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BiFeO; as Electrode Material for Lithium Batteries
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Abstract: BiFeO; was studied as electrode material for lithium battery applications. The voltage profile of BiFeQOj; vs Li battery displays
three discharge plateaus around 1.3, 0.7 and 0.4 V (vs Li/Li") and the first discharge capacity is about 1000 mAh/g, with a cutoff voltage of
0.05 V. If the cutoff voltage is limited to 0.7 V, much better capacity retention is achieved. The structural changes of BiFeQ; during electro-
chemical cycling process were investigated using synchrotron-based in situ XRD and XANES. Lithium ions were inserted into BiFeOj; dur-
ing the discharge process. The whiteline of Bi Ly-edge XANES spectra gradually decreased during the discharge process with their Ly
edge position concomitantly shifted towards lower energy position. However, the Fe K-edge XANES spectrum of the fully discharged prod-
uct is similar to that of the pristine one and displays no shifts. This indicates that Bi ions are responsible for charge transfer during the
electrochemical cycling process. The reduction of Bi** to Bi’ as the gradual insertion of Li ions, is a three-step reduction process. Li;Bi
alloy formation was observed at the end of the discharge process, which is not fully reversible towards lithium intercalation/extraction and
decomposes to metallic Bi.
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1. INTRODUCTION
investigated for lithium battery applications. Normally the dis-

Lithium batteries are of great interests recently, partly due to the charge voltages of the perovskite type oxides are below 1.2V,
continuous consumption of fossil fuel and the necessary decrease which are much lower compared with those of the other structures,
of CO; release, which is a critical factor for global warming. In the such as spinel, olivine and layer compounds. To better understand
past, various electrode materials have been investigated as poten- the effect of O” during the charge transfer process, structural in-
tial ones for lithium ion battery applications. However, to explore vestigations are very necessary, while this is less explored.
new materials for energy storage is very important, especially for Recently, BiFeO; polycrystalline thin film, synthesized by
those having potential to be used in electric vehicles. pulsed laser deposition method, was used as electrode material for

While in most of the studied cathodes, such as spinel, olivine battery application[13] and the discharge mechanism was pro-
and layer structure, cationic redox couple are mainly responsible posed, mainly based on electrochemical cycling results. In this
for the charge transfer, the effect of O anions, can not be ne- work, powdered BiFeO; was synthesized using a molten salt
glected[1-3]. Perovskite type oxides, are thus of great interests due method, and further was used as electrode material for lithium
to its well-known high oxygen mobility, and have wide applica- battery application. The structural transformations occurred during
tions as electrolyte[4], fast ion conductor[5] as well as supercon- the electrochemical cycling process were investigated using the

ductorf6]. In the literature, LaFeO3[7], CaSnO;[8], GdisTa0s[9], synchrotron in situ XRD and XANES, by which not only the phase
LiyLa(1ysNbO3[10], SrVO;.4[11], and LaCoO5[12], etc. have been transitions can be observed in the real time but also much better
signal to noise ratio can be obtained due to its high flux.
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Figure 1. The XRD pattern of synthesized BiFeO; taken at
BL14B1 of SSRF at a wavelength of 0.12398 nm, the standard
diffraction pattern of BiFeO; is also displayed in red[15]. (JCPDS
card 20-169)

2. MATERIAL SYNTHESIS AND DATA ACQUI-
SITION METHOD

BiFeO; was synthesized using a molten salt route. Typically,
Bi,03, Fe,0;, NaCl, Na,SO4, and NP-9 (nonylphenyl ether) were
mixed in a molar ratio of 1:1:5:5:3, grounded for 20 minutes, and
then sonicated for 10 minutes. The mixture was transferred to a
crucible, pretreated at 400°C for 2 hours, and then loaded into a
furnace, where the temperature was maintained at 800°C for 20
minutes before quenching to room temperature in air. Pure BiFeO;
product was obtained after washing the quenched material several
times with deionized water to remove the NaCl and Na,SO,
salts[14].

The electrochemical galvanostatic cycling is carried out at a
current density of 20 mA/g. Typically, BiFeO;, PVDF
(Polyvinylidene Fluoride) and acetylene black were mixed in the
weight percentage of 75%, 12.5%, 12.5% in NMP (N-methyl-2-
pyrrolidone) and then coated on a 0.01 mm Cu foil to make the
electrode. The counter electrode is metallic lithium. For the in situ
work, the middle of the Cu foil was cut a hole (2 mm x 2 mm)
before the electrode material was painted on, and the hole is filled
with the material. The electrode is further heated in the vacuum
oven at 120°C to evaporate the NMP.

The in situ X-ray diffraction (XRD) experiments were carried
out at BL14B1 beamline of the Shanghai Synchrotron Radiation
Facility (SSRF) at a wavelength of 0.12398 nm. BL14B1 is a bend-
ing magnet beamline and the storage ring energy of SSRF is 3.5
GeV. The beam is first collimated using a Rh/Si mirror and then is
monochromatized using a Si(1 1 1) double crystal monochromator.
After that, the beam is further focused by a Rh/Si mirror to the size
of 0.5 mm x 0.5 mm. Higher order harmonics are also rejected by
the Rh/Si mirror to 3 x 10, A Nal scintillation detector was used
for data collection. The XRD data (ASCII format) were trans-
formed into GSAS format and were analyzed using the CMPR
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Figure 2. a) The Fe K-edge XANES spectra of 1) Orange, Fe foil;
2) Black, FeO; 3) Red, Fe;04; 4) Green, Fe,0Os; 5) Blue, BiFeOs.
b) The Fe K-edge Fourier transformed EXAFS spectra of 1) Black,
FeO; 2) Red, Fe;04; 4) Green, Fe,0s; 5) Blue, BiFeOs;.

program[15].

The in situ X-ray absorption experiments were carried out at
BL14W1, which is a wiggler based beamline, of the Shanghai Syn-
chrotron Radiation Facility (SSRF) using transmission mode. Si(1
1 1) double crystal monochromator cooled by liquid N, was em-
ployed to monochromatize the energy. The XANES data were ana-
lyzed by Athena code of the IFEFFIT program for background
removal, E, selection, normalization and Fourier transformations,
etc[16].

The in situ experiments were carried out using a spectro-
electrochemical cell[17-19], which has been discussed in detail
elsewhere. It is a sandwich type cell feature, which has Mylar win-
dows in both the cathodic and anodic sides, respectively. This al-
lows the X-ray to penetrate through the active material while it is
cycled. The in situ cell is air-tight and thus any structural transfor-
mations observed are not because of decomposition or oxidation of
the material upon air exposure.
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Figure 3. The galvanostatic cycling profiles of BiFeOs vs Li batte-
ries, a) With the voltage window between 0.05 V ~ 3.3 V, Black)
cycle 1; Red) cycle 2; Green) cycle 3; Blue) cycle 4; b) With the
voltage window between 0.7 V ~ 3.5 V, Black) cycle 1; Red) cycle
2; Green) cycle 3; Blue) cycle 4; c) The differential capacitance vs
voltage plot of BiFeO; vs Li battery using a cut off voltage of 0.05
~3.3V.

3. RESULTS AND DISCUSSION

The XRD pattern of synthesized BiFeO; is displayed in Figure 1.
It has very high crystallinity and has the space group of R3c
(Rhombohedral, Hexagonal setting) with lattice parameters of a =
0.5587 nm, b = 0.5587 nm and ¢ = 1.3889 nm. The diffraction pat-
tern of standard BiFeO;[20] is also displayed in Figure 1 for com-
parison.

The Fe k-edge X-ray absorption near edge structure (XANES)
spectra of BiFeOs;, Fe,O; and some standard materials are dis-
played in Figure 2a. The pre-edge peaks (around 7112 e¢V) of the
FeO, a-Fe,0; and BiFeO; are quite weak compared to that of the
Fe;0,, where 1/3 of the Fe ions occupied the tetrahedral site posi-
tions[21]. This indicates that in FeO, Fe,O; and BiFeOs, Fe ions
occupied the octahedral site positions and the coordination environ-
ments are quite symmetric. The Fe K-edge Fourier-transformed
EXAFS of BiFeOsand some standard materials are displayed in
Figure 2b. All these Fe oxides show a peak around 1.8 A, which is
the Fe-O interaction in the first coordination shell. FeO has the
longest Fe-O bond distance, due to its lowest oxidation state of the
Fe ions among these four oxides. Normally, in Fe oxides, the Fe-Fe
interactions could be connected by corner, lattice or face, depend-
ing on the orientations of two adjacent octahedrons[22]. The Fe-Fe
distance connected via corner is around 3.5 A, and is longer than
those connected via lattice or face, which are between 3.0 to 3.5
A[22]. The latter (Fe-Fe connected via lattice/face) can be clearly
observed in the Fe K-edge Fourier-transformed EXAFS spectra of
FeO, Fe,0; and Fe;0,4. For perovskite BiFeOs;, the closest Fe ions
can only be connected via the vertex of two adjacent octahedrons.
Thus, there are no such peaks around 3.0 ~ 3.5 A, compared to
those of the other oxides.

The electrochemical cycling profiles of the BiFeO; vs Li battery
were studied using two voltage ranges. One is using the cutoff volt-
age of 0.7 V and the other 0.05 V. It is observed that the 1% cycle
discharge capacity is about 1000 mAh/g with a cutoff voltage of
0.05 V (Figure 3a). The voltage drops quickly to about 1.3 V and
reach the first discharge plateau with a capacity about 500 mAh/g.
At about 0.9 V, the 2™ discharge plateau appears and continues to
the point where the discharge capacity reaches about 700 mAh/g.
According to literature[10], this plateau corresponds to lithium
insertion into acetylene black. Around 0.6 V, the 3™ discharge pla-
teau appears and continues to the point where the discharge capac-
ity reaches about 1000 mAh/g. After 0.4 V, the voltage decreases
quickly to 0.05 V.

In the charge cycle, the voltage increases slowly to 0.7 V and
reaches the 1* charge plateau until it finished at 1.18 V with a ca-
pacity about 200 mAh/g. This could be correlated to the 3™ dis-
charge plateau in the discharge process. The 2™ charge plateau is
located between 1.75 V to 2.5 V, which is much higher compared
to the corresponding discharge plateau, indicating large polariza-
tion, mostly due to the large resistance increase after the 1% dis-
charge process. For the 2™ cycle, the capacity in the 1.3 V region
(1* plateau) is greatly decreased, if compared with the 1% cycle.
This suggests that the 1.3 V plateau capacity is originated from
BiFeOs, which is partially transformed to some other structure in
the 1% discharge process. In the 3™ cycle, the capacity in the 1.3 V
region is further decreased, which is consistent with the previous
discussion and may indicate rather sudden decay of the BiFeO;
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Figure 4. a) The comparison of, Black) the XRD pattern of starting
material at open circuit potential; Red) the XRD pattern at the
fully discharged stage; Green) the XRD pattern of LiBi;** (JCPDS
card 27-422) Blue) the XRD pattern of Li,Bi;*' (JCPDS card 45-
956) Orange) the XRD pattern of LizBi;** (JCPDS card 27-427) b)
XRD patterns of, Black) The discharged material of BiFeOs vs Li
battery after 30 times cycling with the voltage window between
0.05 ~ 3.5 V; Red) Bi;*(JCPDS card 44-1246) Blue) BiFeO;."”
(JCPDF card 20-169).

structure. The resistance increase of the lithiated electrode might
also contribute to the capacity decrease.

Figure 3b is the discharge profile of the BiFeO; vs Li battery
with a cutoff voltage of 0.7 V, right before the appearance of the
third plateau. It can be seen much clearly that there is a charge
plateau located between 1.5 ~ 2.5 V, exactly corresponding to the
discharge plateau around 1.3 V region. In the consequent cycles,
these two correlated charge and discharge plateaus were observed
with good capacity retention, suggesting a lithium insertion mecha-
nism. However, the resistance of the lithiated BiFeO; might be
much larger compared with the pristine BiFeO; and contribute to

005V
03335V

_
%
N—

0.9604 V
3 1001V

1.100 V
1115V
= 1221V
111\1\

1378V

q 1393V
1406V
FE— r— L P 1 PR PR 1 N T ocv
17.7 17.8 17.9 18.0 18.1 18.2
2theta (degrees)
=
=
T T T T

’—’—/\¥ 03335V
04464V

—F .
2 ‘/———’/_,__/\ &_ i
. 4 0 («Wb v
< N
= mm v

wn

g 1100V
3 ,___—/ 115V
Q 4 1221V
p— 1301V
L 1367V
1378V
1393V
1406V
1 1 ocv

25.2 253 254 255
2theta (degrees)

(Ui\

04464 V.
0.5536 V
/ 0.6498 \
0.7499 V.
08482V
j ol
1

0.9604 v

1001V
1 10V

LSV

1221V

Intensity (a.u.)

1301V
1367V

1378V
1393V

- 1.406 V
1 I ocv

255 256 257 25.8
2theta (degrees)

Figure 5. In situ XRD patterns collected during the 1% discharge
process using the spectro-electrochemical cell feature, a) diffrac-
tion peak of 012; b) diffraction peak of 104; c¢) diffraction peaks of
110.
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Figure 6. a) Fe K-edge XANES spectra of, Red) Fe foil; Black)
BiFeO;; Green) Fully discharged to 0.05 V; b) In situ Bi Ly-edge
XANES spectra collected during the discharge process using the
spectro-electrochemical cell feature, Black) Open circuit potential;
Red) 1.350 V; Green) 1.316 V; Blue) 1.283 V; Pink) 0.894 V.

large polarization during the subsequent cycling process. Compared
the discharge profiles of BiFeO; vs Li battery using these two cut-
off voltages, it is obvious that when the batteries are discharged to
0.7 V, much capacity retention can be achieved. It can also be ob-
served that when the BiFeO; vs Li battery is discharged using a
cut-off voltage of 0.7 V, there is only one charge plateau existed in
the charge process.

The differential capacitance vs voltage plot of the BiFeO; vs Li
battery discharged between 0.05 V to 3.3 V is displayed in Figure
3c. In the 1* discharge cycle, three discharge peaks can be observed
at 1.16 V, 1.10 V and 1.05 V, indicating three-step electron transfer
occurred at the 1% plateau region. The 2™ discharge plateau is lo-
cated around 0.75 V, corresponding to the lithium insertion into
acetylene black. The 3™ discharge plateau is located around 0.36 V.

To investigate the structural changes of BiFeO; during the elec-
trochemical cycling process, in situ XRD patterns of BiFeO;vs Li
battery were recorded. As displayed in Figure 4a, a new structure is
formed at the end of the discharge process and was assigned to

Li,Bi[24](JCPDS card 45-956). Thus, the two plateaus during the
1* charge process highlighted in Figure 3a, corresponding to Li"
extraction from lithiated BiFeO; (1.75 V~ 2.5 V) and Li,Bi, respec-
tively. When the cutoff voltage is limited to 0.7 V, Li,Bi formation
is greatly suppressed and this contribute to a better capacity reten-
tion in the subsequent cycles. However, no metallic Fe and Bi dif-
fraction peaks were observed, which might indicate a different
discharge mechanism compared to that of BiFeO; thin film batter-
ies, where metallic Fe and Bi was proposed to appear before the
alloying process. Also using the in situ spectro-electrochemical
cell, the BiFeO; vs Li battery was cycled for 30 times. The XRD
pattern of the discharged material was obtained and displayed in
Figure 4b. The discharged material is consisted of two major
phases, lithiated BiFeO; and metallic Bi[26]. This indicates that
Li;Bi alloy is not fully reversible towards lithium intercala-
tion/extraction and decomposes to metallic Bi.

Series of in situ diffraction patterns during the discharge process
are displayed in Figures 5a, 5b and Sc. At the discharge process, it
is observed that the diffraction peak 012 displays shifts, which
indicates that the discharge process is a solid solution type of lith-
fum insertion process and is consistent with the electrochemical
cycling results. However, this peak is not shifted towards one sin-
gle direction during the entire discharge process. Normally, the unit
cell of a crystal lattice is expected to expand when Li ions are in-
serted into the crystal lattice.!” In BiFeO, case, the lithiated BiFeOj;
is not stable and LiBi tend to separate out from the crystal lattice in
the form of Li,Bi. The combination of the lithium insertion and the
Li,Bi alloy formation processes, might contribute to the diffraction
peak shift observed in the 012 peak. Similar shifts are also ob-
served in the diffraction peaks of 104 and 110.

The Fe K-edge XANES spectra of the fully discharged product
were displayed in Figure 6a. The Fe K-edge XANES spectra of the
fully discharged product is similar to that of the pristine one and
displays no shift. This indicates that Fe ions are not reduced during
the discharge process. The series of in situ Bi Lyj-edge XANES
spectra during the discharge process were displayed in Figure 6b.
As the decrease of cell potential, the whiteline of the Bi Ly-edge
spectra decreased gradually with their edge positions concomitantly
shifted towards lower energy position. This indicates that Bi ions
are mainly responsible for the charge transfer during the electro-
chemical cycling process. As observed in Figure 3c, the Bi*" is
reduced to Bi’ via three-step, three electron reduction process.

The theoretical capacity of BiFeQ;, if calculated according to the

formula of % , where N is the number of electrons transferred, F
is the Faraday constant and M is the molecular weight of the active
material, would be about 257 mAh/g (3 electrons transfer). Further
insertion of Li" ions via Li,Bi formation contributes another 2-
electron transfer, and make the total 1% cycle discharge capacity of
428.3 mAh/g. This is less than half of what was observed in Figure
3a.(~1000 mAh/g) Similar large capacity has also been observed in
CoO[27] and CoS[28], where a transition from Co®" to Co nano-
particles embedded in the Li,O matrix was proposed as the lithium
storage mechanism. In addition, the polymer layers grown in the
surface of the electrodes may also play a very important role in this
capacity enhancement. In the BiFeOs case, oxygen anions may also
help to balance the charge, which contribute to the large discharge
capacity.
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4. SUMMARY

Powdered BiFeO;was synthesized using a molten salt method
and was investigated as electrode material for lithium battery appli-
cations. The 1* discharge capacity of BiFeO; vs Li battery is ~
1000 mAh/g, if one uses a cutoff voltage of 0.05 V. During the
discharge process, BiFeO; diffraction peaks shifts to lower angle
position, due to the insertion of lithium ions into the electrode ma-
trix. Lithiated BiFeOj; has larger resistance compared with the pris-
tine BiFeO; and contributes to large polarization during the subse-
quent electrochemical cycling process. At the end of the discharge
process, LiBi alloy formation was observed, with the main phase in
the form of Li,Bi. Li,Bi alloy is not fully reversible towards lithium
intercalation/extraction and decomposes to metallic Bi. No diffrac-
tion peaks of Fe and Bi are observed during the 1* discharge proc-
ess. Fe K-edge XANES spectra of the fully discharged product is
similar to that of the pristine material and indicates that Fe ions are
not reduced in the discharge process. During the discharge process,
the whiteline of the Bi Ljj-edge XANES spectra gradually de-
creased and the Bi Lj-edge concomitantly shifts towards lower
energy position. This indicates that Bi ions are mainly responsible
for the charge balance during the Li insertion process. The reduc-
tion of Bi as the gradual insertion of Li ions, is a three step reduc-
tion process. Future work to stabilize the lithiated BiFeOs; lattice is
ongoing.
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