.
The exchange correlation energy was handled in the pin-
polarized generalize-gradient-approximation (GGA) with the

This journal is © The Royal Society of Chemistry 2024

Perdew-Burke-Ernzerhof (PBE) formula. Considering the cor-
relation of electrons in Mn-3d and Fe-3d orbitals in
Li(Mn, ,Fe,)PO, cells, a Hubbard-like correction (GGA+U)
was added to the total energy functional for correction, the
effective U values of Mn and Fe were set respectively at 3.9 eV
and 5.3 eV, and the cutoff kinetic energy of the wave function in
the plane wave was set at 520 eV. In order to fully converge the
stress, the Monkhorst-Pack method was used to integrate the
Brillouin region. A 2 x 2 x 2 k grid was used for structural
relaxation, and a 4 x 4 x 4 k grid was used for energy
minimization calculation.

3 Results and discussion

3.1 Phase and structural characterization

Fig. 3(a) exhibits the X-ray diffraction (XRD) patterns of
Li(Mn,_,Fe,)PO,/C composites with different Fe doping amounts.
As can be seen from the figure, under the four addition amounts,
the materials all have the same obvious diffraction peak as the
pure phase, and all of them correspond to all the spectral lines in
the JCPDF standard card (33-0803). Therefore, the introduction of
Fe does not significantly affect the XRD pattern of the material
and does not alter the main phase structure of the LiMnPO,
material. Each Li(Mn, ,Fe,)PO,/C electrode diffraction peak
shape is sharp, indicating good crystallinity.

It can be obtained from the magnification in Fig. 3(b) that in
the range 20 = 28-36°, the diffraction peaks of materials with Fe
doping amount of x = 1/24, 1/12, 1/8, and 1/4 have small shifts
successively, indicating that Fe elements have successfully
entered the LiMnPO, lattice, and the offset increases as the
amount of Fe doping is increased. The fact that there isn’t a C
diffraction peak in the diagram indicates that the carbon layer
that was created during the experiment has good dispersion
and is an amorphous phase devoid of independent crystal
formation. Therefore, the synthesized material has a single
crystalline phase, namely, the olivine structure under the Pnma

J. Mater. Chem. C, 2024, 12, 4961-4976 | 4963
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Fig. 3 The XRD patterns of Li(Mn;_,Fe,)PO4/C materials.

space group. In order to determine the actual composition of
the Li(Mn, _,Fe,)PO,/C (x = 0, 1/24, 1/12, 1/8, 1/4) samples, ICP
was used for characterization, as shown in Table 1.

The XRD patterns of the Li(Mn,_,Fe,)PO,/C samples were
further refined according to the Rietveld method, as evidenced
from Fig. 4. The least square method was used to fit the
diffraction peak of the sample Li(Mn,_ ,Fe,)PO,/C, and the
lattice parameters of the sample were obtained (see Table S1,
ESIYt). It was found that they were basically unchanged within
the measurement error range. The lattice parameters of the
Fe-doped sample showed little change compared to pure
LiMnPO,/C, suggesting that Li(Mn, _,Fe,)PO,/C fundamentally
maintained the crystal structure in accordance with the initial
LiMnPO,/C material. As the Fe doping is increased, the value of
c/a increases, indicating that the doping reduces the cation
mixing and LiMn,,Fe;,,PO,/C is optimal. Since Mn*" has a
larger ionic radius than Fe®, the size of the cell should
theoretically decrease when Fe®* replaces Mn”", From the data
in Table S1 (ESIt), the volume of the Li(Mn, _,Fe,)PO,/C system
gradually decreases with the increase in doping, which provides
evidence that the crystal structure of the Li(Mn, ,Fe,)PO,/C
material with Fe dopant sites has been produced.

The two phase mechanism of Li" insertion and removal in the
main structure during the charging and discharging of the
Li(Mn, _,Fe,)PO, positive electrode material can be represented by
the equation below. The radius of the Fe ion is smaller than that of
Mn ion; thus, the introduction of Fe reduces the lattice spacing and
helps to boost the diffusion channel of lithium-ion in LiMnPO,.

charge: Li(Mn,_,Fe,)PO, — yLi — ye~ — y(Mn;_,Fe,)PO,

+ (1 — y)Li(Mn; _,Fe,)PO,

discharge: (Mn,_,Fe,)PO, + yLi + ye~ — yLi(Mn,_,Fe,)PO,
+ (1 — y)Li(Mn, _,Fe,)PO,

In order to gain a detailed understanding of the effect of Fe
introduction on the crystal construction of LiMnPO,, the

4964 | J Mater. Chem. C, 2024,12, 4961-4976
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Table 1 Main chemical composition of Li(Mn;_,Fe,)PO4/C (wt%)

X Li Mn Fe P (0] C

0 4.07 32.58 0 18.28 37.83 7.13
1/24 4.11 31.15 1.41 18.31 37.84 7.03
1/12 4.16 29.41 2.59 18.35 37.86 7.09
1/8 4.13 28.39 4.17 18.29 37.75 7.15
1/4 4.09 24.26 8.36 18.27 37.79 7.08

Li(Mn,_,Fe,)PO, doping system of LiMnPO, expanded super-
cell was established using the VESTA modeling software. In
order to prevent doping atom aggregation, the model was
constructed using the random dispersion doping principle,
with the proportions of Fe and Mn set at 1:23, 1:11, 1:7,
and 1:3 (Fig. S1, ESIf). Table S2 (ESIt) shows the mean bond
length of Li-O, Mn-O, P-O and Fe-O bonds of atoms near the
center of the Li(Mn, ,Fe,)PO, crystal and the changes in the
O-P-O bond angles that make up PO, tetrahedron. After
Fe doping, P-O bond length and O-P-O bond angle do not
change significantly, indicating that the main structure of
the crystal composed of PO, tetrahedron changes little, and
Li(Mn, _,Fe,)PO, still retains the same skeleton structure of the
lattice as that of the raw material LiMnPO,, with a good
structural stability. In contrast, Mn-O bonding is shorter than
that of Fe-O bonding; a slight change in the lattice constant
after doping may be caused by this. Changes in the bond length
and bond angle cause the orthogonal structure to shrink
inward or outward, which can change the spread of Li*, thereby
affecting the electrochemical performance of the material in
question. Therefore, doping may improve the electronic con-
ductivity of the LiMnPO, electrode, and only doping LiMnPO,
with appropriate Fe concentration can enhance the electro-
chemical performance of the material. Compared with the
undoped Li-O bond, the bond length increases after doping,
stating that the formed binding energy between lithium ion
and oxygen ion decreases after doping, which favors the de-
intercalation of Li* and, to a certain extent, the spread rate of

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The Rietveld patterns of Li(Mn;_,Fe,)PO4/C materials.

Li" is increased. With an Fe doping level of 1/4, the Li-O of the
biggest sample, LiMn; ,Fe,,,PO,, is more favorable to lithium-
ion de-intercalation in principle. This lowers the activation
energy involved in the insertion and removal of lithium ions
and effectively increases the electrical conductivity.

The process of Li" migration can be regarded as an inverse
process of Li vacancy migration; when calculating Li* migration
in VASP software, the formation energy of Li vacancy (denoted
as E;) should be calculated first, and then Li ion should be
placed in the middle position of the Li migration process to
find the maximum formation energy E, through transition state
search, and then the diffusion barrier AE = E; — E,, which is the
difference in formation energy between the two calculations.
Studies have shown that when lithium ions in the olivine
structure LiMnPO, (Pnma) are diffused along the b axis, the
migration barrier in the diffusion process is the smallest,>” and
its diffusion path is a 1-dimensional channel.

To gain insight into the charge transfer in the bonding
process of Li(Mn; ,Fe,)PO, materials’ binding process after
Fe doping, Table S3 (ESIt) shows the average net charge of
atoms in the expanded Li(Mn, ,Fe,)PO, system. The initial
valence electron configurations of Li, O, P, Fe and Mn atoms in
the material are as follows: 2s, 2s*2p*, 3s3p?, 3d®4s?, 3d°4s>;
the outermost electron numbers of Li, O, P, Mn and Fe
elements are respectively taken as 1, 6, 5, 7 and 8. The net
charge numbers of Li, P, Mn and O in the Li(Mn,_,Fe,)PO, are
close to those of the initial LIMnPO, material at each doping

This journal is © The Royal Society of Chemistry 2024
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amount. It is obvious that the net charge number of Fe atom is
larger than that of Mn atom in Fe doped material, indicating
that Fe atom transfers more electrons. The atom that forms a
covalent connection with O will have a higher covalent compo-
nent and a larger net charge (Mulliken atomic charges) due to
the larger charge transfer. It can be observed from Table S3
(ESIY) that the average net charge of P element in LiMnjy/ Fe,4-
PO, was the highest at 2.5872 (e), indicating that it formed the
most stable P-O bond in the Li(Mn,_,Fe,)PO, system.

Fig. 5(a) renders the total XPS spectra of LiMn;/,Fe,,,PO,/C
particles, confirming the presence of the elements Mn, Fe, P, O,
C and Li elements in the sample, which is in agreement with
the analysis of the EDS face scan energy spectrum analysis
below. The characteristic peak corresponding to the C-1s map
in Fig. 5(b) verifies the existence of C in the sample. Fig. 5(b)
show the corresponding characteristic peaks in the P-2p and
O-1s maps. P-2p peaks at about 133.3 eV and O-1s peaks near
529.3 eV and 533.25 correspond to lattice oxygen and surface
oxygen, where surface oxygen is formed by oxygen vacancies 1s.
The lattice O of the orbital interacts with the P element of the
2p orbital to form the PO, ion.

Mn®" is a d* configuration with a high spin t3,(1) eg(1) state
and is a typical Jahn-Teller active ion, which has also been
found in other transition metal chemical compounds such as
LiMnO, and LiNiO,.>® The Jahn-Teller influence can bring about
the bulk and cell deformation of the electrode and ultimately
cause the electrode to deteriorate mechanically.”” Moreover,
Mn** will cause Li(Mn,_,Fe,)PO,/C crystal particles to become
relatively large; nevertheless, too much Mn*" will cause O
defects, which will alter the material’s electrochemical proper-
ties. Hence, the existence of Mn®" ions in Li(Mn;_,Fe,)PO,/C
materials is detrimental to the material stability in the process of
charge and discharge.

To further analyse the form of Mn presence and chemical
state in the Li(Mn,_,Fe,)PO,/C composite electrodes, fine-
spectrum XPS tests were carried out on samples with different
Fe abundances in the Mn-2p region. As can be seen in
Fig. 5(c)-(g), the hybrid characteristic peaks of Mn®** and
Mn>" are well separated on Mn-2p3/, and Mn-2p,, orbits. Using
the XPSPEAK41 software, the least square method is used to
perform peak splitting fitting of the Mn-2p spectral peaks on
the surface. In the XPS spectrum, Mn-2p;, and Mn-2p,),
orbitals have been used to simulate two characteristic peaks,
which indicate that Mn exists in the shape of Mn** and Mn*".
As can be seen in Fig. 5(h)—(k), the hybrid characteristic peaks
of Fe*" and Fe*" are well separated on Fe-2ps, and Fe-2p;,
orbitals. Peak splitting fitting of the Fe-2p spectral peaks on the
surface is carried out using the least square approach and the
XPSPEAK41 program. Fe-2p;, and Fe-2p,/, orbitals have been
employed to simulate two distinctive peaks in the XPS spectrum
that take the forms of Fe*" and Fe®", respectively, and which
serve as indicators that Fe is present. In the Li(Mn,_,Fe,)PO,/C
material, the energy of the orbital is less than that of the
pure phase LiMnPO,/C. Subsequent investigation showed that
doping altered the peak area and half-peak width of Mn** and
Mn?*, which is considered to have caused variations in the
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https://doi.org/10.1039/d4tc00049h

Published on 15 March 2024. Downloaded on 3/11/2026 1:36:49 PM.

View Article Online

Paper Journal of Materials Chemistry C
2pss
(a) (C) LiMnPO,/C (d) LiMn,y,Fe, 2,PO/C :
2pys

-~ ~ > 2,

z O-1s 3 @

< g e \A > - N

4 - Pz z n

é é. Ma \ g ) b

: x :

= _ E =

o 200 400 600 L] 665 660 655 650 645 640 635 630 665 660 655 650 645 640 635 630
Binding energy (eV) asergen O " Bading coermy (V) Binding energy (eV) Binding energy (eV)
O LiMn,,Fe,,,PO,/C 2P ® LiMn, Fe, ;PO,/C s @ LiMny,Fe, ,PO,/C 2y ()
2py,

- 2pin - 2pys = 2p,s - 2ps

3 = ? 3 d Ma® = e F

fi » £ Mn . Ma! & Mn’ \ ; Fel Fé /

2 \n.\ M; { z \ N Z \ A ;' / 2

z z \ \ % -] —d N

& A = = 3

= 2 b E

= = E =

LiMn,,, Fe,, PO,/C

665 660 655 650 645 640 635 630 665 660 655 650 645 640 635 630 665 660 655 650 645 640 635 630

Binding energy (eV) Binding energy (eV)

740 735 730 725 720 715 710 705 700

Binding enerev (eV) Binding energy(eV)

(i) 2psn (j)

2pin

252

Intensity(a.u.)
N
Intensity(a.u.)

LiMn,, ,Fe, ,,PO,/C LiMn, Fe, ;PO,/C

(LY)

2,

Intensity(a.u.)

LiMn, Fe, ,PO,/C

740 735 730 725 720 715 710 705 700

Binding energy(eV) Binding energy(eV)

740 735 730 725 720 715 710 705 700

740 735 730 725 720 715 710 705 700
Binding energy(eV)

Fig. 5 XPS spectra of LiMnsz,4Fe1,4PO4/C composites: (a) total energy spectrum; (b) the Li element in the 1s orbital, the C element in the 1s orbital, the P
element in the 2p orbital and the O element in the 1s orbital; (c)—(g) Mn 2p orbital XPS profiles of the Li(Mn;_,Fe,)PO,4/C sample; (h)-(k) Fe 2p orbital XPS

profiles of the Li(Mn;_,Fe,)PO4/C sample.

relative concentrations of Mn** and Mn>* in the Li(Mn;_,Fe,)
PO,/C electrode. The content of Mn”" was estimated by the ratio
of the peak areas of Mn>*/(Mn*" + Mn*") in the Mn 2p;, and
Mn 2p,,. It is not difficult to see that the Mn** decreased
content gradually increases with increasing amount of Fe
doping. Mn®>" makes the relatively large Li(Mn,;_,Fe,)PO,/C
crystal particles. Thus, the higher the iron content, the smaller
the volume of the material, which is accordance with the
further refinement of XRD in Fig. 4. As a result, the
LiMnj;,,Fe,,,PO,/C material performs excellently.

The SEM topography and the EDS of the Li(Mn; _,Fe,)PO,/C
are depicted in Fig. 6. The morphology of the Li(Mn; _,Fe,)PO,/
C system is primarily spherical accumulation, with numerous
small particles attached above, forming materials with different
grain sizes. The spherical Li(Mn,_,Fe,)PO,/C electrode has a
large specific superficial area, which can offer more electro-
chemistry activated sites for the fast de-intercalation of Li",
effectively diminishing the concentration polarization. There
was no significant change in the grain size with the increase in
Fe content. The four synthetic samples have similar grain
shapes and are spheroid and small in size. The complete
removal of Li" from the electrode material and the full release
of material capacity are ensured by the fine dispersion of the
lithium positive material, which additionally enables the mate-
rial to fully permeate the electrolyte and ensures its wettability.

4966 | J Mater. Chem. C, 2024,12, 4961-4976

Careful observation states that the crystalline size of the
LiMng,4Fe,,,PO,/C material seems to be finer, and the fine uni-
form electrode material makes for the rapid removal of lithium
ions and the improvement of electrochemical performance. More-
over, it is observed that the material has a multistage layered
structure consisting of micropores and macrospores, which can
supply enough cushion area for the change of volume produced
by the lithium insertion and removal process, improve the
structure stability of material and thus promote its cyclic stability.
As can be seen from Fig. S4 (ESIf), manganese, iron, oxygen,
phosphorus, and carbon on the surface of the material are evenly
distributed throughout the measured samples and are in agree-
ment with the SEM morphology of the material. Additionally,
when Fe doping increases, Mn content also gradually drops, and
both elements’ atomic percentages are essentially consistent with
the doping ratio. Roughly speaking, the atomic percentage of each
element (At%) is line with the ratio of LiMns,Fe;,,PO,/C;
in particular, the ratio of manganese and iron is synthesized
in strict accordance with 3:1. It is also possible to expose
LiMng,,Fe,,,PO,/C composite to be tightly and evenly enclosed
by amorphous carbon layers of formless construction. A homo-
geneous carbon layer is formed by the carbonation of ascorbic
acid during high temperature roasting. The carbon layer can
direct more electrons into the periphery of the active material,
allowing it to smoothly enter the lithium-ion entrapment process.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The SEM images and EDS spectra of Li(Mn;_,Fe,)PO,4/C.

More importantly, the dispersed amorphous C layers at the
periphery of the LiMnj,Fe;,PO, grains are interconnected to
form a three-dimensional network structure, which can effectively
inhibit the agglomeration of LiMn;/,Fe;,,PO, grains, facilitate fast
electron transport, and allow the ability of the electrode material
to be completely released.

The micro-crystal structure of the LiMnj,Fe,,,PO,/C cath-
ode material is displayed in Fig. 7. The transmission electron
microscopy (TEM) images of the grains demonstrate that they
are polished on the particle surface and have high crystallinity
(Fig. 7(a)). Fig. 7(b) depicts an image created using the fast
Fourier transform (FFT). LiMn;,,Fe,,,PO,/C has an approximate
plane spacing (adjacent lattice fringe spacing) of 3.73 A, which
is equal to the d values of the (101) plane on the LMFP material
standard card. LiMnj,Fe;,,PO,/C has clear and continuous

This journal is © The Royal Society of Chemistry 2024

lattice fringes and smooth grain edges, which correspond to
the XRD results and represent the sample’s good clarity. The
area of the particles used in SAED analysis is depicted in
Fig. 7(c). The selected region electron diffraction illustrates
both the polycrystalline nature of the fabricated cathode mate-
rials and the decrease in the ring diffraction patterns of the
polycrystalline samples. The hkl graphs of the subsequent
LMFP composites, respectively, correlate to the observed nota-
ble ring patterns: (101), (200/121), (211), and (312).

3.2 Electrochemical performance

Fig. 8(a) states the initial charge-discharge curve of the
Li(Mn; _,Fe,)PO,/C composite material at 1C, which is charged
to a voltage of 4.5 V, then discharged to 2.5 V. Below this
voltage, the charging and discharging platforms close to 4.2 V
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and 4.0 V respectively correspond to the lithium insertion and
removal processes and to the oxidation and reduction potential
of Mn**/Mn**, accompanied by the valence state change of the
manganese ion. The platform capacity improves inch by inch
with the enhancement of the iron doping content. As can be
described in the figure, each material displays a better specific
discharge capability. The discharge capacities of LiMnj,-
Fe,,PO,/C, LiMn,gFe,sPO,/C, LiMn,1/15Fe;,1,P0,4/C, LiMn,3/54-
Fe;/»,4P0,/C and LiMnPO,/C are respectively 141.6, 135.7, 131.1,
123.8 and 113.3 mA h g~ ', and these values are higher than that
of the pure phase material, indicating that introducing a proper
amount of Fe can indeed enhance the electrochemical perfor-
mance of the material. This is because the redox reaction has
good reversibility, which means that it has good dynamic
characteristics and greatly enhances the specific discharge capa-
city at a high voltage. It also has minimal polarization phenom-
enon when the material acts as the electrode. Finally, the
underlying discrepancy between the charge and discharge pla-
teaus of the electrodes at this doping amount is minimal.
Furthermore, the presence of Fe also enhances the spread of
Li’, thereby significantly enhancing the conductivity of the
material. It is worth mentioning that the LiMnj;,Fe;,,PO,/C
sample has a more stationary and longer discharge voltage
plateau with the best discharging capacity, indicating the excel-
lent rate performance potential.
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500 cycle tests were performed on Li(Mn; ,Fe,)PO,/C elec-
trode materials with different amounts of Fe doping at 1C, as
evidenced from Fig. 8(b). During the cycle, the specific dis-
charge ability of each electrode was mildly reduced. As
the addition of Fe increases, the specific discharge ability
of the material progressively increases. The presence of
Fe has improved the intrinsic electroconductibility of
Li(Mn, _,Fe,)PO,/C materials; thus, the recycling properties of
materials have also been improved. After 500 cycles of
charge and discharge, the discharge capacities of LiMnPO,/C,
LiMny3/54F€1/24P04/C, LiMnyy/15Fe1/1,P04/C, LiMny gFeysPO,/C
and LiMn;,Fe,,,PO,/C were 107.0, 118.4, 127.0, 132.2 and
138.6 mA h g ', and the capacity retention rates were
94.44%, 95.64%, 96.87%, 97.42% and 97.88%, respectively.
Clearly, LiMn;,,Fe,,4PO,/C has superb cyclic properties and a
high invertible capacity, and the attenuation of capacity is
minimal. In addition, it can be seen from Fig. 8(c) that after
500 battery cycles, the particles of x = 1/4 of the material
are relatively complete and uniform, indicating that the
LiMng,,Fe,,,PO,/C material structure is more stable.

The rate performance of the electrode is critical for LIBs. The
rate performance curve for the Li(Mn, ,Fe,)PO,/C cathode
materials is described in Fig. 8(d). Each sample is within the
2.5-4.5 V voltage range. The power was then sequentially
loaded at 1C, 1.5C, 2C, and 3C ratios for 25 weeks, and then
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Fig. 8 (a) The initial charge and discharge curves of Li(Mn;_,Fe,)PO4/C at 1C. (b) The cycling performance of the Li(Mn;_,Fe,)PO,4/C sample at 1C. (c)
SEM images of Li(Mn;_,Fe,)PO,4/C after 500 cycles. (d) The rate capability of the Li(Mn;_,Fe,)PO4/C sample.
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it went back to the original 1C ratio. As illustrated in the
diagram, with the gradual improvement in the discharging
rate, the discharging capacity of the Li(Mn, ,Fe,)PO,/C
electrode is a step-like attenuation, which is a common
phenomenon of LIB. After 125 weeks of rate testing, the
recovery capacities of LiMnjz,Fe;,PO,/C, LiMn,;gFe;,5PO,/C,
LiMn,q/1,Fe,,1,P0O4/C, LiMny3,54Feq/,4PO,/C and LiMnPO,/C is
respectively 135.3, 127.3, 120.6, 109.1, and 99.0 mA h g " at 1C.
As a consequence, the LiMnj/ Fe;,,PO,/C electrode performs
noticeably better than other materials under the same circum-
stances, with better structural integrity and reversibility, and it
displays a reasonably excellent discharge capacity at any dis-
charge current density. This is due to the fact that the proper
doping of Fe enhances the electron/ionic electroconductibility of
the material, promotes redox activity, and then alleviates the
structural slumping created by the instability of the removal phase
of Mny,Fe,,PO,/C in the charging-discharging process of the
LiMn;,,Fe,,,PO,/C nano-electrode. It is worth mentioning that the
doping amount of Fe is higher than that of pure LiMnPO,/C
material even at 1/24, thus confirming that the entrance of Fe can
indeed enhance the discharge capability of the material.

In order to understand the reason why transition metal Fe
doping improves electrochemistry, we start from the electronic
construction of the Li(Mn; ,Fe,)PO, system, taking the com-
parison of the amount of occupied states near Fermi as the
starting point and making the analysis of the total state density
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(TDOS) of spin polarized supercell systems and the wave state
density (PDOS) of Li-s, Li-p, Fe-4s, Fe-3p, Fe-3d, Mn-4s, Mn-3p,
Mn-3d, P-2s, P-2p, O-2s and O-2p in Li(Mn, _,Fe,)PO, materials.

Fig. 9(a) exhibits the total state density of the
Li(Mn; ,Fe,)PO, system at each doping amount. From the
figure, it can be observed that the total state density shifts to
the low energy in the presence of iron doping, resulting in the
conduction band passing through the Fermi appearance at the
bottom, which in turn results in an increase in the number of
conduction bands. Since the number of valence electrons is
equal to the integral of the horizontal and vertical axes with
respect to the density of states, the larger the supercell, the
greater the total number of valence electrons, and hence the
larger the ordinate. In this paper, the supercell with each
doping amount contains 192 atoms, which is a large model;
thus, the vertical coordinates are —250-250 states per eV. The
Li(Mn; ,Fe,)PO, system of total state density data including
energy, spin up states and spin down states, by looking for
energy values near the Fermi level (0), an energy difference
between a maximum occupied state (HOMO) and a minimum
unoccupied state (LUMO) can be used to determine a material
band gap at each doping amount. Li(Mn, ,Fe,)PO, material
bandgaps of x = 1/24, 1/12, 1/8 and 1/4 are 3.586 €V, 3.525 eV,
3.515 eV and 3.503 eV, respectively. The band gap is related to
the difficulty of electron transition in the material: the smaller
the band gap, the less energy is needed for electron transition,
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Fig. 9 (a) Total density of states map of the Li(Mn;_,Fe,)PO,4 system (drawing from the comparison of the amount of occupied states near the Fermi
level). (b) Comparison of total density of states (TDOS) of Li(Mn;_,Fe,)PO, systems near the Fermi level. (c) Nyquist impedance spectroscopy of

Li(Mn;_,Fe,)PO,4/C cathode materials (illustration shows the corresponding equivalent circuit). (d) Linear matching of low frequency between Z,. and ®

to Li(Mny_,Fe,)PO4/C.
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and more easily the electron transition will be; thus, the
conductivity can be summarized as x = 0 < x =1/24 < x =1/
12 < x =1/8 < x = 1/4. This may be due to the fact that the
conductivity of Fe should be better than that of Mn; thus, the
more Fe in the system, the more the occupied states near
the Fermi level.

In order to illustrate the optimal doping amount of the
Li(Mn, _,Fe,)PO, system, Fig. 9(a) has been detailed to give a
comparison of the total state density in the spin up near the
Fermi level [—0.5 eV, 0.0 eV], as shown in Fig. 9(b). According to
the thickness of states near the Fermi level, the best doping
quantity can be judged theoretically. The closer the electrons
are to the Fermi level, the easier they transition, the more
occupied states they have, and the better their conductivity.
From Fig. 9(b), it can be seen intuitively that [0.0 eV] corre-
sponds to Fermi level, moving from [0.0 eV] to the negative
direction; the material that is encountered first will indicate the
material that has more occupied states. It can be found that
the total state density of the LiMn;,,Fe,,,PO, crystal is closest to
the Fermi level [0.0 eV], indicating that more electrons in the
valence band of the material can be used to transition to the
conduction band at this doping amount; thus, its electrical
conductivity is the best.

Fig. S4 (ESIT) shows the split-wave state density of atoms in
the s, p and d orbitals in LiMnPOy,, it can be seen that the total
state density is mainly contributed by the Mn-3d state sum,
O-2p state, P-2p state, Li-p state and Li-s state, while the Mn-3p
state, Mn-4s state, P-2s state and O-2s state hardly contribute to
the total state density. The valence states are the recombination
of the d orbitals of manganese and p orbitals of oxygen. The low
guidance state is mainly the Mn-d state, while the high gui-
dance state is mainly the P-p and O-p states. Most of the spins
in the Mn-d state are fully filled but only a small number of
spins in the Mn-d state exist at the leading edge. The resonance
between the Mn-3d and P-2p orbitals forms stable covalent
bonds of Mn-O and P-O. The s orbitals of the O and P atoms
are located in the low energy region. In addition, the valence
states near Fermi level [-0.50 eV, 0.00 eV] are mainly Mn-3d
states (corresponding to low-energy bonding orbital t, state)
and O-2p states, while the conduction bands [2.35 eV, 5.49 eV]
are mainly Mn-3d states (corresponding to high-energy bond-
ing orbital e state) and Li-p states. The oxidation state of
manganese atom in LiMnPO, is trivalent, and the high-spin
channel has 4 electrons with an electron configuration of
(t2¢)*(ey)'. When the LIB is in the process of charging or
discharging, the oxidation state of manganese ion alternates
between Mn®" and Mn"". The energy spectrum of Mn-3d is
between 8 eV, smaller than the Fermi level, and about 12 eV,
larger than the Fermi level. In the final analysis, the position of
the transition metal Mn-3d state primarily determines the
electrical conductivity of the LiMnPO, crystal. As a result, this
is a significant source for thinking about the idea of using Fe
transition metal element in the site doping of the LiMnPO,
crystal in order to enhance the electrical conductivity of the
LiMnPO, material. To get a better understanding of the con-
tribution of Fe doping to the electronic construction of the
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crystal, we respectively calculated the density of atomic states
in the material with Fe doping amount of 1/24, 1/12, 1/8 and
1/4, as shown in Fig. S5-S8 (ESIt), respectively. In the
Li(Mn; _,Fe,)PO, doping system, we can see that the crystal
electron structures are mainly the Fe-3d, Mn-3d, O-2p, P-2p,
and P-2s orbitals, showing strong localization. Li-s states and
Li-p states have the weakest contribution to the valence band.
After Fe replaces some Mn in LiMnPO,, the Fe-3d state appears
at the maximum valence band and pushes the unoccupied Mn-
3d spin down band to move to the low energy region. Part of the
state density of the Fe-3d orbital is still occupied by electrons at
the Fermi level; thus, Fe mainly exists in the form of Fe*" in the
Li(Mn, ,Fe,)PO, system. The presence of the doped element Fe
induces additional d states in the band gap of pure phase
LiMnPO,; the Fe-d orbital of Li(Mn,_,Fe,)PO, produces a few
spins at the edge of the conduction band, which is responsible
for the reduction of the LiMnPO, band gap. When Fe is doped,
a brand-new electronic valence state appears between the
energy bands, which decreases the band gap and induces a
new electron state in Fe-3d.

In the Li(Mn, ,Fe,)PO, system, the initial valence electron
configurations of lithium, oxygen, phosphorus, iron and man-
ganese atoms are 2s', 2s°2p*, 3s’3p®, 3d°4s®> and 3d’°4s’
respectively. As can be seen from Fig. S5-S8 (ESIT), the energy
band occupied by Mn-3d electrons in the samples with differ-
ent doping amounts is divided into two parts, one is from
—6.0 eV to the Fermi level, and the other is from 4 eV to 8.0 eV.
The band occupied by Fe-3d electrons is divided into two parts,
one near —5 eV and the other between 4 eV and 6.0 eV. The
bands occupied by the O-2p electrons are concentrated between
—7.0 eV and the Fermi level; the energy bands of P-2p and P-2s
are mainly between —7.0 eV and —5.0 eV. In the
Li(Mn; ,Fe,)PO, doped system, the valence states of Li, O, P,
Mn and Fe are respectively +1, —2, +5, +3 and +2. The outermost
electron configurations of Fe and Mn are respectively 3d°®4s’
and 3d°4s?, and their d electron numbers are respectively 6 and
5. All five d electrons of Mn are filled in the spin up part, while
Fe has five d electrons in the spin up part and one d electron in
the spin down part, and both Mn** and Fe®" exist in high spin
states.

In the Li(Mn, ,Fe,)PO, doped system, spin-up and spin-
down electronic states appear in both the valence band and
conduction band. With the increase in the doping amount, due
to the increasing contribution of the Fe-3d orbital, the spin-
down electron state density peak of the Fe-3d orbital valence
band near the Fermi level [—0.50 eV, 0.00 eV] increases. The
peak value of the electron state density of the Fe-3d orbital
conduction band [4.38 eV, 6.24 eV] is also increasing, and the
change is increasingly obvious. The Mn-3d state density peak in
the Li(Mn,_,Fe,)PO, doping system shows a little downward
trend as doping increases, but there is essentially no change in
the state density of other electrons or the comparable electron
state density prior to doping.

To sum up, in LiMnPO, materials, all O-2p electrons parti-
cipate in the valence band formation near the Fermi level in
different degrees, the conduction electrons near the Fermi level

This journal is © The Royal Society of Chemistry 2024
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are composed of Mn-3d and O-2p hybrid electrons, and Mn-3d
plays a major role. In LiMn,_,Fe,PO,, the conduction electrons
near the Fermi level are composed of Fe-3d, Mn-3d and O-2p
hybrids, Fe-3d and Mn-3d play a major role, but only O-2p
electrons near Fe-3d atoms are hybridized, which further
explained that the energy gap of Li(Mn; ,Fe,)PO, materials is
determined by Fe-3d and Mn-3d; there is O-2p electron and
Fe-3d, Mn-3d electron hybridization phenomenon. In doped
materials, electrons near the Fermi level are primarily made up
of Fe-3d electrons.

Electrochemical impedance spectroscopy (EIS) can dynami-
cally monitor the reaction of Li* and the diffusion of Li'; it is
one of the most important measuring tools for the analysis of
the reaction dynamics of embedded Li*. Fig. 9(c) reveals the
Nyquist diagram of Li(Mn,_,Fe,)PO,/C positive material after
25 circulations of charge and discharge at 1C. Every sample
consists of diagonal lines in the low-frequency domain and a
concave semicircle in the high-frequency domain. Electroche-
mical polarization occurs in the high-frequency space, which is
controlled by the reaction dynamic of the electrode, corres-
ponding to the transfer of charge. The low-frequency region is
dominated by the spread course of reagents or products in the
electrode reactivity, and the concentration polarity phenom-
enon appears.®

In the Zsimpwin program, the following equivalent circuit is
used to fit the original data.

Re + (Re[|Q) + [(Rex + Zw| CPE)] (1)

In the equation, R. - Ohmic resistance related to Li' and
electron transport via electrolytes, porous membranes, wires,
active materials, etc., and determines the charge-discharge rate
performance of the electrode;*?® Ry - Interfacial resistance
generated by diffusion migration of Li" through the SEI film;
R. - Li" charge transfer resistance between the vibrant elec-
trode material and the solution;*! Zy, - the Warburg impedance
of Li* in the Li(Mn,_,Fe,)PO,/C composite electrode material
during the internal diffusion process is related to the sample
transport mechanics of the sample, corresponding with the
decrease in the low frequency area of the Nyquist plot;*>*?
CPE - double layer capacitance at the electrode interface;
Q - SEI film at the electrode interface.

The Li(Mn; _,Fe,)PO,/C positive material consists of numer-
ous interfaces and boundary of the phase. Strictly speaking, the
centre of the high frequency half-circle in the Nyquist diagram
is located beneath the Z’ axis, ie., it becomes an arc of the
circle, and there is a phenomenon of a decrease in the semi-
circle. The reason of half-circle rotation is concerned with the
inhomogeneity of the electrode/electrolyte interface, which is
most likely because the roughness of the electrode surface
causes a change in the capacitance of the double layer, which
leads to the fact that the charge shift resistor at points in the
plane is no longer a number.** The Ohm impedance R. of
LiMnj;,,Fe,;,,PO,/C has the smallest intercept in the Z’ direction
at high frequency. Furthermore, the semicircular diameter of
this material is also the smallest in the high-frequency zone,
which means that the LiMn;,,Fe,,,PO,/C material is hopeful for

This journal is © The Royal Society of Chemistry 2024
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breaking through the dynamic limit and has the best charge
transfer capacity so as to obtain bigger discharging level and
better rate ability.*

All corresponding data obtained through equivalent circuit
matching method are given in Table S4 (ESIT). The R, values of
each positive electrode are all low, manifesting that the electro-
Iyte (1.0 M LiPFs in EMC:DMC:EC = 1:1:1 vol%) can well
realize the transfer of Li* between the positive and negative
active materials. As can be seen, for all Li(Mn;_,Fe,)PO,/C
positive terminals, the R, are much larger; thus, the R is
a significant index to evaluate the charge shift resistance.
In addition, a smaller R, can speed up the electron
transfer and the insertion/removal within the interface
between the active material and the electrolyte. It is obvious
that the order of R. values of diversiform materials is
LiMnPO,/C < LiMnyzpaFe;p4PO,/C < LiMngqpoFe;/1,PO,/C <
LiMn,sFe;,sPO,/C < LiMng Fe,,,PO,/C, consistent with the order
of cycle and rate performance.

All composite samples have linear slopes greater than 45° in
the low frequency space, which suggests that they have a certain
capacity, which is also a feature of fast Li" in-electrode diffu-
sion. It can be seen from Fig. 9(c) that the Warburg component
gradient of the SEI spectrum of LiMn;/,Fe;,PO,/C is large at
low frequencies, and it is noted in Table S4 (ESIt) that the
electrode interface of the LiMnj,Fe,;,,PO,/C electrode has the
highest double layer capacitance, which indicates that its
electrochemical capacitance is higher, resulting in the highest
Li* conduction capacity in its interior.>® The analysis results are
in agreement with the charge/discharge curve in Fig. 8(a),
which proves to be a significant factor for improving the
discharge ability.

The spread coefficient of Li* (Dy+) may be computed in
terms of the following eqn (2),>” and the calculation results
are shown in Table S5 (ESIt). The results exhibit that the
LiMnj,,Fe,,,PO,/C cathode electrode has the largest D;;:, an
order of magnitude larger than other electrodes. Therefore, the
LiMn;,,Fe,,,PO,/C material is more conducive to the removal
and embedding of Li".

R*T?
Duir = 2A2n* FACp ;202 2)
In the above equation, R - ideal gas constant, whose value is
8.314 ] (mol K)™'; T - Kelvin temperature, which is equal to 298
Kelvin; A - surface area of the electrode surface active material,
A = 0.64 cm’ in the current test; n - the quantity of electrons
transferred in oxidation or reduction reactions, n = 1 in this
experiment; F - Faraday’s constant, which is 96485 C mol %;
Cy; — concentration of lithium ion in the material of the electrode,
Cui = 0.0227 mol cm ™ in the current test; ¢ - Warburg’s
impedance factor, determined by eqn (3), is in accordance with
the gradient of Z. in Fig. 9(d).

Zie = Ro + Rg + Ry + 6007 %5 (3)

In the above equation, w - angular frequency, and o = 2xf,
where fis low frequency; R. - Ohm resistance associated with
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Li" and electron transport; R; - interfacial resistance generated
by the diffusion migration of Li* through the SEI film; R.; - Li"
charge shift resistance between the vibrant electrode material
and the electrolyte.

In addition, the exchange current density I° in eqn (4) is also
an important parameter for describing the dynamics features,
and it can be employed to depict the electrochemical activity of
the electrode material,”® as shown in Table S5 (ESIf). The
results showed that the exchange current density of LiMnPO,/
C was enhanced by Fe doping, and the cathode electrode of
LiMn;,4Fe;,PO,/C was found to have the highest 1°. This is due
to the fact that Fe has a higher conductivity than Mn; the more
Fe in the system, the more occupied states are near the Fermi
level, wherein the grain limit resistance and the charge shift
resistance can be reduced effectively, the lithium ions can be
transported quickly, and the exchange current density can be
increased, which positively impacts the specific capacitance of
the sample. To sum up, Fe = 1/4 is the ideal doping amount for
preparing lithium ion battery Li(Mn; _,Fe,)PO,/C cathode.

o RT
= nRoF )

In the above equation, R - the ideal gas constant, whose
value is 8.314 J (mol K)™%; T - Kelvin temperature, which is
equal to 298 Kelvin; n - the quantity of electrons shifted in
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oxidation/reduction reactions, n 1 in this experiment;
R.. - Li" charge shift resistance between the active electrode
material and the electrolyte; F — Faraday’s constant, which is
96485 C mol .

Fe introduction will increase the number of energy levels in
the conduction band of the LiMnPO, material. It is discovered
that the width of the band gap may be effectively reduced based
on the differentiation between the conductor and the insulator
as well as the energy band conclusion; the more closely the
material is aligned with the conductor, the narrower the band
gap and the better the conductivity. The band structure shown
in Fig. S9 (ESIf) explains why the Fe-doped Li(Mn, ,Fe,)PO,
system has excellent electrical conductivity. In x = 1/24, 1/12,
1/8 and 1/4 doping gradients, the introduction of Fe decreases
the conduction band of LiMnPO, and the valence band shifts
to the Fermi level, resulting in the phenomenon that the band
gap of LiMnPO, decreases gradually. Therefore, the addition
of a few Fe atoms to replace Mn atoms in the intrinsic system of
LiMnPO, can increase the electrical conductivity. The band
gaps of Li(Mn, ,Fe,)PO, of x = 1/24, 1/12, 1/8 and 1/4 are
respectively 3.585 eV, 3.523 eV, 3.519 eV and 3.505 eV, which are
basically consistent with the results of the total state density
map of the system, as shown in Fig. 9(a). When Fe is 1/4, the
gap width is the smallest; thus, 1/4 is the optimum concen-
tration. In addition, when x = 1/4, the energy band fluctuation

(b) 6 -
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04 - 0.7 mV:-s'!
gl
f 02 | 0.5mV:s
£ 0.3 mV-s-!
=
L
E 0.0 r
@)
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Iso-surface 3D contours of the charge density difference in the de-lithiation process and planar graphs centered on Fe or Mn atom (a) between
LiMnPO,4 and MnPO4 and (b) between LiMnz,4Fe1/4PO4 and Mnz,4Fe1/4PO4.

(b) CV profiles of the LiMns,4Fe;/4PO4/C material at a scanning speed of 0.3,

0.5,0.7, and 0.9 mV s~ (c) Linear fitting of the square root of the peak redox current and scanning rate of the LiMnz 4Fe;,,P0,/C cathode. (d) CV profiles
of the LiMnz/4Fey,4PO4/C and LiIMNPO,4/C electrode at a sweep speed of 0.9 mV s™%.

4972 | J Mater. Chem. C, 2024, 12, 4961-4976

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc00049h

Published on 15 March 2024. Downloaded on 3/11/2026 1:36:49 PM.

Journal of Materials Chemistry C

around the Fermi step of the doped material is obvious, and the
number of energy bands around the Fermi step is large,
showing that the effective mass of electrons in these energy
bands is small, and the degree of non-localization is large, the
atomic orbitals composed of this energy band have a good
ability to accommodate electrons, which contributes to the
transport of charge carriers; thus, the LiMn;/Fe,,PO, crystal
has good electrical conductivity.

The charge density difference is the difference between the
superposition of the electron density of a crystal and the
electron density of a neutral atom, it is beneficial to visualize
the bonding properties. In Fe-doped systems, electrons are
redistributed around the doped atoms. As depicted in
Fig. 10(a), this paper compares the change in the electron
density in space between LiFePO, and LiyFe,3/,,Mn;,,4PO,
materials after de-lithiation.

In the three-dimensional diagram to the right of Fig. 10(a),
the light blue part shows the electron-loss region (charge
consumption) and the yellow part shows the electron-
enriched region (charge accumulation). The results show that
O is a negative ion, while Mn and Fe are positive ions.
Furthermore, there are clear d-orbital characteristics near Mn
and Fe ions (the electron distribution is shaped like a cross),
and clear p-orbital characteristics near O ions (the electron
distribution is shaped like a dumbbell). This indicates that the
O 2p state can efficaciously coincide with the Mn and Fe orbital
to form a covalent bond, which is in line with previous research
results. The iso-surfaces of A = p[LiMnPO,] — p[MnPO,] and A =
p[LiMn,/Fe,,PO,] — p[Mny,Fe;,,PO,4] are given on the left
plane of Fig. 10(a). The shape of the iso-surface is similar to
that of the d(x* — y®) orbitals, indicating that the missing
electrons are located respectively in the Mn-3d(x* — y?) and
Fe-3d(x* — y°) orbitals. Both the atomic projection state density
and the charge difference density reveal that the Mn ion in
LiMnPO, has a high spin d* configuration and a high spin tgg
(1) eg(1) state. In addition, since the transition metal (TM) in
LiMn;,4Fe,,,PO, is located in the center of the octahedron, it is
possible to introduce the three-dimensional orbital splitting of
the Mn and Fe transition metal ions into t,, and e, eigenstates;
thus, there are representative transition metal Mn(3d-t,,)* and
(3d-e,)?, Fe(3d-t,)* and (3d-e,)” states.

The mechanism of the band gap decrease is further explored
by analyzing the orbital distribution of charge density differ-
ence. In LIMnPO, materials, the charge of the highest occupied
molecular orbital (HOMO) comes from the hybridization
between Mn (3d-t,) and O2p, and the lowest occupied mole-
cular orbital (LUMO) comes from the hybridization of Mn
(3d-e5) and O 2p. In the case of Fe introduction, the HOMO
orbital charge is mainly from TM (3d-t,,) and the O 2p orbital
contributes a little charge, whereas the LUMO orbital charge is
due to TM (3d-e,). The doping of Fe changes the hybridization
pattern of Mn and O atoms at the original location and the
distribution pattern of the electron cloud of the surrounding O
atoms. In the process of de-lithiation, when part of Mn in the
LiMnPO, material is replaced by Fe, Mn-O is replaced by Fe-O
bond, with the introduction of Fe, the length of TM-O bond at
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the transition metal (TM) position in the process of de-
lithiation of the LiMnj,Fe;,PO, material is shortened and
becomes more stable.

Fig. 10(b) records the cyclic voltammetry (CV) curves of
the LiMng,Fe;,,PO,/C cathode material at 0.3, 0.5, 0.7 and
0.9 mV s ', the tested start-stop voltages are respectively
2.5 V and 4.5 V. It is evident that the oxidation peak shifts
somewhat towards high potential, the reduction peak shifts
slightly towards low potential, and the peak current and area
increase with increasing scanning speed. At each scan speed,
the curves have good symmetry and redox peaks are evident,
which further verify that this material has the best dynamic
characteristics, which is in agreement with the aforementioned
charge-discharge capability, cycle performance, rate performance,
and impedance analysis. In addition, it is pointed out that the
oxidation peak of the material appears at about 4.33 V, corres-
ponding to the oxidation reaction of Mn*" — Mn*', ie., the Li"
removal process in the LiMn;,Fe,,PO, olivine structure. The
reduction peak of the material appears at about 3.86 V, corres-
ponding to the reduction reaction of Mn** — Mn®", ie., the Li"
embedding process in the LiMn;/,Fe;,,PO, olivine structure.

To further determine the diffusion coefficient of Li* from the
LiMnj,,Fe,,,PO,/C cathode electrode, the relation between the
peak current and the square root of sweep speed in its CV curve
was fitted, as illustrated in Fig. 10(c). This shows that there is a
good linear relationship between the peak current and the
square root of scanning rate, and the value of R” is very close
to 1, confirming that the redox reaction is controlled by diffu-
sion in LiMnj,,Fe,,PO,/C materials. The diffusion coefficient
of lithium ions from the positive electrode LiMnj;,,Fe,,,PO,/C
can be calculated as 4.26 x 10~ ' em? s~ ', which is indicative of
its excellent kinetic performance, based on eqn (5) and the
slope in Fig. 10(c).

Ip=2.69%10%- 4-Cri-n*? \/ADy+ (5)

In the above equation, Ip — peak current (mA); A — surface
area of the electrode surface vibrant material, A = 0.64 cm? in
the current text; Cy; - Concentration of Li* in the material of the
electrode, Cr; = 0.0227 mol cm ™ in the current test; y —
scanning speed (mV s '); Dy;+ - lithium ion diffusion coeffi-
cient (cm® s™'); n - the quantity of electrons transferred in
oxidation or reduction reactions, n = 1 in this experiment.

Fig. 10(d) further shows CV curves of LiMn;/,Fe,,,PO,/C and
LiMnPO,/C samples with scanning speeds of 0.9 mV s ". Pure-
phase LiMnPO,/C materials exhibit only fuzzy oxidation peaks
due to the severe polarization phenomenon. It can be seen that
the LiMnj,Fe,,PO,/C electrode showed significant redox
peaks, with better symmetry and higher redox peaks, even at
a high sweep velocity of 0.9 mV s~ '. The latent difference
between the positive and negative peaks of LiMnjz,,Fe,,,PO,/C
and LiMnPO,/C electrodes is respectively 0.502 V and 0.717 V.
Therefore, this indicates that the Mn to Fe ratio of 3:1 lithium
manganese iron phosphate (LMFP) material has better cyclic
reversibility than the pure phase LiMnPO, material. The
intensity of the redox peak (especially the oxidation peak) of
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Fig. 11 Comparison of local charge density before and after Fe doping.

LiMn;,Fe,,4PO,/C was also markedly larger than that of
the pure LiMnPO,/C at the same high scanning speed of
0.9 mV s~ ', which dramatically reduced electrode polarization
and improved reaction kinetics and chemical reaction rates.
It is evident that the space enclosed by the CV curve of the
LiMn;,,Fe,,4PO,/C material is increased, effectively enriching
the specific ability of the active material.

The electron local function (ELF) is an ideal tool for describ-
ing electron distribution in space, which is very important for
clarifying the properties of bonding and ion diffusion and can
be used to explain the internal factors of the enhancement of
lithium-ion diffusion in the CV curve. Research theory shows
that the ELF value is always positive and between 0 and 1, and
the closer to 0, the lower the degree of electron localization.
There is little difference in the local charge between different Fe
doping levels. Actually, the only things that can explain the
issue in the Li(Mn; ,Fe,)PO, system are a pure phase LiMnPO,
and the crystal comparison following the local doping of Fe at
the same site.

Fig. 11 shows the spatial distribution of charge density of
Li(Mn, ,Fe,)PO, materials; this figure shows the comparison
of local charge density of LiMnPO, material along the (100)
crystal plane before and after doping, revealing the charge
change of the LiMnPO, crystal before and after Fe doping. In
the figure, the electron density on the isosurface of electron
density is 0.1 e A%, and the redder the scale on the left, the
larger the charge density, i.e., “Low — High” represents “low
electron density — completely delocalized electron density —
completely localized electron density”’. Obviously, doping has a
very significant effect on the charge. The localization of Fe-3d
and Mn-3d electrons can be seen from the electron density
profile at the doping point. After doping, the distribution range
of the electron density contour in the doping site is wider than
that before doping, and the electrical conductivity is better.
After Fe doping, the local charge density around the original
Mn site decreases, indicating that Fe atom has a stronger
reducing effect on the localization of surrounding electrons
than Mn. From the ELF value of doping site (Fe), it can be
observed that compared with LiMnPO, of pure phase, the
existence of Fe element can reduce the ELF function value near
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the original Mn position; this indicates that the localization of
electrons is reduced and the diffusion energy barrier is
reduced, which is advantageous for electron motion and
improves the diffusion rate of lithium ions in the doping
system. Therefore, the more Fe content, the better, which
further verified the previous conclusion that LiMn;,Fe;,,PO,
had the best performance.

4 Conclusion

In this paper, a high performance Li(Mn, ,Fe,)PO,/C (x =0, 1/
24, 1/12, 1/8, 1/4) positive electrode was successfully prepared
through the hydrothermal method, which successfully solved
the problem of poor intrinsic performance of pure phase
material LiMnPO,. The conclusions are as follows.

XRD, XPS and EDS tests showed that Fe elements successfully
entered the LiMnPO, lattice and formed the Li(Mn,_,Fe,)PO,/C
cathode material. The SEM images show that the samples are
mainly spherical and attached with many small agglomeration
particles. With the addition of Fe doping, the c/a value increases,
indicating that doping reduces the mixing of cations; the
LiMn; ,Fe,,,PO,/C material has the greatest c/a value. The trans-
mission electron microscopy (TEM) images of the grains demon-
strate that they are polished on the particle surface and have high
crystallinity. The intrinsic quality of the high performance of the
LiMn;,,Fe,,4,PO,/C positive electrode is explained by the simula-
tion of the electron structure and charge density. The energy
difference between the highest HOMO and lowest LUMO in the
total density of states (TDOS) can be used to determine the energy
value near the Fermi level. This energy difference indicates that
the band gaps of the LiMn;,,Fe,,,PO,/C material are x = 1/24, 1/12,
1/8, and 1/4, respectively, and are 3.586 eV, 3.525 €V, 3.515 eV, and
3.503 eV, which is essentially consistent with the band calculation.
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