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Atomic scale insight into the fundamental
mechanism of Mn doped LiFePO4+
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A systematical and atomic scale investigation on the fundamental mechanism of Mn doped LiFePOy, is
conducted in this work. For the first time, it is found that the doping depth of Mn on the surface of
LiFePQOg4 is 10-15 nm. High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) results further on the atomic scale demonstrate that Mn doping could effectively protect the
crystal structure of LiFePO,4 from being corroded by the electrolyte during electrochemical cycling.
Density functional theory (DFT) calculations suggest that the Mn doped LiFePO, could be regarded as
a composite with LiFePO4 bulk as the core and LiMn,Fe; PO, as the outer layers. Unlike pure LiFePOy,,
the Mn doped olivine LiFePO, (LiMn,Fe;_,PO4) is more stable and less susceptible to phase transition
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1. Introduction

Olivine-type LiFePO, (LFP)" has been considered as a promising
cathode material because of its low cost, superior thermal
safety, high reversibility and acceptable operating voltage (3.45
vs. Li"/Li).>® The electrochemical lithiation-delithiation
behavior of LiFePO, has been well understood in recent years
through some in situ advanced characterization techniques,
such as operando X-ray scattering methods.””** However, for
its large-scale application in electric vehicles (EVs), LiFePO,
still faces two critical challenges, both of which may be
viewed as kinetic and non-equilibrium in nature. One chal-
lenge is the fast charging problem.'®'” It is well known that
both electronic conductivity and ionic conductivity (Li-ion
diffusion coefficient) are necessary.'”* However, LiFePO,
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exhibits low intrinsic electronic conductivity (1072 S cm™')*
and a sluggish lithium ion diffusion coefficient (Dy;+),>*>*
resulting in poor high-rate capability and poor cycling
performance. The other key challenge for LiFePO, is its
structural stability during electrochemical cycling. Although
the strong P-O covalent bond structure in olivine-type
LiFePO, could prohibit oxygen release, electrolyte aggres-
siveness and Fe dissolution upon extended cycling will seri-
ously limit LiFePO, performance and ultimate utility.>*"*”
Moreover, the dissolved Fe will migrate to the anode and
catalytically destabilize the solid electrolyte interphase
(SEI), leading to quick failure of the corresponding
battery.>**?

In order to solve the abovementioned challenges, many
strategies have been proposed to improve the electro-
chemical performances of LiFePO,. They include coating the
surface with conductive carbon®=* or other conductive
materials, forming composites with graphene or carbon
nanotubes,**™** controlling the particle sizes***” and doping
the surface with transition metal elements.**** Mn doping
has been recognized as an effective approach because a small
amount of Mn doping could effectively improve the electro-
chemical performance of LiFePO,.>'-** However, few reports
could clearly demonstrate the corresponding fundamental
mechanisms. Actually, olivines structure lithium metal
phosphates [LiIMPO, (M = Fe, Mn, et al)] also include
another member of LiMnPO,,***®* which could exhibit
a higher Mn**/Mn*" redox potential (4.1 V) in Li-ion
batteries.>”~** Unfortunately, the application of LiMnPO, is
usually hindered by the Jahn-Teller distortion of Mn**
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during electrochemical cycling.*®** LiMnPO, is valued for its
high charging and discharging platform, but its performance
in other aspects is still inferior to that of LiFePO,. Therefore,
many researchers have focused on the advantages of
LiMnPO, and LiFePO, to synthesize LiMn,Fe; ,PO, (0 = x =
1).59627%% Actually, Mn doped LiFePO, could be regarded as
a composite with LiFePO, bulk as the core and LiFe,Mn;_,-
PO, as the outer layer. In this study, aberration corrected
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) imaging combined with
Density Functional Theory (DFT) simulation, X-ray Photo-
electron Spectroscopy (XPS) and electrochemical impedance
spectroscopy (EIS) were employed to firstly provide a system-
atical and atomic scale investigation on the mechanism of
Mn superficially doped LiFePO, for suppressing the capacity
and voltage decay.

2. Experimental section
2.1 Material synthesis

LiFePO, (LFP) was purchased from Stid-Chemie Company. The
Mn doped LiFePO, (Mn-LFP) was prepared through a wet
chemical method. Firstly, manganese acetate (10~° mol L")
and LiFePO, powder (0.5 g) were dispersed together in ethyl
alcohol with constant stirring and ultrasonic treatment for 1 h.
The solution was then slowly evaporated under vigorous stirring
at 60 °C to obtain the dried mixture. Finally, it was sintered at
500 °C for 4 h in an argon atmosphere to obtain the Mn
superficially doped LiFePO, sample. The content of Mn in the
Mn doped LiFePO, was set as 0.1 wt%, 0.5 wt% and 1.0 wt%,
respectively. The 0.5 wt% Mn doped LiFePO, exhibited the most
stable cycling performance as shown in Fig. S1f and was
selected as the focus of this study.

2.2 Microstructural characterization

Powder X-ray diffraction XRD (Panalytical X'pert MPD
DY1219, Cu K, radiation) was employed to characterize the crystal
structure of pristine LFP and the as-prepared Mn-LFP. The
macroscopic morphologies of pristine LFP and the as-prepared
Mn-LFP were characterized by scanning electron microscopy
(SEM, Hitachi SU8010). A probe-aberration-corrected FEI Titan 300
kV scanning transmission electron microscope (STEM) was
employed for the high-angle annular dark-field (HAADF) analysis.
With HAADF, the image intensity of each atomic column reflects
the related average atomic number (Z"”). An FEI Talos 200X was
employed for energy dispersive X-ray spectroscopy (EDS) mapping
of the samples. The cross section of the sample was cut by using
a Focused Ion Beam (FIB, Helios NanoLab 460HP). The cycled coin
cells were disassembled in a high-purity argon filled glove box. The
cycled LiFePO,, Mn doped LiFePO, cathodes and the corre-
sponding cycled Li metal anodes were thoroughly washed with
pure DMC solvent to remove the residual electrolyte. In order to
avoid the exposure to air atmosphere, the samples were kept in
a glove box and transferred for TEM and XPS characterization
within a sealed plastic bag. X-ray photoelectron spectroscopy (XPS,
Phi 5000 Versaprobe iii) was conducted to analyze the formed
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cathode electrolyte interphase (CEI) compositions on the surfaces
of cycled LiFePO, and Mn doped LiFePO, cathodes, and their
corresponding formed solid electrolyte interphase (SEI) compos-
ites on the surfaces of cycled Li metal anodes. XPS was also
employed to analyze the pristine LFP and Mn-LFP powder
samples.

2.3 Electrochemical measurements

A slurry consisting of cathode active material (LiFePO, or Mn
doped LiFePO,), acetylene black (AB) and poly (vinylidene
fluoride) (PVDF) binder at a weight ratio of 80: 10 : 10 was
well prepared. The slurry was cast onto an aluminum current
collector with an active material loading of about 5 mg cm ™.
Then, it was cut into a disk of 1.4 cm in diameter, dried under
vacuum at 60 °C for 12 h and used as the cathode. A Celgard
2500 separator is used as the cell separator and Li metal with
a thickness of 250 pm is used as the anode. The electrolyte
was 1.0 M LiPFg in EC: EMC (4:6 by vol.). The electro-
chemical performances were determined in standard CR2032
coin-type cells. The cells were assembled in an argon-filled
glovebox with both water vapor and oxygen contents being
less than 0.1 ppm. The electrochemical testing was per-
formed using a BTS-5V20 mA galvanostatic testing instru-
ment (NEWARE Electronic Co., Ltd) in the voltage range of
2.5-4.2 Vvs. Li/Li". Electrochemical impedance spectroscopy
(EIS) was performed in the charged state of 4.0 V in the
frequency range of 10> to 10> Hz with a potential perturba-
tion amplitude of 10 mV. The cyclic voltammetry (CV) curves
were recorded between 2.5 and 4.2 V at different scan rates of
0.1, 0.2, 0.3, 0.5, 0.8 and 1 mV s . An electrochemical
workstation CH Instruments CHI760E was employed for the
EIS and CV analyses.

2.4 Extended computational details

The pure and Mn doped olivine FePO, materials were
modelled with a 2 x 3 x 1 supercell comprising 24 phos-
phate units; the pure and Mn doped a-quartz FePO, materials
were modelled with a 4 x 2 x 1 supercell comprising 24
phosphate units. During the optimization of the supercell,
both the lattice parameters and the atom positions were
relaxed, until the energy and force convergence reach 10> eV
and 0.01 eV A~'. The optimized lattice parameters are a =
9.812 A, b = 17.929 A, and ¢ = 9.986 A for the pure olivine
FePO, supercell (space group: Pnma), and are a = 20.757 A,
b =10.389 A, and ¢ = 11.514 A for the pure a-quartz FePO,
supercell (space group: P3,21).

All of the density functional theory (DFT)” calculations were
performed using the Vienna Ab Initio Simulation Package
(VASP)”* with the projector-augmented-wave (PAW)> potentials.
The structure optimization calculations were performed with
the Perdew-Burke-Ernzerhof (PBE)”® exchange-correlation
functional. The energy cut-off was set to 500 eV for all of the
calculations. A 4 x 2 x 4 and a 2 x 3 x 3 Monkhorst-Pack
grid”* were used to sample the Brillouin zone (BZ) of olivine and
a-quartz structures, respectively.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 As-synthesized materials

Fig. S21 shows that there is no obvious difference between the
SEM images of pristine LFP (a) and pristine Mn-LFP (b).
However, the pristine Mn-LFP shows more agglomeration than
the pristine LFP, which should be due to the annealing process
for the Mn doping. Fig. 1(a) and (b) show the HAADF-STEM
micrographs of the pristine LFP surface and bulk oriented
along the [010] zone axis, where a good olivine crystal structure
can be observed. Fig. 1(c) exhibits the atomic model of the
olivine structure of LFP oriented along the [010] zone axis. The
HAADF-STEM micrographs of the pristine Mn-LFP surface and
bulk (Fig. 1(d) and (e)) oriented along the [010] zone axis also
exhibit a good olivine crystal structure, which demonstrates
that the Mn doping does not obviously affect the crystallinity.
Fig. 1(f) shows the atomic model of the olivine structure of Mn-
LFP oriented along the [010] zone axis. On the surface, some Mn
occupies the Fe site, which vividly presents that Mn is doped
into the surface of LFP. The HAADF-STEM micrograph of Mn-
LFP (Fig. 1(g)) and the corresponding EDS mapping of Fe, P,
Mn and O (Fig. 1(h)-(k)) show that there is uniform dispersion
of Mn element on the surface of Mn-LFP, which demonstrates
that the Mn element might be doped into the surface of LFP.
In order to further prove that Mn has been doped into the
surface of LFP, XPS survey spectra were recorded for the pristine
LFP and Mn-LFP powder samples as shown in Fig. S4.1 There is
no obvious difference between the high resolution XPS spectra
of P 2p and Fe 2p in the comparison of pristine LFP (Fig. 2(a)

Pristine LFP

Pristine Mn-LFP

Pristine Mn-LFP
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and (b)) and pristine Mn-LFP (Fig. 2(d) and (e)). Fig. 2(c) and (f)
present the high resolution XPS spectra of Mn 2p for Mn(CHj;-
COO0), and the doped Mn in the surface of LFP, respectively. It
could be observed that the doped Mn 2p shows 0.3 eV higher
binding energy than the Mn 2p for Mn(CH;COO),, which
should be ascribed to the stronger Mn-O bond for the doped
Mn. Actually, the doped Mn 2p should be located in the
chemical environmental of the MnOg octahedral crystal struc-
ture while the Mn 2p for Mn(CH;COO), being of Mn-O single
bond chemical environment. Moreover, Fig. 2(g) shows the high
resolution XPS spectra of Mn 2p for the doped Mn in the Mn-
LFP surface at different depths of 0, 1, 2, 3, 5, 8 and 10 nm,
where it could be observed that the intensity decreases with the
increase of the depth. This further demonstrates that the Mn
has been successfully doped into the surface of LFP. Further-
more, it also indicates that there is a limited depth for the Mn
doping.

Fig. 3(a) and (b) present the SEM images of pristine Mn-LFP
and the cross section of pristine Mn-LFP cut by using a Focused
Ion Beam (FIB). The sample was fixed on conductive tape, and
then was sent into the SEM cavity and adjusted to the right
position for the FIB cutting. In order to maximize the ion beam
damage, an ion beam of 30 kV (0.23 nA) was firstly employed to
cut the Mn-LFP particle to obtain the cross section. Then, an ion
beam of 5 kV (15 pA) was employed to clean up the damage
(usually an amorphous layer). Finally, a 15 kV (0.8 nA) ion beam
was employed to get the EDS line scanning data. From Fig. 3(c)
and (d) showing the EDS line scanning of Fe and Mn, it could be
observed that the doping depth for Mn in the surface of LFP is
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Fig. 1 (a) and (b) HAADF-STEM micrographs of the LFP surface and bulk, oriented along the [010] zone axis. (c) Atomic model of the olivine
structure of LFP oriented along the [010] zone axis. (d)—(f) Analogous HAADF-STEM micrographs and atomic model for Mn doped LFP (Mn-LFP).
(g)—(k) HAADF-STEM micrograph of Mn-LFP and the corresponding EDS mapping of Fe, P, Mn and O.
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Fig. 2 (a) and (b) High resolution XPS spectra of P 2p and Fe 2p for pristine LFP (c) and Mn 2p for manganese acetate (Mn(CH3zCOO),) in the
precursor. (d) and (e) High resolution XPS spectra of P 2p and Fe 2p for pristine Mn-LFP, (f) Mn 2p for the doped Mn in the Mn-LFP surface, (g) and
Mn 2p for the doped Mn in the Mn-LFP surface at different depths of 0, 1, 2, 3, 5, 8 and 10 nm.

10-15 nm. In fact, we also performed the EDS lining scanning
on numerous particles, which confirmed a similar Mn doping
depth on the surface of LFP. Fig. S37 shows the XRD patterns of
pristine LFP and pristine Mn-LFP. The lattice parameters of q,
b and c for pristine Mn-LFP are larger than those of pristine LFP,
which should be attributed to the fact that the Mn** (0.83 A)
radius is larger than that of Fe*" (0.63 A). This also further
proves that the Mn element has successfully doped into the
surface of LFP.

3.2 Electrochemical performance

Fig. 4 shows the electrochemical performances of the LFP and
Mn-LFP electrodes, respectively. Fig. 4(a) shows the long-term
cycling performance of LFP and Mn-LFP at 1C, after 3 forma-
tion cycles at C/10. At a 1C rate, pristine LFP presents
a discharge capacity of 145 mA h g, and after cycling 500
times, the discharge capacity is 119 mA h g~* with a capacity

retention of 82%. In contrast, at a 1C rate, the Mn-LFP discharge
capacity is 149 mA h g~', and after cycling 500 times, the
discharge capacity is 139 mA h g~ ! with a capacity retention of
93%. Furthermore, the first discharge capacity of LFP is
150 mA h g~ " at C/10, with a coulombic efficiency of 92%, which
is much lower than 158 mA h g~* of Mn-LFP with a coulombic
efficiency of 94%. The improved cycling stability and initial
coulombic efficiency of Mn-LFP indicate that Mn doping
dramatically improves material surface stability. Fig. 4(b) and
(c) show the charge/discharge profiles for LFP and Mn-LFP,
tested for 500 cycles at 1C. It could be observed that the
charge and discharge plateau gap under different cycles at 1C
for LFP is obviously larger than that of Mn-LFP, which indicates
that the LFP electrode presents more serious voltage degrada-
tion than Mn-LFP during the electrochemical cycling. Moreover,
from the cycling performances of pristine LFP and Mn-LFP, it
also could be observed that the CE and capacity degradation
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Fig. 3 (a) SEM image of pristine Mn-LFP. (b) SEM image of the cross section of pristine Mn-LFP cut by using a Focused lon Beam (FIB). (c) and (d)

EDS line scanning of Fe and Mn.

2744 | Sustainable Energy Fuels, 2020, 4, 2741-2751

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0se00312c

Published on 01 April 2020. Downloaded by Zhejiang University on 9/5/2023 3:43:36 AM.

View Article Online

Paper Sustainable Energy & Fuels

ac- =b c
‘o 10 ,, ~ 40
2 ol £
E 1c 95 & J36 536
Fd S 3 4
s loo {§ g32 232
2 2 2 Y
S 120{ oLFP g5 B 28 $ 28
° o Mn-LFP > € § 5 Mn-LFP |
% 100 an _g §2-4 soohao™o0"aotontetyst | > 24 s0hagothaoot200ths00™sothyst
b) T T T T T T T T T T T T T T T
a o 100 200 300 400 500 © 0 40 80 120 , 160 0 40 80 120 . 160

Cycle number Specific capacity (mAh g™') Specific capacity (mAh g™')

d =180 e f 20—
.5’ c/10 o wa Mn-LFP
1603802 o 1c G2 SB[ 00 200{ " TTTT
§’ 140 "°°°°2¢ 25 99000920% > - : e 160
29 3c 3¢ Gesde S 200 15 a
S 9200093000 %0000 r:q 5: g{ 120
§120- 990% 5o ostee ' 0 o Y 40
(3] o LFP 20000
. 1004 Mn-LFP 40
‘S 80 . . . . . . o4 o
o 0 10 20 30 40 50 60 0 400 800 1200 1600 0 200 400 600 800 1000
n Cycle number Z(©Q 400

Fig. 4 (a) Cycling performance of LFP and Mn-LFP cycled at 1C, after 3 formation cycles at C/10. (b) and (c) Galvanostatic charge—discharge

curves of pristine LFP and Mn-LFP, tested for 500 cycles at 1C (170 mA h g~%) between 2.5 and 4.2 V vs. Li/Li*. (d) Master plot showing the rate
capability difference in pristine LFP vs. Mn-LFP. () and (f) Nyquist plots of LFP (e) and Mn-LFP (f) after the 1%, 50, 100", 200*", 300™", 400" and
500" cycles at a 1C rate, respectively. The impedance spectra were collected at the charged state of 4.0 V.

start in the ~80™ cycle for pristine LFP, further deteriorating in
the ~200™ cycle, which indicates that the amorphorization
effect starts to play a dominating role in the ~200™ cycle (it will
be further discussed in Fig. 5). In contrast, Mn-LFP does not
show obvious CE and capacity degradation during the electro-
chemical cycling, which might demonstrate that there is no
amorphorization effect.

Fig. 4(d) shows the rate capabilities of LFP and Mn-LFP
electrodes tested from C/10 to 5C. It could be observed that
the Mn-LFP cathode presents a higher discharge capacity of
161, 158, 155, 150, 144, 132, 112, 132, 144, 151, 154, 158 and
161 mA h g~ *at /10, C/3, C/2, 1C, 2C, 3C, 5C, 3C, 2C, 1C, C/2, C/

Cycled LFP

Cycled Mn-LFP

Fig. 5

3, and C/10, respectively. As a comparison, the LFP cathode only
presents 151, 148, 146, 143, 132, 120, 105, 114, 128, 139, 145,
146 and 148 mA h g ' at the same current rates. Furthermore,
Table 1 demonstrates that the electrochemical properties re-
ported in this work also exhibit obvious advantages over previ-
ously published literature on Mn doped LFP. Fig. S51 exhibits
the CV curves of the LFP and Mn-LFP cathodes at different scan
rates of 0.1, 0.2, 0.3, 0.5, 0.8 to 1 mV s *. With the scan rate
increasing, the potential difference between the cathodic and
anodic peaks for both of the cathodes becomes large. However,
LFP shows larger cathodic and anodic potential differences of
0.32, 0.44, 0.53, 0.70, 0.88 and 0.98 V at different scan rates than
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(@) HRTEM image of cycled LFP after 500 cycles at 1C, with regions near-surface (b) and bulk (c) identified by rectangles. (d) Schematic

model of cycled LFP where the surface is amorphous; meanwhile there are also amorphous regions in the bulk. (e)-(g) HAADF-STEM images of
cycled Mn-LFP near-surface and bulk oriented along the [010] zone axis. (f) Atomic model of the olivine structure of cycled Mn-LFP oriented

along the [010] zone axis.
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Table 1 The electrochemical performance comparisons with previ-
ously published literature on Mn doped LiFePO,4

0.1C 0.5C 1C 2C 5C

(mAhg™) (mAhg™) (mAhg™) (mAhg™) (mAhg™)
161.0 155.0 150.0 144.0 112.0 This work
156.0 — — — 110.0 54
— 152.0 131.0 105.0 — 65
— 142.5 130.5 115.0 96.3 52
155.0 139.0 130.0 115.0 87.0 53
128.0 — 109.0 — — 66
121.0 — — 110.0 91.0 64
— — — — 107.0 57
136.6 117.0 e e — 68
— 150.0 — 121.0 — 69
145.0 134.0 119.0 — 97.0 67

Mn-LFP of 0.31, 0.36, 0.40, 0.62, 0.75 and 0.81 V. This further
demonstrates that the Mn-LFP cathode shows better rate
capability than the LFP cathode.

Fig. 4(e) and (f) show the electrochemical impedance spec-
troscopy (EIS) spectra of the LFP and Mn-LFP electrodes after
the 1%, 50, 100, 200, 300", 400™ and 500 cycles, respec-
tively. The Nyquist plots contain a semicircle located in the high
frequency region, which correlates with the surface film resis-
tance Rcgr and is associated with the CEI/SEI layer.”>”® A second
semicircle located in a lower frequency region represents the
charge transfer resistance (Rcr), being correlated with the
reaction control resistance of the primary active material.””® An
oblique line located in the low frequency region represents the
Warburg impedance (W), being associated with ion diffusion
limitations in the electrode.” The intercept at high frequency
with the real axis is associated with electrolyte resistance
(Rg).*>** The lithium ion diffusion coefficient (Dy;) of LFP and
Mn-LFP in the cycles of 1-500 is calculated from the Warburg
impedance coefficient (ow) using eqn (1) and (2),>**

Zie = (R + Rer + oww ) (1)
Dy = RPTP IR A F* CPow?) (2)

where Dp;- represents the rate limiting lithium ion diffusion
coefficient. R is the gas constant, T is the absolute temperature,
A is the effective area of the electrode, n is the number of
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electrons transferred, F is the Faraday constant, and C is the
concentration of lithium ions. The Warburg impedance coeffi-
cient ow could be determined from the slope of Z,.. as a function
of w ', as shown in Fig. S6.t

Table 2 shows fitted parameters and calculated Dy;" for the
experimental EIS spectra of LFP and Mn-LFP electrodes. For the
LFP electrode, the Rcg; and Rer values are 216.2, 224.8, 285.6,
434.7, 510.2, 555.4, and 628.6 ohm and 182.1, 246.4, 263.1,
377.0, 434.8, 474.7, and 563.3 ohm in the 1, 50%, 100, 200",
300™, 400™ and 500™ cycles, respectively. The corresponding
Rcgr and Rer values for Mn-LFP are obviously lower, being 126.3,
175.9, 183.5, 215.9, 258.2, 271.9, and 338.3 ohm and 74.9, 84.2,
101.1, 142.1, 190.3, 292.0, and 319.6 ohm, respectively. The Rg
for the LFP electrode is also obviously larger than that of the
Mn-LFP electrode in the 1%, 50, 100", 200", 300", 400" and
500 cycles as shown in Table 1. Moreover, the Dy;+ for the LFP
electrode from the 1° cycle of 3.85 x 10~ '° em® s quickly
degrades to 2.34 x 10~ cm? s~ ' in the 500 cycle. However,
the Dy;+ for the Mn-LFP electrode at the same stage only drops
from 1.98 x 10? ecm® s ' to 1.14 x 10 '° cm? s~ . The quick
polarization increase of Rg, Rcgr, Rsgr and Dy;+ degradation for
the LFP electrode demonstrates that it might experience serious
electrode corrosion by the electrolyte during the electro-
chemical cycling. For the Mn-LFP electrode, however, the elec-
trode corrosion is effectively suppressed during the
electrochemical cycling, which should be due to the fact that the
Mn doping could stabilize the surface of LFP.

3.3 Cycled cathode-electrolyte interface

Cycling induced structural evolution was characterized at the
atomic scale by employing HRTEM and HAADF-STEM. Fig. 5(a)
shows the HRTEM image of LFP after 500 cycles at a 1C rate.
From the Fast Fourier Transformation (FFT) as shown in
Fig. 5(b) and (c) corresponding to the rectangles in the surface
and bulk of LFP as shown in Fig. 5(a), it is evident that the outer
layer of cycled LFP has been fully amorphized. Meanwhile, the
bulk also shows regions of amorphization. This is illustrated in
the schematic panel of Fig. 5(d). The atomic resolution HAADF-
STEM images of the cycled LFP could not be obtained due to its
extensive disorder. The growth of the amorphized regions is
correlated with a significant decline of Dy;+, which well explains
why LFP shows quick degradation of Dp; during the

Table 2 Fitted parameters and calculated D+ for the experimental EIS spectra of LFP and Mn-LFP electrodes and those calculated using an

equivalent circuit as shown in the inset of Fig. 4(f)

LFP pristine Mn-LFP

Cycle number Ry/ohm Regr/ohm Rer/ohm Dy (em®s™h) Ry/ohm Regr/ohm Rer/ohm Dy (em®s™h)
15t 3.5 216.2 182.1 3.85 x 10 3.4 126.3 74.9 1.98 x 107°

50t 3.8 224.8 246.4 1.49 x 107 3.6 175.9 84.2 6.12 x 10~ *°
100" 4.2 285.6 263.1 1.25 x 1071 3.7 183.5 101.1 5.76 x 10 *°
200™ 4.3 434.7 377.0 4.45 x 1071 41 215.9 142.1 2.20 x 107
300t 4.7 510.2 434.8 3.90 x 107 4.5 258.2 190.3 2.10 x 10
400" 5.3 555.4 474.7 2.61 x 107 4.8 271.9 292.0 2.09 x 10~
500t 5.5 628.6 563.3 2.34 x 1071 5.0 338.3 319.6 1.14 x 107 *°
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Fig. 6 (a)-(d) High resolution XPS spectra of C 1s, P 2p, F 1s and Fe 2p for cycled LFP. (e)—(h) High resolution XPS spectra of C 1s, P 2p, F 1s and Fe

2p for cycled Mn-LFP.

electrochemical cycling. The HAADF-STEM images of the cycled
Mn-LFP near-surface and bulk oriented along the [010] zone
axis are shown in Fig. 5(e) and (f). The atomic model of the
olivine structure of cycled Mn-LFP oriented along the [010] zone
axis is shown in Fig. 5(g). It could be observed that Mn-LFP still
retains its good olivine crystal structure although experiencing
500 cycles at 1C, which further proves that the Mn doping could
stabilize the surface of LFP. After a long cycle, it can be seen that
the outer crystal structure of LFP is destroyed, while the crystal
structure of Mn-LFP is still intact and in Fig. S7(g)t manganese
is still evenly distributed, which further indicates that the doped
manganese shell can improve the stability of the material.

Fig. 6 and S8t compare the survey and high resolution XPS
spectra of the LFP and Mn-LFP cathodes after 500 cycles at a 1C

rate. The spectrum shows peak splitting for Fe 2p;,, (724.3 eV)
and Fe 2p;, (710.5 €V) and a satellite peak of Fe 2p3, (715.5 €V)
as shown in Fig. 6(d)-(h) which belong to LiFePO,.** It needs to
be noted that there is an Fe 2p;/, peak located at 712.5 eV which
belongs to FePO, for both of the cycled LFP and Mn-LFP. This
further demonstrates that some Fe** is transformed into Fe**
during the electrochemical cycling, which is known to be
inactive.*** However, the cycled Mn-LFP displays a lower rela-
tive intensity of Fe** as compared with the cycled LFP. This
indicates that more Fe>" is preserved in the outer surface of LFP
due to the Mn doping. These results well explain why Mn-LFP
exhibits better electrochemical performances and maintains
a good olivine structure during the electrochemical cycling.
Moreover, the peak intensity of the P 2p spectrum (Li,PO,F,) for
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) and (e) the XPS high resolution spectra analysis of C 1s, P 2p and Fe 2p

corresponding to the SEI chemistry formed on the cycled Li metal anodes. Panels (b)—(d) show the anode tested against LFP; panels (f)—(h) show

the anode tested against Mn-LFP.
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the cycled LFP (Fig. 6(b)) is also obviously stronger than that of
the cycled Mn-LFP (Fig. 6(f)), which indicates that more cathode
electrolyte interphase (CEI) might be formed during the elec-
trochemical cycling. The thicker CEI could result in large elec-
trode polarization, which well explains why the LFP electrode
exhibits larger resistance than Mn-LFP.

3.4 Cycled anode electrolyte interface

Fig. 7(a) and (e) show the SEM top view images of post 500
cycled Li metal anode surfaces tested against LFP and Mn-LFP,
respectively. It could be observed that there is a cracked solid
electrolyte interphase (SEI) formed on the cycled Li anode tested
against LFP while a smooth SEI for that tested against Mn-LFP.
Fig. S91 shows the comparison of XPS survey spectra of the
formed SEI on the cycled Li metal anode tested against LFP and
Mn-LFP. Fig. 7(b)-(d) and (f)-(h) present the high resolution
XPS spectra of C 1s, P 2p and Fe 2p for the corresponding SEI
compositions on Li vs. LFP and Li vs. Mn-LFP, respectively. The
high resolution XPS spectra of F 1s and O 1s for both are shown
in Fig. S10.1 For both of LFP and Mn-LFP, the anode SEI films
contain the same components of Li,PF,0, (685.4 €V) and LiF
(683.5 eV) in F 1s, the P-F composite (133-137 eV) in P 2p, the
carbonyl group (288.7 eV (C=0)), carbon and hydrocarbon
(285.0 eV (C-C/C-H)) and carbide species (283.0-283.5 eV) in C
1s spectra, and the carbonyl (530.5 eV (C=0))/ether oxygen
(532.0 eV -(CH,-CH,-0),-) in O 1s spectra. These species agree
with prior analysis of SEI species on Li metal anodes.** However,

View Article Online
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the relative intensity of C 1s, P 2p, F 1s and O 1s for that vs. LFP
is stronger than that vs. Mn-LFP. This demonstrates that there
might be a thicker SEI formed on the Li anode vs. LFP than vs.
Mn-LFP. The cracked and thicker SEI could also result in larger
electrode resistance. The relative peak intensity of Fe 2p within
the SEI layer when tested against Mn-LFP is significantly lower
than when tested against LFP. Furthermore, from the EDS
mapping as shown in Fig. S11,1 it could be observed that the
amount of Fe on Li vs. Mn-LFP is less than that on Li vs. LFP.
This gives further direct evidence that the Mn doping reduces
Fe dissolution during the electrochemical cycling, which should
also be due to the fact that the Mn doping stabilizes the surface
of LFP.

3.5 DFT modelling

To further understand the stabilization mechanism of Mn
doping for LFP, DFT calculations were carried out, and the
results are shown in Fig. 8. The fully delithiated LFPs (FePO,)
with and without Mn doping were modelled to understand the
materials’ stability upon severe depletion of lithium. Two pha-
ses of FePOy, olivine and a-quartz, were considered. The olivine
FePO, is the direct delithiation product of LiFePO, without
a phase change, whereas the a-quartz phase is the thermally
favourable phase for FePO,. Note that the a-quartz FePO, lacks
a good Li" diffusion channel as found in olivine LFP and FePOy;
therefore, the phase transition from olivine to a-quartz (or
amorphization towards a-quartz) will be detrimental to the Li"

- b c
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Fig. 8

f

(a) Predicted energy difference between olivine and a-quartz FePO, at different Mn concentrations at the DFT level. (b) Predicted

formation energy Erorm for forming Mn,Fe;_,PO4 from pure MnPO4 and FePOy,. (c) Volume deformation of Mn,Fe;_,PO4 with respect to pure
FePOg4. In (a), (b), and (c), the letters A, B, and C label three olivine MnygFessPO4 homotops whose structures are shown in (d), (e), and (f),
respectively. (d) Maximally dispersed olivine Mny,gFes,sPO4 homotop A, with a Pmc2; space group. (e) Low-symmetry dispersed olivine Mny gFes,
P04 homotop B, with a P1 space group. (f) Layer-segregated olivine Mny gFes,sPO4 homotop C, with a Pmc2; space group. (g) The maximally

dispersed a-quartz Mny,sFessPO4 homotop.
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diffusion, which in turn undermines the battery performance.
Here our results show, at an extremely low local Li concentra-
tion, that the olivine structure can possibly undergo a phase
transition to form the a-quartz structure, and the introduction
of an Mn-dopant can suppress such transitions.

First, the energy differences between the isomeric olivine
and a-quartz LiPO, structures are predicted using eqn (3) (Fig. 8

()
AE = E(olivine) — E(a-quartz) (3)

For pure LiPO,, the a-quartz phase is 0.3 eV per phosphate
more stable than the olivine phase, which implies a tendency
for phase transition (Fig. 8 (a)). The Mn doping of LiPO, is
modelled by replacing Fe atoms in the LiPO, supercells. As the
Mn concentration increases, the olivine phase gains thermal
favourability against the quartz phase (Fig. 8(a)). Once Fe atoms
are fully replaced by Mn atoms, the olivine phase (i.e. pure
olivine MnPO,) becomes 0.4 eV per phosphate more stable than
the a-quartz phase. This suggests that Mn doping can suppress
the phase change. In addition, the formation energy Egorm for
forming Mn,Fe; _,PO, from pure MnPO, and FePO, is predicted
using eqn (4)

Erorm = EMn,Fe,;_,PO,) — xE(MMnPOy) — (1 — x)E(FePO,)(4)

where x is the Mn doping concentration for the doped FePO,.
The results (Fig. 8(b)) show that the Mn doping of FePO, is
essentially thermally neutral, which implies that a fairly high
local concentration of Mn can be achieved practically for the Mn
doping of FePO,.

From the experimental results, we learn that there exists an
optimal Mn concentration that maximally enhances the elec-
trochemical stability of LFP. Therefore, too high a Mn concen-
tration might be detrimental to the stability of the doped LFP
material. This seems to contradict the trend found by the pre-
dicted energy difference between the olivine and a-quartz pha-
ses where the favourability of olivine FePO, scales
monotonically with the Mn concentration. So, there must be
some other causes which lower the material's stability at a high
Mn concentration. One consequence of increasing the doping
concentration is that the number of homotops (isomeric
structures with the same phase but with different ion position
permutations) will be increased exponentially. The homotops
can exhibit different stability despite belonging to the same
mineral phase. The geometries and energy quantities were
predicted for several typical homotops for the Mn doped olivine
FePO,. At a low Mn concentration (=12.5%, with less than 4 Mn
atoms in a supercell of 24 phosphates), the stability of homo-
tops is approximately invariant to the Mn positions, as long as
Mn is dispersed; this is only true for small supercells. Mean-
while, the cell parameters of these Mn doped olivine FePO, are
close to those of pure FePO,. At a Mn concentration of ~16.7%
with 4 Mn atoms in the 24-phosphate supercell, the maximally
dispersed olivine Mn,sFes,sPO, homotop (with a Pmc2, space
group, Fig. 8(d)) is ~0.1 eV per phosphate more stable than the
low-symmetry dispersed homotop (with a P1 space group,
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Fig. 8(e)) and is ~0.2 eV per phosphate more stable than the
layer-segregated homotop (with a Pmc2, space group, Fig. 8(f)).
Note that the layer-segregated homotops that contain pure
MnPO, layers are much less stable than the dispersed homo-
topes for all Mn concentrations, so they are quite unlikely to
exist. Interestingly, the maximally dispersed Mn,sFes,sPO,
homotop has smaller lattice parameters than pure FePO,, with
a volume deformation of nearly 3%, which is not found at lower
Mn concentration. Such mismatches may cause a stacking fault
and dislocation or induce reconstruction of the interfacial
structures, which could possibly block the Li" diffusion
channels.

We can relate our computational results to the physical
picture of the experiment. Upon rapid delithiation (e.g. during
fast charging), the surface of LFP may be heavily delithiated as
compared to the interior. Locally, the olivine FePO, structure
could be formed in the surface region. The thermally favored
olivine-to-quartz phase transition may occur, to some extent,
causing the degradation of LFP. The Mn doped LiFePO, could
be regarded as a composite with LiFePO, bulk as the core and
LiMn,Fe; ,PO, as the outer layers. The Mn concentration is
likely to be high at the outermost layers and decreases with the
depth into the material. When severe delithiation occurs, the
outer layers of the composite may form delithiated local struc-
tures such as Mn doped FePO,. Unlike pure FePO,, the Mn
doped olivine FePO, is less susceptible to phase transition or
phase transition related amorphization, especially at high Mn
concentrations, and thus can serve as a protective shell against
LFP degradation during electrochemical cycling. It is also noted
that an appropriately high Mn doping concentration could be
the key for LFP stabilization. If the Mn concentration was too
high, doped phosphates with comparatively small lattice
parameters might be locally formed during delithiation to cause
unfavorable structural changes and lower the Dbattery
performance.

4. Conclusion

The fundamental mechanisms of Mn doping improving the
electrochemical performance of LiFePO, was systematically
investigated in this work. For the first time, it is found that the
Mn element could be doped into the surface of LiFePO, and the
doping depth of Mn on the surface of LiFePO, is determined to
be 10-15 nm through employing XPS, FIB and EDS mapping
characterization. At a 1C rate, the Mn doped LiFePO, presents
a discharge capacity of 149 mA h g™, and after 500 cycles, the
discharge capacity is 139 mA h g~" with a capacity retention of
93%. In contrast, pristine LiFePO, shows a discharge capacity of
145 mA h g ! at a 1C rate, and only a discharge capacity of
119 mA h g7 ' is maintained after 500 cycles with a capacity
retention of 82%. Moreover, the Mn doped LiFePO, also
exhibits obviously better rate capability than the pristine
LiFePO,. HAADF-STEM further demonstrates at the atomic
scale that Mn doping could effectively suppress the degradation
of the crystal structure of LiFePO, to an amorphous phase
during electrochemical cycling. DFT calculations indicate that
Mn doping could form a more stable LiMn,Fe; _,PO, protective
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shell, which could well protect LiFePO, from being corroded by
the electrolyte during electrochemical cycling. The mechanism
proposed in this work might also be applicable to the synthesis
of Mn doped LiFePO, by other methods, which would advance
the designing of cathode materials.
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