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S1: Electronic structure of Li,FePO,F/LiFePO,4F polymorphs

Fig. S1 shows the total density of states of Li,FePO4F/LiFePO4F and the values of band gaps. For
all these three polymorphs of Li,FePO4F/LiFePO4F, the Fermi level is between the highest
occupied bands and the unoccupied 3d bands of Fe ions. Hence, the oxidation largely proceeds on
Fe atoms when delithiated step.
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Fig. S1 The total density of states (DOS) of Li,FePO,F (left) and LiFePO,F (right); the Fermi level is set as a
reference.



S2: Stability of LiFe; MPO,F (M = Co, Mn)
To investigate the stability of the Co/Mn—doped Pnma-Li,FePO,F, we calculated the formation
energy of Li,Fe; «MPO4F (M = Co/Mn, x = 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8,1), as shown in Fig.S2.
Their formation energy can be obtained from a total energy expression of (1) and (2)*, where M =
Co/Mn, Eg,r and E, denotes the formation energy and total internal energies respectively:

E,, =E (Li,Fe, ,M PO,F)-xE,, (Li,MPO,F)—-(1-x)E,, (Li,FePO,F) 1)

for

Efor = Etol (LI 2 Fel—xMxPO4F) —X Etol (LIMPO4) - (1_ X) Etol (LIFePO4) - EtoI (LIF) (2)

For example, for Egn (1) the negative formation energy indicates that LioFe;M,PO4F is stable
enough with respect to phase separation into Li,MPO4F (M = Co/Mn) and Li,FePO4F, while the
positive formation energies eliminated the existence of Li,Fe; xMyPO4F (M = Co/Mn). In Fig S2,
hollow graphics correspond to the formation energy of Li,Fe; xM,PO4F as a function of Equ (1). It
can be observed that the different doping contents, led to different values, whereas the absolute
values of the obtained energies were relatively low. Hence, Li;Fe;.xMPO4F (M = Co/Mn) are
stable enough for decompose to their parent compounds Li,MPO4F (M = Co/Mn) and LiFePO4F.

For Equ (2), we have to stress that the calculated formation energies of Li,FePO4F is positive, and
consistent with the results of Ceder group (https://www.materialsproject.org/). But experimental
studies revealed that Li,FePO4F is stable enough to be used as a cathode material in a Li-ion cell.
For comparison, in Eqgn (2), formation energy is relative to that of the un-doped Li,FePO4F, which
formation energy is therefore set as the zero. In Fig S2, solid graphics correspond to the formation
energy of LiFe; xM,PO4F as a function of Equ (2). For LiFe;xMnPO4F all of values are
positive and high, which suggest that Li,Fe; .Mn,PO4F may decompose to LiMnPOy, LiFePO,
and LiF at the concentration of 12.5%, with Li,Fegg7sMnq125PO4F at the least doping amount in
our calculation. However the increasing addition of Co to Fe-based materials can improve the
stability of LiFe; «Co,PO4F. All the calculated results suggest that LiFe; CoPO4F is stable
enough as a new cathode material and Li,Fe; ,Mn,PO4F might easily resolve. This can be traced
back to the isostructural of Li,CoPO4F with Pnma-Li,FePO,F, while Li,MnPQO,F is different.
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Fig. S2 The stability of Li,Fe; xCo,PO,F and Li,Fe; xMn,PO4F (x = 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8 and 1). Hollow
graphics and solid graphics represent the formation energy of Li,Fe; xM,PO4F as a function of Equ (1) M =

Co(hollow squares of black), Mn(hollow circle of blue) and Equ (2) M = Co(solid squares of black) M = Mn(solid
circle of blue) respectively.

S3: Two distinct positions for Fe in Pnma-Li,FePO,4F.
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Fig. S3 Optimized crystal structures of Pnma-Li,FePO,F, violet octahedral: with TM at 4a sites (named Fe)) for
centre; sky blue: with TM at 4b sites (named Fe(,) for centre.

S4: Volume changes of LiyFe; «CoPO4F (x = 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8) upon delithiation.
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Fig. S4: Volume changes in Li,Fe;.,Co,PO,F-LiFe;.,Co,PO,F (First step) and LiFe;.,Co,PO,F-Fe,,Co,PO,F
(Second step) (x = 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8), (0.6%~2.1%), negative value means the unit cell volume
contraction as Li* is removed.



S5: Migration barriers for diffusion of Li atom in the materials of Li,Fe;CoxPO,F (x =0,
0.25, 0.75).
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Fig. S5: The migration barriers for diffusion of Li in the materials of Li,Fe,.,Co,PO,F (x =0, 0.25, 0.75) along the
[010] channel.

It was reported that there are two channels for Li diffusion, i.e., [010] and [011]%. However, the
[010] channel has much “open” space as compared to [011]. Thus, [010] direction happens prior to
the Li diffusion, and we only investigated the [010] channel by the DFT-based CI-NEB method.
Considering the lack of computational source, we mainly focused on the effects of Co dopant on
the Li diffusion and studied three images for Li,Fe;Co,PO4F (x = 0, 0.25, 0.75) along the [010]
channel. Fig.S5 shows that three images are enough, and they are capable of offering a clear trend
in each case. The higher doping concentration leads to higher barrier. The Li atom in
LioFe25C0075PO4F has to overcome 2.17 eV to reach the ending point, while for the material of
Li,FePO4F only needs 0.67 eV. As shown in Fig. 4, the unit cell volume of Li,Fe;CoPO4F
should decrease with the substitution of Co for Fe, which is also supported by the stronger
hybridization between Co-O in higher doping concentration shown in Fig. S6.



S6: The electron localization function (ELF) of Li,Fe; Co,PO4F (x =0.25, 0.5, 0.75).

Fig.S6 The electron localization function (ELF) of the Li,FePO,4F doped with Co by the concentration of 25%,
50%, and 75%. The golden balls represent Fe atoms, and blue ones for Co atoms. The level of isosurface in ELF is
set to be 0.06.

To explain the hybridization of Co-3d and O-2p we performed the electron localization function
(ELF) analysis of the Li,FePO4F doped with Co by the concentration of 25%, 50%, and 75%
(Figure S6). The ELF is a scalar continuous function bounded between 0 and 1, and the value of 1
(red) indicates that electrons are fully localized and 0 (blue) implies that electrons are fully
delocalized or that there is no electron in that place. The positions of the doped Co are set as the
center of the square (25%), the vertical mirror plane (50%), and the horizontal mirror plane (75%).
The doped concentration of 25% (see from the top of the square, as show by arrows) indicates that
Co (blue) is more delocalized than Fe (light blue) because of the electron clouds around Co and
the O atoms forming a bridge-like tunnel and increasing the probability of charge transfer. When



the doping rate is lower than 50%, the hybridization states broadening from -6 eV to -2 eV, while
the doping rate arises from 50% to 75%, the evident hybridization peaks gradually change from -2
eV to -4 eV. It is well known that in the TMO systems, the orientation of d orbital plays a
significant role on the d-p hybridization. When the doping rate is 50%, the orientations of Co-O
bonds are symmetric as the red lines indicate. However, if the doping rate reaches at 75%, the
orientation has been changed.
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