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ABSTRACT

The conversion mechanism of NiF, and NiO-doped NiF, during electrochemical cycling was investigated
using a combination of structural analysis by ex situ X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption spectroscopy (XAS) and magnetic analysis by superconducting quantum
interference device (SQUID) magnetometry. It was observed that the conversion reactions in both cath-
ode materials were partially reversible; however, they differ in their conversion rate. NiO-doped NiF;
exhibited enhanced electrochemical properties in terms of the conversion potential and reversibility due
to the presence of a NiO phase, which has slightly higher electronic conductivity than NiF,. It is sug-
gested that the NiO doping reduced the nucleation sites for Ni nanoparticles, subsequently enhancing
the kinetics of the conversion reaction involving the growth of Ni particles formed during lithiation. The
ex situ XRD and the magnetic hysteresis data (Hc and Ms) indicate that the average dimension of the Ni
particles formed along with LiF in pristine NiF, and NiO-doped NiF; during the 1st lithiation was in the
superparamagnetic regime, with 4-5nm and 8-9 nm particle sizes, respectively. Although the particle

size was decreased to the nanoscale, the original NiF, phase was regenerated by re-lithiation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The lithium ion battery is one of the most important recharge-
able energy storage devices, since it has a high energy density, long
cycle life, high working cell potential and reliable safety. Lithium
ion batteries are also one of the leading candidates for the power
sources in electric vehicles. Although the performance of lithium
ion batteries has been improving rapidly in recent years, there are
still several issues that need to be resolved for applications requir-
ing higher energy density.

Choosing the best cathode material used in a Li-ion battery is one
of the most crucial issues in achieving higher energy densities, since
the energy density is directly correlated to the specific capacity
associated with that cathode material [1]. The intercalation-based
materials, such as LiFePOg4, LiMn,04, and LiCoO, with specific
capacities ranging from 100 to 150mAhg-! are widely utilized
as the positive electrode of commercial Li-ion batteries. These
materials exhibit excellent cycling properties since the structure
of the cathode materials are not significantly changed during
the intercalation and de-intercalation of lithium ions [2]. The
intercalation-based materials, however, yield only a limited spe-
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cific capacity because of the structure and corresponding restricted
valence changes of the transition metals. This insufficiency can be
overcome by utilizing conversion based cathode materials that tend
to exhibit substantially higher capacities, due to the fact that essen-
tially all the possible oxidation states of the compound during the
redox reaction can be utilized [3]. The overall conversion reaction
can be summarized as the following:

M™ X + nLit + ne™ < nLiX+M (M = Co, Fe, Ni, Cu, etc.;
X=F, 0, S, N, etc.) (M

The conversion type materials have been studied as potential
electrode materials for high energy lithium ion batteries. Tarascon’s
group first demonstrated that these conversion materials, which
were Co30y4, CoO, NiO, and FeO, can exhibit high specific capaci-
ties of 600-1000 mA h g~ along with good cycling properties [3-5].
However, these metal oxides are only suitable for use as negative
electrodes, due to their low conversion potential, which is lower
than 1.0V.

Transition metal fluorides have recently been investigated as
potential cathode materials because of their high electronegativity
[6-9]. However, the insulating nature of metal fluorides has lim-
ited their electrochemical properties for a long time; for that reason
a considerable amount of attention has been devoted by Badway
et al. [10-12], to tailoring their nanostructures to overcome poor
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electronic conductivity. It has been demonstrated that nanocom-
posites of carbon and metal fluorides such as FeF,, FeF;, and
BiF; may be utilized as cathodes for next generation high energy
lithium ion batteries, revealing a high conversion potential and
good cycling properties [10,11,13,14]. In addition, the metal flu-
oride compounds including M-0O covalent bond such as FeOF and
Fe,OF, have been reported to exhibit better electrochemical prop-
erties, since M-0 bond provides higher electronic conductivity into
highly insulating M-F ionic bond [15,16]. However there are very
few studies on NiF, based conversion cathode materials in terms
of the conversion mechanism and electrochemical properties, due
to its poor electrochemical properties compared to other metal
fluorides [17].

In this study, we focused on the investigation of the conversion
mechanisms during discharge and charge in NiF, and NiO-doped
NiF, at room temperature. NiO doping was attempted with an aim
to improve electronic conductivity by introducing covalent M-O
bonds [18,19]. The structure of NiO-doped NiF, was investigated by
XRD, XPS and XAS analysis. Ex situ XRD was conducted to study the
structural changes during the conversion reactions in both NiF, and
NiO-doped NiF,. In order to understand the phases formed by the
conversion reactions more thoroughly, we utilized a SQUID mag-
netometer, which is a powerful technique for detecting nanosized
magnetic particles such as Ni nanoparticles that otherwise could
be missed by diffraction based analytical techniques.

2. Experimental
2.1. Materials preparation

Commercially available NiF;, (Alfa Aesar) powder was used for
this study. Subsequently the NiF, was annealed at 500°C for 1h
under the atmosphere of a mixture of argon and partial air to dope
the NiO phase.

2.2. X-ray diffraction (XRD)

XRD patterns were collected using a Rigaku Multiflex diffrac-
tometer with Cu Ka radiation by scanning each sample in the 260
range of 20-80° at a rate of 0.02° s~1. In order to take ex situ XRD,
lithiated and delithiated electrochemical cells were dissembled in
an Ar-filled glovebox and the cathode electrodes were washed with
acetonitrile (Alfa Aesar) 3 times. The dried electrodes were placed
on a glass slide, covered with Kapton film and sealed with a layer
of vacuum grease around the perimeter in the glovebox to reduce
moisture and/or oxygen contamination. XRD data analysis was car-
ried out by utilizing Rietveld refinement using the FullProf software
package [20].

2.3. X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a Thermo Scientific
K-alpha spectrometer using a monochromatic Al Ko (1486.6 eV) X-
ray source. Charge compensation was also utilized during analysis
and all data was charge shifted to the aliphatic C 1s hydrocarbon.
Prior to analysis, the powdered samples were pressed onto a strip
of double-sided adhesive tape.

2.4. Magnetic characterization

SQUID measurements were done with a quantum design physi-
cal property measurement system (PPMS). The magnetic hysteresis
loops were obtained at both at 5K and 300K over the field range of
—20kOe to 20 kOe, and the magnetic susceptibility was measured
at —20kOe from 5K to 300K.

5
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Fig. 1. Electrochemical profiles for NiF, from the 1st discharge to 2nd discharge,
performed at room temperature at 16.15mAg-1.

2.5. X-ray absorption spectroscopy (XAS)

Extended X-ray absorption fine-structure spectroscopy (EXAFS)
spectra were collected at beamline 4-1 of the Stanford Synchrotron
Radiation Lightsource (SSRL), utilizing a silicon (220) double-
crystal monochromator detuned approximately 30% as well as a
harmonic rejection mirror. Transmission spectra at the Ni K edge
were collected along with a simultaneous spectrum on a reference
foil of metallic nickel to assure consistent energy calibration. Data
were analyzed using the Ifeffit [21] and Horae [22] packages.

2.6. Electrochemical characterization

Electrochemical characterization was performed using coin-
type (2016) cells. The working electrodes were composed of either
NiF, or NiO-doped NiF,, carbon black (Super-P), and polyvinyli-
dene fluoride (PVDF) at a weight ratio of 10:10:8 respectively. Pure
lithium metal was used as a counter electrode. The coincells were
assembled with the electrolyte consisting of 1 M LiPFg dissolved in
ethylene carbonate (EC) and dimethylene carbonate (DMC) with
a volume ratio of 1:1 (Novolyte), and polypropylene separators
(Celgard) in an MBraun Ar-filled glovebox (H,0<0.1 ppm). Elec-
trochemical cycling was performed using a battery cycler (Arbin) at
room temperature, with a constant current density of 16.15mA g1,
and a cell potential range of 1.0-4.5V.

3. Results
3.1. Electrochemical properties of NiF,

As shown in Fig. 1, the electrochemical performance of the
NiF, electrodes were investigated in the cell potential range of
1.0-4.5V at room temperature at a 16.15mA g~ ! rate. Pristine NiF,
exhibited greater than 700 mAh g1 at the 1st discharge by a con-
version reaction involving the reduction of Ni2* to Ni% (Eq. (1)).
The specific capacity is somewhat higher than the theoretical spe-
cific capacity by ~150 mA g~1. This overcapacity is ascribed to the
contribution from side reactions such as the formation of solid
electrolyte interface (SEI) layer during the lithiation, since the oper-
ating cell potential is lower than 1.5V. A slow cell potential drop
was observed after the 200mAhg-! at the 1st discharge, indi-
cating that the side reactions are possibly proceeding from the
early stages of conversion reaction. It has been proposed by other
researchers that a significantly increased surface area is formed
since nanosized metal particles are produced as a consequence of
the conversion reaction [9-14]. Therefore, a significant amount of
SEl layer can be formed during the conversion reaction [3-5]. In the
1st charge, 63.5% + 1% of discharged capacity was converted back
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Fig. 2. Exsitu XRD patterns for the (a) 1st lithiation and (b) 2nd lithiation in pristine
NiF,. (°) Reflections are assigned to NiF, and (*) marks impurities related to Li,COs.

(recovered), indicating that this reaction is reversible. However, the
irreversible capacity was still significant due to the formation of the
SEI layer and an incomplete conversion reaction. We will discuss
this phenomenon in more detail later with the magnetic data. The
theoretical conversion potential of NiF, is 2.964V [7]. However,
the measured conversion potential was only 1.5V, which is 1.464V
lower than the theoretical conversion potential due to the highly
insulating nature of M-F ionic bonding, the slow rate of nucleation
and growth of M/LiX and the structural reconstruction during the
conversion process [10-14].

3.2. Structural changes in NiF, during the conversion reaction by
XRD

Fig. 2(a) shows the XRD patterns of the 1st discharged NiF,
samples. The Bragg reflections assigned to NiF, became weaker in
intensity with increasing lithiation. Simultaneously the reflections
corresponding to Ni and LiF were developed, indicating that a two-
phase conversion reaction involving the nucleation and growth of
Ni particles was occurring. The Ni and LiF phases were detected
from the early stages of the conversion reaction at 1.23V and
their signals became more intense and sharper with the lithiation,
since the nucleation and growth of Ni particles proceeded with the
conversion process. The NiF, phase was still observed at ~1.0V and
it disappeared completely at 0.3V, indicating that the conversion
reaction was essentially terminated and proceeded extremely
slowly. The Bragg reflections of the NiF, were significantly

broadened with lithiation, since NiF, particles became nanocrys-
talline. Although the higher capacities, 875mAhg-! and
800mAhg-! for the NiF, and NiO-doped NiF, respectively,
were obtained upon 0.3V lithiation, a lower cut-off voltage (1.0 V)
was used due to poor reversibility, presumably from the formation
of irreversible side reactions with the electrolyte that occur under
1.0V. The crystallite sizes of Ni particles after the 1st discharge
and the 2nd discharge, estimated from the Scherrer equation using
the most intense (11 1) Bragg peak, were around 4 nm and 3.5 nm,
respectively. This crystallite size is similar to the size regime of Fe
particles converted from another conversion compound system
FeF3 [23].

Fig. 2(b) shows the XRD patterns from the 1st charge and dur-
ing the 2nd discharge. The NiF, phase was regenerated after the
1st charge and there were no corresponding peaks to Ni and LiF,
indicating that the conversionreaction is a reversible process. How-
ever, all of the Bragg reflections were broad and weak, and no
strong crystalline phases were detected, which is hypothesized
to originate from the line-broadening caused by the formation of
nanosized particles. The electrochemical charge and discharge pro-
cesses are extremely slow, which in a sense could be viewed to be
in a pseudo thermodynamic equilibrium; therefore the broadening
due to strain should be insignificant. The conversion mechanism in
the 2nd discharge appears to be the same as in the 1st discharge.
The reflections corresponding to Ni and LiF were observed from
1.6V and their signals became larger and sharper with continued
lithiation due to the growth of the Ni phase. We will show later in
magnetic measurements that in fact the size of the Ni particles are
very different in the 2nd discharge compared with that in the 1st
discharge.

Based on the ex situ XRD experiment, the conversion reaction in
NiF, appeared to be an essentially reversible process, however, the
electrochemical reversibility at the 1st cycle was only 63.5% 4 1%.
In order to acquire a better understanding of the conversion mech-
anisms involved in the formation of the nanosized-particles and
irreversibility of the reaction, we conducted magnetic measure-
ments using a SQUID magnetometer.

3.3. Magnetic properties of NiF, during the conversion reaction

Temperature- and field-dependent magnetizations of the
lithiated and delithiated samples were acquired to assess the super-
paramagnetic behaviors of nanosized Ni particles, and magnetic
hysteresis (Hc and Ms). Both measurements were performed after
zero-field cooling (ZFC). The magnetization (in units of emug-1!)
intensity is based on the mass of NiF, for the initial and 1st charged
samples, and the mass of Ni for the 1st and 2nd discharged sam-
ples. At the blocking temperature (Tg), the ferromagnetic moment
within each nanoparticle decouples from the crystal lattice and
becomes superparamagnetic. For dc SQUID measurements, Tg
is typically expressed as Tg=KV/(25 kg), such that the magne-
tocrystalline anisotropy energy (KV) is much greater than thermal
energy, where V is the ferromagnetic particle volume. Therefore
Tg decreases with decreasing particle size. For T>Tg, the parti-
cle rapidly achieves thermal equilibrium during the measurement
time and the system behaves as a superparamagnet. On the other
hand, the magnetic moments remain at a fixed direction during a
single measurement when T< Tg. The temperature dependent mag-
netization of Ni nanoparticles shows a hysteresis below Tg [24,25].

As shown in Fig. 3(a), pristine NiF, is antiferromagnetic mate-
rial, which has the Néel temperature Ty (the temperature above
which an antiferromagnetic material becomes paramagnetic) at
60 K. After the 1st discharge to 1.0V, NiF, showed superparamag-
netic behavior since the NiF, was mostly converted to nanosized-Ni
particles and LiF. Since nanosized-Ni particles achieve thermal
equilibrium during the measurement time due to their extremely
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0.44 perature of bulk Ni is 633 K.) This is because the NiF, was mostly
converted to nanosized-Ni particles by the conversion reaction. It
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Fig. 3. Magnetic properties for pristine, 1st discharged, 1st charged, and 2nd dis-
charged NiF, by SQUID. (a) Magnetic susceptibilities according to the temperature,
(b) magnetic hysteresis loops against the magnetic field (—20 to 20kOe) at 300K,
and (c) at 5K. The insets correspond to enlargements of hysteresis loop between
—2kOe and 2 kOe.

small size, Tg was not found even cooling down to 5K. Accord-
ing to the previous study by Johnston-Peck et al. [26] Tz was
not found even at 2.5K in the 2.8 nm Ni particles. The magnetic
behavior was not recovered to the antiferromagnetic state after the
1st charge, even though NiF, phase was clearly observed by XRD
(Fig. 2(b)). We believe that there is a certain amount of unreacted
nanosized-Ni particles in the regenerated NiF, after the 1st charge,

annealing at 500°C under the atmosphere of argon and air mix-
ture. It was suspected whether the Ni-O-F phase was formed by
the annealing. In the earlier research on iron oxyfluoride by Pereira
et al,, a lattice parameter was decreased by 0.15 A after the Fe-O-F
was formed [16]. However, a lattice parameter of NiO-doped NiF,
was decreased only by 0.025 A and increased by 0.0035 A in c lat-
tice parameter, which is too slight to consider that Ni-O-F phase
was formed by the annealing. There was no significant change in
atomic positions, and occupancies as well. Therefore, we concluded
that only the NiO phase was formed in the NiF; as a consequence of
the annealing in the oxygen-containing atmosphere. On the basis
of two-phase refinement analysis, it is estimated that ~14.6 wt% of
NiO phase was doped on the NiF, after the annealing. The peaks
corresponding to NiF, appeared to be sharper in NiO-doped NiF,
indicating that the crystallinity was improved or the particle size
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Table 1

Parameters and reliability factors obtained by the Rietveld refinement of the pristine NiF, and NiO-doped NiF, XRD diffraction patterns.

Pristine NiF, space group: P 42/m n m

NiO-doped NiF, space group: P 42/m n m

Atom Site X Y z Occ. Atom Site X y z Occ.
Ni 2a 0 0 0 1 Ni 2a 0 0 0 1
F 4f 0.302(7) 0.302(7) 0 2 F 4f 0.300(8) 0.300(8) 0 2

a=b=4.6675(6)A, c=3.0632(9)A
Rwp =2.26%, Rg =8.22%

a=b=4.6421(5)A, c=3.0667(2)A
Ruwp =2.39%, Ry =5.61%

NiO space group: Fd -3 m

Atom Site X y z Occ.
Ni 4a 0 0 0 1
(0] 4b 0.5 0.5 0.5 1

a=b=c=4.1648(9)A
Rwp =2.39%, Rg =7.19%

Mass fraction: NiF; 85.4 wt%, NiO 14.6 wt%

became larger by the annealing. We did not recognize in the SEM
images that the particle size of NiF, increased noticeably after
the annealing. It might be possible that the conversion reaction
could be faster for the particles with enhanced crystallinity due to
higher electronic conductivity; however, the relationship between
the crystallinity and conversion reactions has not been understood
precisely yet. In the previous work regarding FeOF, even though
FeOF showed poor crystallinity, it exhibited improved cycling prop-
erties over that of pristine FeF, [16]. Therefore, it might be difficult
to conclude that an improved crystallinity after the annealing has a

strong relationship to the electrochemical properties in the conver-
sion materials. However, this relationship should be studied further
in the future.

In addition to X-ray diffraction, XPS was utilized to investigate
the formation of a NiO phase on the surface of NiF,. Fig. 5 shows the
O1s, and Ni2p3/2 region scans for both NiF, and NiO-doped NiF5.
The Ni2p3/2 region scans reveal a major peak centered at 858.5eV
for both samples, which is consistent with NiF, bonding [27]. The
most significant changes are found in the O1s region and in the
NiO doped sample an additional peak can be fit from the spectra

O1s Pristine NiF, Ni2p Pristine NiF,
]
=
c
o
-
=1
=
2
‘B
=
@@
b
£
NiO-doped NiF, NiO-doped NiF,
/7]
=
=
=
]
T
<
—
2
[z}
c
[
o
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540 538 536 534 532 530 528 526
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Fig. 5. X-ray photoelectron spectroscopy graphs of the O1s region and Ni2p region for NiF, and NiO-doped NiF, materials.
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(530.2 eV), which is consistent with the formation of a NiO particle
[28], revealing that NiO phase presents on the surface of NiFs.
Finally, we conducted XAS measurement in order to show strong
evidence of presence of NiO. Fig. 6 shows the k3-weighted EXAFS
spectrum from the initial state of the NiO-doped NiF, electrode,
fit to a linear combination of spectra using NiF, and NiO stan-
dards from 0.2 to 1.2 nm~!. The results indicate that the electrode
includes approximately 1144 wt% NiO, which is consistent with
the XRD result (see Table 1). Based on XRD, XPS and XAS data, it is
confirmed that NiO phase presents both on the surface and bulk.
In addition, it is also strongly considered that NiO-doped NiF, has
NiO-rich surface since XPS detected NiO phase on the surface and
the method we utilized is to expose NiF, powder in the air and heat.
Therefore, it is reasonable to say the NiO doping started from the
surface of the powders. We saw an increased amount of NiO by XRD
if the oxygen partial pressure is increased during heat treatment.

3.5. Electrochemical properties of NiO-doped NiF,
Fig. 7 shows the electrochemical profiles for pristine NiF, and

NiO-doped NiF, at room temperature at a 16.15mA g rate. NiO-
doped NiF, showed slightly better electrochemical properties than

— Pristine NiF,
— NiO-doped NiF,

E/V vs. (LilLi")

0 260 460 - 660 800
Specific capacity/mA h g”

Fig. 7. Electrochemical profiles for NiF, and NiO-doped NiF, from the 1st discharge
to 2nd discharge. Cells were cycled at 16.15mAg-! at room temperature.

NiO-doped NiF,
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+ Nio +
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Fig. 8. Ex situ XRD patterns for the (a) 1st lithiation and (b) 2nd lithiation in NiO-
doped NiF;. (°) Reflections are assigned to NiF, and (*) marks impurities related to
Li,COs.

pristine NiF, in terms of the conversion potential and reversibil-
ity. The conversion potential of NiO-doped NiF, was 1.6V, which
was 100mV higher than pristine NiF,. This is most likely due to
the incorporation of the NiO phase with higher electronic con-
ductivity than that of the highly ionic NiF, compound. The initial
discharge capacity was lower in NiO-doped NiF, by around 17%,
since 14-15wt% of NiO was doped on the surface of NiF,. The
decreased specific capacity in NiO-doped NiF; is in good agreement
with the amount of NiO doping estimated by the Rietveld refine-
ment and EXAFS fitting. NiO does not participate in the conversion
reaction in the cell potential range from 1.0 to 4.5V, as it gets con-
verted to Ni and Li,O under 0.5V [3]. Compared to pristine NiF,,
the cell potential dropped much faster after the specific capacity
of 400mAh g1 in NiO-doped NiF, at the 1st discharge, indicating
that a smaller portion of the SEI layer was involved by some side
reactions than in the case of pristine NiF,. The reversibility of NiO-
doped NiF; at the first cycle was 74% + 1%, which was 10% higher
than that of the pristine NiF,.

3.6. Structural changes in NiO-doped NiF, during the conversion
reaction by XRD

Fig. 8 shows the ex situ XRD pattern for the NiO-doped NiF, dur-
ing the conversionreaction. The overall conversion reaction was the
same as for the pristine NiF,. The Bragg reflections corresponding
to NiF, disappeared gradually in intensity and simultaneously the
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Ni and LiF reflections were developed with the lithiation. As shown
inFig. 8(a), the Bragg reflections assigned to NiF, were substantially
weakened at 1.4V and completely disappeared at 1.0V, indicating
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that the conversion reaction was terminated. In pristine NiF,, the
conversion reaction still proceeded at 1.0V, since NiF, reflections
were clearly observed at 1.0 V. The kinetics of the conversion reac-
tion involving the nucleation and growth of Ni appears to be faster
when the NiO phase is present. It is most likely that the NiO phase
doped on the NiF, reduces the nucleation sites of Ni precipitation
and also improves the growth reaction rate of Ni particles, since
the M-0 covalent bond provides enhanced electronic conductivity
compared to the highly ionic M-F bond [15,16,29,30]. There is also
the possibility that the NiO phase may enhance the ionic transport
through the grain boundaries or act as nucleation centers [31,32].
As shown in Fig. 8(b), although the peaks were broad and weak
because of the nanocrystalline structure, NiF, phase was regener-
ated as a consequence of the reversible conversion reaction. The
NiF, reflections on the XRD patterns were even weaker since the
NiO phase in NiF, may weaken the reflections further due to par-
tial overlapping of the peaks. The Bragg reflections corresponding
to Ni were not clearly detected by the XRD during the 2nd dis-
charge, due to the relatively large signals from NiO and the nanosize
line-broadening effect of Ni particles. A better understanding of the
phase relationships can be obtained using additional characteriza-
tions by magnetic measurement as discussed below.

3.7. Magnetic properties of NiO-doped NiF, during the
conversion reaction

Fig. 9 shows the magnetic susceptibilities and hysteresis loops
for NiO-doped NiF,. The magnetic susceptibilities (Fig. 9(a))
showed a similar behavior as the pristine NiF, (Fig. 3(a)). From
Fig. 9(b) and (c), it is also seen that the lithiated NiO-doped NiF,
also exhibits superparamagnetic behavior at 300K and ferromag-
netic behavior at 5K, since the phases also included nanosized-Ni
particles formed by the conversion reaction. It was observed that
lithiated NiO-doped NiF, exhibited large magnetic hysteresis at 5 K
after the 1stdischarge, and the magnetic hysteresis was observed in
the 1st charged NiO-doped NiF,. After the 2nd discharge, the mag-
netic hysteresis was smaller than the one after the 1st discharge.

4. Discussion

4.1. Formation of Ni nanoparticles during the lithiation in NiF,
and NiO-doped NiF,

Based on the ex situ XRD data, it is observed that the NiF,
Bragg reflections were gradually weakened, while simultaneously
the reflections corresponding to Ni and LiF were being devel-
oped in both systems. This indicates that two-phase conversion
reactions involving the nucleation and growth of Ni and LiF are
occurring during the 1st discharge. The conversion reaction ter-
minated at 1.0V in NiO-doped NiF, however, NiF, phase still
existed at 1.0V in pristine NiF,, which suggests that the conver-
sion reaction proceeds faster in NiO-doped NiF,. As we mentioned
in Section 3, differences in the kinetics for the conversion reac-
tions can be mainly ascribed to the higher electronic conductivity
of the NiO phase, relative to the NiF,. However, we cannot rule
out the possibilities that the NiO phase may enhance ionic con-
ductivity through the grain boundaries or also act as nucleation
centers for nanosized Ni. Fig. 10 shows the schematics illustrating
possible reaction mechanisms for the pristine NiF; vs. NiO-doped
NiF, systems. As shown in Fig. 10(b), the NiO phase presents
on the surface and in the bulk of the NiF, by annealing, which
was confirmed by XRD, XPS, and XAS. It enhances the kinetics

1st charged NiO-doped NiF,
2nd discharged NiO-doped NiF,

1.5x10” - \

o
>

£

g \
~ 1,0x1o"-\

>

5.0x10" 4
N o
0.0 T v T v T T B B S
0 50 100 150 200 250 300
T/IK
b 15 v r . . . .
NiO-NiF, Pristine 300K
10 NiO-NiF, 1st discharge
—— NiO-NiF, 1st charge
| — NiO-NiF 2nd discharge

- 5
‘o
3
E o
o
=
-5
104
-15 . r ' v T v
-20 -10 0 10 20
H/ kOe
c 40 T T T r T T
«— NiO-NiF, Pristine 5K

NiO-NiF, 1st discharge
NiO-NiF, 1st charge
209 . NiO-NiF, 2nd discharge

)
-20 -10 0 10 20
H/ kOe

Fig. 9. Magnetic properties for pristine, 1st discharged, 1st charged, and 2nd dis-
charged NiO-doped NiF, by SQUID (a) magnetic susceptibilities according to the
temperature, (b) magnetic hysteresis loops against the magnetic field (—20 to
20kOe) at 300K, and (c) at 5K. The insets correspond to enlargements of hysteresis
loop between —2 kOe and 2 kOe.

of the electron transfer in the reduction reaction from Ni?* to
Ni®. Table 2 shows the coercivity (Hc¢) and saturation magneti-
zation (Ms) of both samples at 5K. The saturation magnetization
was obtained by extrapolating the measured high field magne-
tization vs. the inverse of the applied magnetic field to infinite
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Fig. 10. Schematics illustrating possible reaction mechanisms for (a) pristine NiF,, and (b) NiO-doped NiF,.

field [33]. The size of Ni particles was estimated from the previ-
ous experimental results [24,34,35]. It was estimated that 4-5nm
sized Ni particles were formed in pristine NiF, during the 1st dis-
charge, which is consistent with the value estimated by the XRD
analysis. In an earlier study by Yamakawa et al. [23], a solid-
state NMR type magnetic measurement was utilized to understand
the reaction mechanisms involving nanosized Fe magnetic parti-
cles. They found that superparamagnetic nanosized-Fe particles
(~3nm) formed from the FeF3 by the conversion reaction. Since
the kinetics of the conversion reaction was enhanced in the NiO-
doped NiF, system, a larger particle size of 8-9nm Ni particles
was observed in this system after the 1st discharge. The larger
Ni particles with correspondingly less surface area in the NiO-
doped NiF, system could lead to the reduced amount of SEI layer
formation. As a consequence, NiO doping on NiF, results in bet-
ter electrochemical properties in terms of the reversibility. The
conversion potential of NiO-doped NiF, was 100 mV higher than
pristine NiF,, due to the incorporation of the NiO phase. In earlier
research by Li et al. [7], it was observed that the good elec-
tronic contact with conductive additives increases the conversion
potential in TiF3 conversion material. In our systems, NiO does
not participate in the electrochemical reaction but mainly plays
a role as a catalyst to improve the electronic contact between
insulating NiF, particles. The electrochemical profiles suggest
that a larger amount of the SEI layer is formed in pristine NiF,
because the cell potential curve dropped more slowly in pris-
tine NiF,. The 1st discharge curve of NiO-doped NiF, dropped
sharply after the 400 mAhg-1, indicating that a reduced amount
of SEI layer is now formed due to enhanced reaction kinetics.
We also found improved reversibility of the conversion reaction
if the cut-off cell potentials are raised from 0.3V to 1.0V. All
measurements, including XRD, SQUID and electrochemical cycling,
consistently confirmed that larger Ni particles were formed in
NiO-doped NiF,, and as a result, less SEI layer was formed at the
1st discharge.

Table 2
Coercivity (Hc) and saturation magnetization (Ms) at 5 K with zero-field cooling.

4.2. Reversibility of the conversion reactions in NiF, and
NiO-doped NiF,

It was observed by the ex situ XRD that the initial phases were
formed again in both materials by the reversible conversion reac-
tions and there was no signal related to Ni and LiF. With the XRD
measurement alone, the conversion reactions in our systems may
appear to be completely reversible. However, the magnetic mea-
surements (see Figs. 3(a) and 9(a)) detected some unconverted
nanosized-Ni particles in the regenerated NiF, and NiO-doped NiF,,
even though there were no noticeable Ni and LiF peaks seen on
the XRD patterns. This indicates that the conversion reactions are
not completely reversible. As shown in Fig. 10, the size of remain-
ing Ni particles in the fully charged NiO-doped NiF, electrode was
larger than those in pristine NiF,, since the magnetic hysteresis
was observed in the 1st charged NiO-doped NiF, indicating that
the unreacted Ni particles were large enough to exhibit the mag-
netic hysteresis. This can be attributed to larger Ni particles formed
at the 1st discharge due to the fast conversion reactions in NiO-
doped NiF,. Therefore, the significant irreversible capacities at the
1st cycle in our systems could possibly be attributed to both the
formation of SEI layer during the 1st discharge and irreversibility
of the conversion reactions. The reversibility during the 1st cycle
was 74% + 1% in NiO-doped NiF,, which was 10% higher than the
value in pristine NiF,. It is likely that a smaller amount of SEI layer
formed during the 1st discharge may have contributed to the higher
reversibility.

4.3. SEI effects on conversion process during the 2nd discharge

In the 2nd discharge, the NiF, phase disappeared gradually and
XRD peaks corresponding to Ni and LiF were developed in both
systems, indicating that the same conversion reactions occur as for
the 1st discharge process. As shown in Table 2, magnetic hystere-
sis measurements indicate that NiO-doped NiF, contained larger

Samples Pristine NiF, NiO-doped NiF;

Hczrc (Oe) Ms zrc (emug1) Estimated Ni size (nm) Hczec (Oe) Mszrc (emug™) Estimated Ni size (nm)
1st discharge 41 18.1 4-5 212 39.9 8-9
2nd discharge Superparamagnetism 199 31.1 6-7
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nanosized-Ni particles (6-7 nm) after the 2nd discharge. The NiO
phase seems to enhance the reaction kinetics at the 2nd cycles,
since NiO does not participate in the conversion reactions in the cell
potential range from 1.0V to 4.5V. Therefore, NiO phase remains
intact during the charge and discharge. It was also observed that
Ni particles after the 2nd discharge were smaller than those after
the 1st discharge in both systems. We suggest that the electron
transfer in the reduction from NiZ* to Ni® is interrupted by the
SEI layer formed during the 1st discharge, and therefore the rate
of the growth reactions of Ni particles become slower than the
1st discharge. As estimated by the magnetic hysteresis data, the
slower reactions lead to smaller Ni particles. The particle size of Ni
after the 2nd discharge was decreased by 1-3 nm compared to the
size after the 1st discharge in both systems. Using magnetic mea-
surements, we were able to obtain additional structural and phase
information related to the conversion mechanism during charge
and discharge.

5. Conclusions

The conversion reaction mechanisms of the NiF, and NiO-doped
NiF, from the 1st discharge to 2nd discharge have been investi-
gated using ex situ XRD, SQUID and electrochemical cycling and
the structure of NiO-doped NiF, has been confirmed by XRD, XPS
and XAS. The superparamagnetic, nanosized-Ni particles, which
were 4-5nm and 8-9nm, were formed as a result of the 1st
discharge in pristine NiF, and NiO-doped NiF,, respectively. NiO-
doped NiF, exhibited slightly higher conversion potential and
better reversibility due to the doping of NiO phase, presumably
due to the relatively high electronic conductivity. The nucleation
sites of Ni were reduced by the presence of the NiO phase in NiF,
and the kinetics of conversion reaction involving the nucleation
and growth of Ni particles was enhanced in NiO-doped NiF,. Mag-
netic measurements revealed that larger Ni particles were formed
by the conversion reaction in NiO-doped NiF,. Consequently, a
smaller amount of the SEI layer was formed, which allows better
reversibility. The conversion reactions were partially reversible in
both systems, since small amounts of unconverted nanosized-Ni
particles were detected by SQUID in fully charged phases. After
the 2nd discharge, the size of Ni particles was even smaller than
the one produced by the 1st discharge, indicating that the conver-
sion reactions may be interrupted by the SEI layer. Larger size of
Ni particles was also formed in the NiO-doped NiF, after the 2nd
discharge, which suggested that the kinetics of the conversion reac-
tion was faster during the 2nd discharge, since NiO phase remained
unreacted in the cell potential range from 1.0V to 4.5V.

The conversion mechanisms of NiF, and NiO-doped NiF, are
fundamentally similar in the cell potential range of 1.0-4.5 V. How-
ever, the kinetics of conversion reaction including the nucleation
and growth of Ni particles is enhanced by the presence of NiO phase.
We suggest that the electronic conductivity of the highly insulating
metal fluorides materials was improved by doping of M-0 covalent
bond by a simple annealing under the partial air atmosphere. In
addition, the magnetic measurements provide more fundamental
understanding on the phases including nanosized-Ni metal parti-
cles during the conversion reactions.
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