GDCh
~—

11918  Wiley Online Library

Electrochemistry

Communications

An dte

Chemie

Internatic

International Edition: DOI: 10.1002/anie.201805555
German Edition: DOI: 10.1002/ange.201805555

Identifying the Structural Evolution of the Sodium Ion Battery

Na,FePO,/F Cathode

Qi Li, Zigeng Liu,* Feng Zheng, Rui Liu, Jeongjae Lee, Gui-Liang Xu, Guiming Zhong,
Xu Hou, Rigiang Fu, Zonghai Chen, Khalil Amine, Jinxiao Mi, Shunqing Wu, Clare P. Grey, and

Yong Yang*

Abstract: Na,FePO,F is a promising cathode material for Na-
ion batteries owing to its relatively high discharge voltage and
excellent cycling performance. Now, the long- and short-range
structural evolution of Na,FePO ,F during cycling is studied by
in situ high-energy X-ray diffraction (XRD), ex situ solid-state
nuclear magnetic resonance (NMR), and first-principles DFT
calculations. DFT calculations suggest that the intermediate
phase, Na, sFePO F, adopts the space group of P2,/c, which is
a subgroup (P2,/bl1, No. 14) of Pbcn (No. 60), the space group
of the starting phase, Na,FePO,F, and this space group
provides a good fit to the experimental XRD and NMR results.
The two crystallographically unique Na sites in the structure of
Na,FePOF behave differently during cycling, where the Na
ions on the NaZ2 site are electrochemically active while those on
the Nal site are inert. This study determines the structural
evolution and the electrochemical reaction mechanisms of
Na,FePO,F in a Na-ion battery.

The quest for batteries that are low-cost, safe, and environ-
mentally benign to be used in portable devices, electric
vehicles, and large-scale energy storage systems continues
unabated.'! While Li-ion batteries (LIBs) provide reliable
energy sources for most of the above applications, the limited
lithium resources cannot meet the fast growing demand for
increasingly larger devices.”) Therefore, the development of
Na-ion batteries (SIBs) has become an alternative strategy,

especially in large-scale energy storage systems, owing to the
naturally abundant and thus lower cost sodium resources.”!

To enhance the competitiveness of SIBs, screening
cathode materials with high discharge voltages is an impor-
tant approach. Among the high-voltage candidate cathode
materials, polyanionic compounds have attracted great atten-
tion owing to their structural diversity and stability. Different
types of polyanionic compounds used in SIBs have been
reported in the past years, including phosphates, NaFePO,!
and Na;V,(PO,),,! pyrophosphates, Na,MP,0,/° (M =TFe,
Co, Mn), as well as fluorophosphates, Na,MPO,F"! (M = Fe,
Co, Mn) and Na;V,0,,(PO,);F; ,.["! These materials have
good structural stability but poor electronic conductivity,
which can be compensated by carbon coating and/or cation
substitution to improve their electrochemical performances.”!

Among these polyanionic compounds, a layered iron-
based fluorophosphate, Na,FePO,F, with a space group of
Pbcn, has been proved to be a promising cathode material for
SIBs." Ellis et al. in 2007 reported the extraction of Na ions
from Na,FePO,F, in a LIB, showing solid-solution-like
electrochemical behavior, where transitions between two
closely related phases (Na,FePO,F to Na,sFePO,F and
Na, sFePO,F to NaFePO,F) were observed and the inter-
mediate phase Na,sFePO,F, obtained by chemical desodia-
tion, adopted a space group of P2/c, which is not a subgroup of
Pbcn." Recham etal. first published the use of nano-
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Na,FePO,F in a SIB with a discharge capacity of 100 mAhg !
in the first cycle."™ Deng et al. further improved the cycling
performance of carbon-coated Na,FePO,F with about 85%
capacity retention after 1000 cycles.""! Tripathi et al. calcu-
lated the migration barriers of Na ions in Na,FePO,F,
demonstrating high Na mobility between [FePO,F] layers
through a 2D network in the ac plane.'Y! Recently, Teresh-
chenko etal. combined XRD and DFT calculations to
determine the intermediatephase Na, ;sFePO,F with a space
group of P2,/b, and showed that Fe"/Fe™ charge ordering was
coupled with Na/vacancy ordering."? However, Smiley et al.
employed ex situ ?Na solid-state nuclear magnetic resonance
(ssNMR) to characterize Na,FePO,F at different states of
charge, showing: a)one single-phase transition between
Na,FePO,F and NaFePO,F during the charge process, with-
out detection of intermediate phase Na, sFePO,F; and b) no
evidence of Na ions in a mixed Fe!' and Fe" environment,["*!
which are in contradiction to other reported results."*!? Thus,
the structural evolution and the electrochemical reaction
mechanisms of Na,FePO,F during the cycling are still under
debate.

Herein, we have elucidated the structural evolution and
determined how the Na ions in the structure of Na,FePO,F
(de)intercalate during the cycling through in situ high-energy
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X-ray diffraction (XRD) patterns, ex situ ssNMR spectra, and
first-principles DFT calculations. The results reveal that the
whole cycling process of the Na,FePO,F cathode is domi-
nated by two two-phase reactions between structures at
different states of charge. The intermediate phase,
Na, sFePOF, with a space group P2//c, is determined by
DFT calculations and agrees with the XRD and ssNMR
results. Additionally, we find that the Na ions on the Na2 site
are electrochemically active, while the Na ions on the Nal site
are inert and remain in the structure.

Pristine Na,FePO,F, synthesized by solid-state methods,
crystallized in the space group Pbcn (Supporting Information,
Figure Sla). As shown in the Supporting Information, Fig-
ure S1b, the structure of Na,FePO,F comprises [FePO,F]
layers formed by face-sharing FeO,F, octahedra, connected
by bridging F atoms and PO, tetrahedra. Two different Na
sites, as shown in Figure 1a and Figure 1b, are located
between the [FePO,F] layers.") While each Na site has 4 Fe
ions in their second coordination shell, the local environment
are quite different for these two sites as listed in the
Supporting Information, Table S1: a) the Nal site has two
Na—Fe distances of approximately 4.55 A and two Na—Fe
distances around 3.45 A, while the Na—Fe distances for the
Naz2 site are all around 3.33 A; b) the angles of two Nal—F—Fe
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Figure 1. The local environment of the a) Nal and b) Na2 sites in Na,FePO,F. c) ?Na MAS NMR spectrum (black) of Na,FePO,F at 55 kHz with
the cumulative spectrum (red) and deconvolution of resonances at —180 ppm (light blue) and 440 ppm (light red), respectively. The local
environment of the d) Nala’, e) Nalb’, and f) Na2’ sites in Na, sFePO,F. g) ?Na MAS NMR spectrum (black) of Na, ;FePO,F at 60 kHz with the
cumulative spectrum (red), deconvolution of resonances at —130 ppm (light blue), 320 ppm (light red) and 615 ppm (purple), respectively. The
local environment of the h) Na1” site in NaFePO,F. i) ?Na MAS NMR spectrum (black) of NaFePO,F at 60 kHz with the cumulative spectrum
(red), deconvolution of resonances at 345 ppm (light red) and around 0 ppm (gray), respectively. The peak around 0 ppm is the diamagnetic
impurity. j) The first charge curve of Na,FePO,F electrode with corresponding marks for Na,FePO,F, Na, sFePO,F, and NaFePO,F samples.
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bonds are near 180° and other angles of Nal—O/F—Fe bonds
are close to 90°, while all the angles of Na2—O/F—Fe bonds are
around 90°. In terms of the electron-nuclear dipolar (hyper-
fine) interaction between the paramagnetic Fe electron and
the Na nucleus (/=3/2), this implies a more symmetric
interaction tensor for the Na spins on the Na2 site, which has
important implications as discussed below.

Since ssNMR is very sensitive to the local environment,
two resonances are expected in the »*Na magic angle spinning
(MAS) NMR spectrum of Na,FePO,F. As shown in the
Supporting Information, Figure Slc, two main resonances, the
isotropic shifts of which are 440 ppm and —180 ppm at
60 kHz, were observed in the ®Na MAS NMR spectrum of
pristine Na,FePO,F, along with a weak resonance around
0 ppm, which most likely arose from NaF from the synthesis
process. Given that the isotropic peaks and the spinning
sidebands are severely overlapped at 60 kHz, a deconvolution
(Figure 1c¢) was performed on a spectrum acquired at 55 kHz.
As paramagnetic NMR shifts depend strongly on the sample
temperature and frictional MAS heating, all the shifts of
isotropic resonances are labeled with those obtained at
60 kHz for consistency. The intensity ratio between the two
resonances at 440 and —180 ppm is about 1.04:0.96, which is in
reasonable agreement with the 1:1 occupancy ratio between
the two Na sites in the structure.

Furthermore, comparing the two resonances, we observe
more symmetric sideband manifolds that span a narrower
range for the resonance at —180 ppm. In contrast, the
resonance at 440 ppm shows asymmetric sideband manifolds
in which the spinning sidebands positioned at —62 ppm and
—572 ppm have even stronger signal intensity than the
isotropic resonance (Supporting Information, Figure S1d).
Considering that the major contribution to the sideband
manifolds of the two Na resonances is the electron—-nuclear
dipolar interaction between Na and Fe ions," we tentatively
assign the resonances at —180 ppm and 440 ppm to the Na2
and Nal site, respectively.

However, accurate characterization of spinning sideband
manifolds in paramagnetic NMR can be difficult due to bulk
magnetic susceptibility of powders; this is further complicated
by the possible interplay between the interaction between the
electron-nuclear hyperfine tensor and quadrupolar tensor.!"”
Hence, first-principles DFT calculations were also employed
to estimate the isotropic shifts of the two Na sites in
Na,FePO,F. Detailed information from the DFT calculations
are shown in the Supporting Information. The contour maps
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of electron spin density around the two Na sites in Na,FePO,F
obtained from projected DFTwave functions are shown in the
Supporting Information, Figure S5, where the spin density
with opposite sign is transferred to the two Na sites, resulting
in positive and negative shifts for the Nal and Na2
resonances, tespectively, in the *Na MAS NMR spectra.
The calculated isotropic shifts o, and the asymmetry
parameter x are in agreement with our experimental results,
which lie between the Hyb20 and Hyb35 calculated values
listed in Table 1. However, our results contradict with the
previous assignment by Smiley et al.,'*l where the resonance
at 450 ppm with broader sideband manifolds was assigned to
the Na2 site, and the resonance at —175 ppm with narrower
sideband manifolds was assigned to the Nal site. It is possible
that the complexity of this material and the multiple over-
lapping spinning sidebands, combined with the aforemen-
tioned difficulties in characterizing the sideband manifolds,
resulted in the different assignment.

The electrochemical performance of the Na,FePO,F
cathode in a Na-ion battery (Supporting Information, Fig-
ure S6) clearly reveals two two-phase processes and the
formation of an intermediate phase Na, sFePO,F at current
rates from 0.1 C to 1 C. Considering this intermediate phase,
we have generated numerous possible configurations for the
intermediate phase Na, sFePOF by extracting half of the Na
ions from the Na2 site in the Na,FePO,F unit cell; DFT
calculations were then performed on each configuration,
optimizing each structure, and ranking the energies of the
different structures. The XRD patterns generated from
possible configurations which have different Na vacancies
are shown in the Supporting Information, Figure S2a, and the
experimental XRD pattern of electrochemically prepared
Na, sFePO,F matches the lowest-energy phase, indexed as
P2,/c, which is quite different with the previous reported
space group of P2/c (No. 13) reported by Ellis et al.,”" owing
to their different crystallographic setting, but it agrees with
that determined by Tereshchenko et al."?! Detailed informa-
tion concerning the proposed configurations and Rietveld
refinement are shown in the Supporting Information. P2,/c is
a subgroup (P2,/b11, No. 14) of Pbcn (No. 60), the space
group observed for the starting material Na,FePO,F, resulting
from a symmetry reduction arising from the loss of orthogon-
ality between the b- and c-axis in Na,FePO/F. Note that the
earlier reported space group of P2/c for Na, ;FePO,F is not
a subgroup of Pbcn (subgroup of Pbcn is P2/a related to its
setting).’"! Bond valence sum (BVS in valence unit or vu)

Table 1: DFT calculated and experimental 2Na shifts of Na,FePO,F (x=2, 1.5, and 1).

Na site DFT Hyb20#! DFT Hyb35W Expt Smiley et al.l"

O lppm] Q% [ppm] &P Owlppm] Q% [ppm] &P Jiso [PPM] diso [PPM]

Na,FePO,F Nal 528 367933 —0.81 387 375951 —0.81 440 175
Na2 187 189983 —-0.19 227 195953 -0.19 —180 450

Na, ;FePO,F Nala’ 445 435543 —0.90 224 438015 —-0.92 320 -
Nalb’ 628 428220 —0.78 516 435808 —0.75 615 -

Na2' —209 200183 -0.35 -307 192689 —0.42 —-130 -

NaFePO,F Na1” 505 494692 —0.90 263 507725 —0.90 345 350

[a] Hyb20 and Hyb35 refers to the proportion of Hartree—Fock exchange energy in the hybrid calculation. [b] 2 gives the span of anisotropy and « gives

the asymmetry.
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calculations!" listed in the Supporting Information, Table S4,
suggest that Fel and Fe2 correspond to Fe and Fe™ ions,
respectively. Therefore, an additional Nal site and an extra Fe
site are obtained in this lowest-energy phase of Na, sFePO,F,
resulting in different Fe ion configurations in the second
coordination shell of the two Nal sites, labeled as Nala’ and
Nalb’ in Figure 1d and Figure le. Thus, the six bonds
(Supporting Information, Table S5) connecting Nal to Fe
via O/F are further divided to two classes: a) 4 bonds with the
distances between Nala' to Fe' being less than 4 A and angles
nearing 90° while other 2 bonds with the distances between
Nala’ to Fe'" nearing 4.5 A and angles nearing 180°; b) 4
bonds with the distances between Nalb’ to Fe™ being less
than 4 A and angles nearing 90° while other 2 bonds with the
distances between Nalb’' to Fe being nearing 4.5 A and
angles nearing 180°, which implies different paramagnetic
shifts of the Nala’ and Nalb’ sites in Na, sFePO,F we will
discuss below.

The almost identical *Na MAS NMR spectra of
Na,sFePO,F prepared by chemical and electrochemical
desodiation are shown in the Supporting Information, Fig-
ure S3a, indicating the same final product for both processes.
Figure 1g shows the deconvolution spectra of electrochemi-
cally prepared Na, ;FePO,F with three isotropic resonances
located at 615, 320, and —130 ppm. According to the local
environment of the Na sites mentioned above and the Hyb20
and Hyb35 calculated values listed in Table 1, these three
resonances at 615, 320, and —130 ppm are assigned to the
Nalb’, Nala’, and Na?2' sites, respectively. DFT predictions of
the shifts of the other configurations of Na, sFePO,F (Sup-
porting Information, Table S7) do not agree with these shifts,
further confirming the existence of this phase. Of note, our
DFT and NMR results show no vacancy on Nala’ and Nalb’
sites and there is only one site for Na2’, while the result from
Tereshchenko et al. show that there is 9% vacancy on the
second Nal sites, and around 18 % Na partially occupied the
second Na2 sites in Na, ;sFePO,F. The difference of the Na
occupancy most likely arises from the process of refining the
light atom Na in XRD patterns, resulting in a better fitting but
a slight mismatch for the real occupancy distribution.

Now moving to NaFePO,F, with all the Fe" oxidized to
Fe™. This gives four Fe™ ions in the second coordination shell
of the Nal” site (Figure 1h), and the space group returns to
Pbcn. Such higher symmetry arises from all the Fe and Na
sites being identical again, which also manifests in a single
isotropic *Na resonance at 345 ppm of both electrochemically
and chemically prepared NaFePO,F (Supporting Informa-
tion, Figure S3b). This resonance is assigned to the Nal” site
in NaFePO,F, which is in agreement with our DFT calculation
results and also with the previous assignment by Smiley
et al.l"!

To investigate the structural evolution of cathode
Na,FePO,F further, ex situ ssNMR was employed to charac-
terize samples prepared at different states of charge, with
their corresponding amount of Na remaining in the structure
listed in the Supporting Information, Tables S8 and S9. To
deconvolute the severely overlapped isotropic resonances
from the spinning sidebands, again, two spectra at 60 kHz and
55 kHz were measured.

Angew. Chem. Int. Ed. 2018, 57, 11918 11923
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In the charge process (Figure2a-c), from pristine,
Na,FePO,F, to C6, Na, sFePO,F, the Nal resonance gradually
decreases, while the resonances at 615 ppm (Nalb’), and
320 ppm (Nala’), start to appear and gradually increase, with
the total amount of these three resonances remaining
constant. Meanwhile, the Na2 resonance gradually decreases
until completely disappearing at C6, while another resonance
at —130 ppm (Na2') appears and gradually increases. The
intensity of the Na2’ resonance in sample C6 is half of the
intensity of Na2 resonance in pristine sample, meaning half
the Na ions on the Na2 site are deintercalated in this process.
These observations imply a two-phase reaction process from
pristine to C6, which agrees with our electrochemical
measurements and in situ HEXRD results in the Supporting
Information.

From C6, Na,sFePO,F, to C8, NaFePO,F, Nala’ and
Nalb’ resonances decrease then disappear, while a new
resonance at 345 ppm (Nal”) appears and gradually increases.
Additionally, the intensity of the Nal” resonance in sample
C8 is almost equal to that of the Nal resonance of pristine
Na,FePO,F as well as the sum of the Nala’ and Nalb’
resonances in sample C6. The Na2' resonance decreases until
disappearing at C8, indicating the Na ions on the Na2'site are
totally extracted at the end of charge.

The discharge process (Figure 2d-f) shows reversible
behavior as compared to the charge process, which indicates
Na,FePO,F shows highly reversible capacity when used as
a cathode for a SIB. Indeed, Deng et al. has demonstrated the
excellent cycling performance of Na,FePO,F with about 85 %
capacity retention after 1000 cycles.'’

In summary, the whole cycling process of Na,FePO,F
consists of two two-phase reactions between three structures
at different states of charge: Na,FePO,F, Na, sFePO,F, and
NaFePO,F with space group of Pbcn, P2,/c, and Pbcn,
respectively. The structure of the intermediate phase,
Na, sFePO,F, is identified by DFT calculations and confirmed
via a comparison between the experimental *Na NMR
spectra as well as hyperfine shifts calculated via hybrid-DFT
calculations. Nal remains in the structure while Na2 (de)in-
tercalates from/into the structure along the cycling. This work
provides in-depth analysis of the structural evolution and the
electrochemical reaction mechanisms of cathode Na,FePO,F
for a SIB.
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