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Transition metal fluoride is being considered as one of the most promising cathode materials due to its feasibility
of high-voltage conversion reaction and high theoretical capacity. But the low solubility of LiF in fluoride is
prone to degrade the electrode conductivity and Li-resource supply from fluoride cathode side, therefore limiting
the reversibility of conversion reaction and its practical use in Li-ion batteries. Here, we propose a catalysis effect
of Ni nanodomains to activate the Li-F splitting with much lower dissociation energy and to enable the LiF/Fe/Ni
ternary cathode with superior conversion reaction capacity (600 mAh g~1) and rate performance (306 mAh g~!
at 3.8 A g~1). The crowded effect between LiF and dual-metal phases suppresses the growth of crystal grains and
promotes the enrichment and penetration of LiF-Fe-Ni triple-phase interfaces. This compact interface contact
endows the lithiated fluoride with an ultrahigh initial charge capacity exceeding 600 mAh g~! and lowered
charge plateau below 3.5 V. The preservation of interconnectivity and catalytic activity of electron conductive
network enables the high reversibility of LiF splitting/recombination under high energy efficiency of 76%, as
well as the electrochemical synthesis of rutile-like NiyFe; F solid-solution phase. This fluoride cathode enables
a release of high energy density (1414 Wh kg~!) under a power density of 849 W kg ! and the energy density can
still be preserved at 629 Wh kg ™! under an extremely high power densities of 3374 W kg~!. This work paves the
way to develop the high-energy-density fluoride cathodes with the prior delithiation ability, which can lessen
and even eliminate the use of Li metal at anode side.

1. Introduction attention in order to meet the future energy storage requirement due to

their lower costs (e.g. by using Fe element), higher capacities (> 500

Lithium-ion batteries have become the most widely used battery
system in view of the broad applications from microchips to electric
vehicles [1]. However, the traditional cathode materials (e.g. LiCoOo,
LiFePO4 and their derivatives) based on Li insertion/extraction reactions
are inherently confined by their single-electron redox mechanism,
which cannot meet the high-capacity and high-energy-density demands
for commercial applications [2]. Otherwise, conversion-type cathode
materials, especially transition metal fluorides, have raised considerable

mAh/g) and improved safety characteristics (e.g. by suppressing O, gas
evolution) compared to the traditional intercalation-type cathodes
[3-5]. The metal fluorides (MF,) can accommodate multiple Li™ through
both the intercalation and conversion reactions, generating metal (M)
and LiF upon  discharge based on the equation:
MF, +xLi* +xe~—xLiF +M [6,7]. However the reconversion process
involving the electrochemical splitting of insulating LiF is still a big
challenge.
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In addition, the development of transition metal fluorides is also
prevented by other multiple challenges. One of the barriers for con-
version fluoride cathodes is the volume change along with the cation
and F~ dissolutions into electrolyte during conversion reaction [8-11].
This factor brings about the electric contact degradation and mass loss of
active species. Another serious limitation for ionic bonding dominated
fluorides is the intrinsically poor electronic conductivity, resulting in the
facile formation and accumulation of passivated reaction zones or dead
reaction products [12,13]. It is prone to lead to the large voltage hys-
teresis between charge and discharge curves as well as capacity fading as
observed in many conversion cathodes [14,15]. In order to improve the
cathode conductivity and confinement effect, high-energy ball milling
method and solution modulation synthesis with the electron wiring of
highly conductive additive (e.g. carbon black and carbon nanotube) had
been widely used [16-18]. These mechanical and chemical methods also
enable the reduction of fluoride particle size, leading to the dual
shortening of ion and electron diffusion distances [16,19]. Wang et al.
found that the electrochemical conversion of FeF; actually enables the
formation and penetration of internal wiring network consisting of
interconnected metallic Fe nanodomains with a size less than 5 nm in
diameter, which could provide the continuous electron transport
pathway inside individual particle and electron linkage to the external
conductive work. These metallic nanodomains also enable the sufficient
contact with surrounding LiF matrix and promote its splitting during
recharging. This optimized Fe/LiF distribution guarantees the revers-
ibility of conversion reaction [20]. The introduction of hetero-metallic
cation with potentially higher reduction potential can help with the
lowering of cycling hysteresis as demonstrated in the solid-solution
CuyFe; _yFo [17]. The nanocomposite CugsFeosF2 delivered a small
hysteresis less than 150 mV with a high capacity of 543 mAh g7},
indicating that cation substitution is an effective avenue for tailoring the
key electrochemical properties of conversion-type fluorides. However
not all the theoretically high-voltage cations or their combination can
contribute to the narrowing of cycling hysteresis as indicated in the
cases of NiyCo;_xFy and NiyFe;_yFy [21,22]. Their discharge voltages
are even below 1.5 and 2 V respectively. The spontaneous degradation
of inner conductive pathway during cycling should is responsible for the
low voltage output. Therefore the prior optimization of heterogeneous
interfaces and conductive network is crucial to achieve
high-performance fluoride cathodes.

On the other hand, the conversion-type fluorides are usually Li-free
at the pristine state. However in order to decrease the amount of Li
metal at the anode side and even to utilize the Li-free anode system, the
pre-lithiation of fluoride is highly required. In contrast to oxide cathodes
with high Li solubility, the pre-lithiation on fluorides with low Li solu-
bility would cause the precipitation of LiF insulating phase. Previous
reports have demonstrated that the conversion of LiF during the first
charge process is quite sluggish, leading to large voltage polarization
and low energy efficiency [23,24]. The sluggish LiF splitting results in
the insufficient capacity release and accumulation of unreactive LiF
even under the protocol of high cut-off voltage. This low-efficiency
charging would also accelerate the electrolyte decomposition and
degrade the following cycling. The high-energy ball milling of LiF and
transition metal oxide MO (e.g. MnO, FeO, CoO) or fluoride MF; (e.g.
FeFy) with low valence state of M cation was reported to enable the
lowering of charge voltage [25,26]. However most of the charge ca-
pacity is still released above 4V and it is limited due to the
single-electron reaction. The combination of LiF and metallic M is ex-
pected to enable the more electron transfer and theoretically higher
charge capacity, but their lattice mismatch is prone to degrade or loosen
the reaction interfaces [27]. Therefore some unstable pre-lithiation
agents (e.g. LiH, LisN) were introduced in FeFy systems to trigger the
spontaneous conversion reaction with the formation of intimate and
active LiF/M interfaces, which are expected to take the similar effect as
in the case of electrochemical lithiation of FeFy [24,28]. However the
practical capacity release is still insufficient and most of the discharge
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capacity is below 2 V, leading to low energy efficiency. These results
indicate the limitation of powder fluoride systems in terms of the diffi-
cult optimization of conductive network and the lacking of crowded
effect of multiphase domains. Therefore the tailoring of grain
morphology and introduction of doping component did not always bring
about the desired performance improvement [23,29].

To address the issue of LiF splitting, recently we developed a
combinatorial co-deposition method to construct the compact LiF/metal
and LiF/oxide heterogeneous interfaces between tiny nanodomains [ 30,
31]. This method enriches the choice of reactive and catalytic compo-
nents, which remarkably improve the LiF splitting kinetics and energy
efficiency of cycling. For instance, for the composites of LiF/Fe-Cu and
LiF-NiFeyOu, the initial charge process was smoothly achieved under a
cut-off voltage of 4 V with a considerable capacity release of 200-300
mAh g~ The resultant energy efficiency was as high as 88%. However
the reversible capacities in these systems were still smaller than 400
mAh g™, far from the theoretical capacity. Therefore it is highly desired
to explore the more advanced heterostructure for more sufficient LiF
splitting and capacity release. Here, we propose the synergic catalysis of
Fe and Ni nanodomains with compact conductive network to activate
the LiF splitting in the LiF/Fe/Ni ternary thin film system prepared by
pulse laser deposition (PLD). The crowded effect of multiphases sup-
presses the growth of crystal grains and promotes the enrichment and
penetration of LiF-metal interfaces. The existence of triple phase inter-
face endows the LiF/Fe/Ni cathode (denoted as NFF with Ni: Fe: LiF =
1:1:4 in molar ratio) with much longer charge plateau below 3.5 V and
much larger charge capacity exceeding 600 mAh g~! during the first
charge process. The following capacity is as high as 600 mAh g~! and
still preserved at 500 mAh g~! after 10 cycles. The density functional
theory (DFT) calculations disclose the catalysis effect of Ni nanodomains
on lowering the dissociation energy of LiF and activating the conversion
reaction kinetics. The blending of Ni into LiF/Fe system promotes the
electrochemical synthesis of rutile-like NixFe; 4F5 solid-solution phase
and improvement of energy efficiency (76%).

2. Results and discussion

Fig. 1a shows the X-ray diffraction (XRD) patterns of the composite
target of LiF/Ni/Fe (with a molar ratio of 4:1:1), as prepared NFF thin
film, as well as film electrodes after charge to 4 V and discharge to 1.5 V.
The diffraction pattern of composite target belongs to the mixture of
crystalline LiF (JCPDS No. 45-1460), Ni (JCPDS No. 04-0850) and Fe
(JCPDS No. 06-0696) [32]. The strong diffraction peaks at 40.1°, 46.5°
and 67.8° are attributed to Pt3Ti phase (JCPDS No.17 —0064), which is
formed by the thermal alloying of Ti and Pt thin films (as current col-
lector) pre-deposited on the Si substrate [33]. The diffraction peaks of
NFF thin film are broad and can be found mainly at 38.7°, 43.3°, 44.7°,
45.0° and 65.5°, corresponding to the LiF (111), Ni (111), Fe (110), LiF
(200) and LiF (220) planes respectively [34], indicating the nano-
crystalline structure of NFF with suppressed crystal grain growth. Note
that after the first charge to 4 V, these peaks are remarkably attenuated,
confirming the electrochemical splitting of LiF along with the oxidation
(or fluorination) of metallic Ni and Fe. After the following discharge to
1.5V, the re-emerging peaks are consistent with the pristine sample,
demonstrating the excellent reversibility of conversion reaction [35].
The high-resolution transmission electron microscope (HRTEM) image
and the selected area electron diffraction (SAED) pattern are shown in
Figs. 1b and 1c to disclose the interface of triple phase contact between
LiF, Ni and Fe nanodomains. The SAED pattern composed of concentric
rings shows the polycrystalline structure, which is consistent with the
XRD result. Scanning electron microscope (SEM) images display the
surface and cross-section morphologies of NFF thin film in Fig. 1d and e
respectively. This NFF film is dense and roughly smooth with a thickness
of 158 nm. Its grains are compactly stacked with narrow grain bound-
aries, which can still provide enough channels for facile electrolyte
penetration [36]. From the scanning transmission electron microscopy
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Fig. 1. (a) XRD patterns of Ni/Fe/LiF target in a molar ratio of 1:1:4, pristine and cycled NFF thin films after charge to 4 V and discharge to 1.5 V. (b) HRTEM image
and (c) corresponding SAED pattern of NFF thin film. (d) Surface and (e) cross-section SEM images of NFF thin film. (f) STEM elemental mapping images of Ni, Fe

and F.

with energy dispersive spectrum (STEM-EDS) as shown in Fig. 1f, the
uniform coloring of related elements (Ni, Fe and F) further confirms the
sufficient contact of LiF, Ni and Fe domains with homogeneous spatial
distribution. The atomic ratio of Ni, Fe and F in NFF thin film is esti-
mated based on EDS counts, and it is almost consistent with the pre-set
mole ratio of Ni: Fe: LiF = 1:1:4 in the source target (Fig. S1).

The electrochemical performance of a series of NFF films with
different Ni/Fe/LiF ratios were investigated systematically. The cyclic
voltammetry (CV) curves and charge/discharge profiles based on
different xNi/(1-x)Fe/2LiF (x = 0.1-0.9) ratios during the second cycle
are shown in Fig. S2 and S3. One can note two modification tendencies
from the CV evolution when the x value is close to 0.5. One is the overall
intensification of current response, and the other is the fraction increase
of the anodic peak (at 2.95 V) with smaller overpotential compared with
the anodic peak at 3.3 V. These tendencies indicate the promotion effect
of conversion reaction kinetics by the comparable contents of metallic
Fe and Ni nanodomains. The electromotive force (EMF) of NiF is
2.964 V, which is higher than both the EMF values of FeF3 and FeF,
(2.742 and 2.664 V respectively) [37]. However, as observed from the
CV evolution, the increase of Ni content does not always cause the
fraction increase of higher-voltage anodic peak (around 3.3 V) espe-
cially when its x value does not exceed 0.5. This phenomenon indicates a
synergic catalysis effect of dual metal domains on lowering the charge

overpotential. In the cases of asymmetric contents with x = 0.1 and 0.9,
the Fe-dominant system displays the better electrochemical activity than
the Ni-dominant one, in view of the potentially better distribution of
built-in conductive network for the former [7,20]. The moderate intro-
duction of Ni hetero-domains would not degrade this conductive
network and on the contrary it provides the extra catalytic sites for LiF
splitting. Therefore both the cathodic and anodic peaks become much
more intensified in view of the higher utilization ratio of LiF conversion.
Fig. S3 shows the corresponding charge/discharge profiles with the
similar evolution tendency as the CV curves. The NFF sample based on
the 0.5Ni/0.5Fe/2LiF ratio displays the highest reversible capacity (>
550 mAh g~1) with two high discharge platforms (above 3 V and 2 V).

The CV curves based on different ratios of LiF are shown in Fig. 2a to
check the influence of insufficient LiF amount. For the most optimized
system of NFF cathode (Ni:Fe:LiF = 1:1:4), there are two pairs of typical
oxidative and reductive peaks as observe at 3.3 V/3.1 V and 2.95V/
2.1 V (anodic/cathodic) respectively. The decrease of LiF fraction is not
always favorable for the optimization of conductive network, although
its overall electron conductivity should be improved. The extraction of
LiF domains likely accelerates the growth and mergence of metallic
domains into larger grains, which in turn degrade the interface contact
with LiF nanodomains due to the size mismatch between LiF and metal
grains. It would seriously dilute the triple-phase reaction/catalysis
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Fig. 2. (a) CV curves of Ni/Fe/xLiF (x = 1, 2, 3, 4) thin films at a scanning rate of 0.2 mV s (b) Charge/discharge curves of Ni/Fe/xLiF (x = 1, 2, 3, 4) thin films.
(c) CV curves of ternary NFF, binary Ni/2LiF(1:2) and Fe/2LiF thin films at a scanning rate of 0.2 mV s () Charge/discharge curves of NFF, Ni/2LiF and Fe/2LiF

thin films.

interfaces and therefore degrade the charge overpotential and capacity
release as shown in the case of Ni:Fe:LiF = 1:1:3. The more extraction of
LiF would even lead to the disappearance of distinct redox peaks (or
discharge plateau) and leave a considerable amount of non-active metal
grains as shown in the cases of Ni:Fe:LiF = 1:1:2 and 1:1:1. Fig. 2b
displays the corresponding evolution of galvanostatic charge and
discharge curves of NFF series. The optimized composition requires the
sufficient supply of LiF in order to fully meet the Ni and Fe’s redox
power, and the fine dispersion of LiF domains would not influence the
overall electron conductivity of electrode. As a consequence, the charge
and discharge capacities can be close to 600 mAh g™, very close to the
theoretical value of Ni/Fe/4LiF system (641 mAh gfl). After the first
charge activation, the following charge plateau voltage is evidently
decreased, benefiting from the synergic catalysis of Ni-Fe domains on
LiF splitting.

However, with the further increase of molar ratio of LiF to the for-
mula of Ni/Fe/5LiF and Ni/Fe/6LiF, the excessive LiF would passivate
the NFF cathode, leading to the inferior conversion kinetics with poorly-
defined galvanostatic profiles and larger voltage polarization as shown
in Fig. S4a and b [38]. Note that the reversible capacity of ternary
composite Ni/Fe/4LiF is much higher than those of binary composite
Ni/2LiF and Fe/2LiF cathodes (Fig. 2c and d). From both the CV and
galvanostatic measurements, both the Fe and Ni based binary compos-
ites deliver the lower and higher discharge plateaus (below 2 V and
above 2.5V respectively). However in the Ni-Fe coexisting ternary
composite, the discharge plateau profile is not a simple overlap of the
profiles of binary composites, and rather lies in the voltage zone be-
tween 2 and 2.5 V with a longer and better defined plateau. Moreover a
higher-voltage discharge plateau appears above 3 V with a capacity
exceeding 100 mAh g~!. These features further indicate the synergic
effect of dual metallic domains, which enables the higher capacity
release and energy efficiency during cycling. Therein the oxidation and

reduction processes of Fe and Ni redox centers likely progress in a
synchronous mode in the same voltage zone, instead of the asynchro-
nous mode, although the Ni redox is prone to occur at higher voltage and
the Fe redox at the lower voltage [37].

As known, among fluoride cathodes, Fe-based system enables the
best electrochemical activity in view of the potential interconnectivity of
built-in conductive networks consisting of Fe nanodomains. In this case,
the introduction of Ni nanodomains into Fe/LiF system enables the
further activation of LiF splitting and conversion reaction. This effect
should be attributed to the catalysis function of Ni atoms on the disso-
ciation process of LiF. We attempted to reveal this Ni-based catalysis
through DFT calculations (Fig. 3). The dissociation energy of LiF, which
decomposes into Li and F without the assistance of transition metal, was
firstly calculated (as shown in Fig. S5), according to the expression as
follows:

E = (EL+Er) — Eur

where Ej;, Er and Epr are the energies of isolated Li, F and LiF, respec-
tively. These values are shown in Table S1 and the dissociation energy of
LiF is estimated to be 6.35 eV (close to the result of Yang et al.) [39].
This value is highly high, leading to the difficult splitting of LiF in the
common sense. However, under the catalysis of metallic Ni, the situation
is greatly ameliorated. We selected the main Ni (111) plane to adsorb LiF
and observe the evolution of dissociation energy, Li-F and Ni-F bond
lengths. Before the calculation of dissociation energy of LiF on Ni(111),
the most possible adsorption sites of LiF, Li and F on the metal surface
should be checked. Three possible initial adsorption sites on Ni (111) are
considered as indicated in Fig. S6 and S7 [40]. They are (1) the top site
(the position on the top of a Ni atom), (2) the bridge site (the center of
two neighboring Ni atoms in the outer layer), and (3) the hollow site (the
center of three neighboring Ni atoms in the outer layer). The adsorption
energy (E,q) of Li, F or LiF on Ni surface can be expressed as follows:
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where Eyq1, Eni and Ecomponen: are the energies of total system, Ni (111)
and isolated Li, F or LiF component, respectively. These values are
shown in Table S2-S5. One can find that both the Li and F atoms on the
bridge sites enable the highest adsorption energies of 2.585 eV and
4.164 eV, respectively. For the LiF configuration parallel to Ni (111), the
bridge site also provides the highest adsorption energy (1.148 eV), and it
is in accordance with the cases of single Li and F atoms.

After acquiring the preferential adsorption site, we then used the
climbing image nudged elastic band (CI-NEB) method to compute the
transition-state structures and corresponding dissociation energy barrier
[41-43]. Based on the above optimization of LiF configuration on Ni
surface, the adsorption of molecules on the bridge site is chosen as the
initial structure. The potential reaction path is shown in Fig. 3 which
contains the adsorption and dissociation processes. The Li-F bond length
increases from 1.584 A to 1.701 A with the stabilization process of
adsorption structure, while the Ni-F bond length decreases from 4.795 A
to 1.975 A. During the dissociation process of LiF, the Li-F bond length is
further increased to 4.396 A with a dissociation energy barrier of LiF on
Ni surface as small as 0.65 eV. This value is much smaller than that
(6.35 eV) of LiF splitting without the pre-adsorption on metallic surface.

This comparison indicates the remarkable catalysis of Ni domains on the
decomposition of LiF.

Furthermore, the linear sweep voltammogram (LSV) curves were
carried out to estimate the catalytic activity of various samples. As
shown in Fig. 4a, b and c, the two oxidation peaks are ascribed to the
reactions associated with LiF splitting and metal fluorination. Compared
with the binary Ni/LiF and Fe/LiF electrodes, the ternary NFF electrode
shows the best catalytic activity, which can be deduced from the largest
peak area (Fig. 4a) and the steepest slope (Fig. 4b and c) [44,45].
Moreover, for NFF thin film its peak voltages shift to the lower values,
also reflecting the optimization of catalytic activity and reconversion
kinetics induced by dual metal nanodomains. In order to further disclose
the charge transfer dynamics in NFF, Ni/LiF and Fe/LiF thin films, the
corresponding cells were measured by Tafel analysis technique at the
conversion reaction stage of discharge process (Fig. 4d) [46]. Therein
the voltage was set at the respectively conversion platform for 1 h
during the tenth discharge process, and then a linear sweep was per-
formed at 1mV s~! with a voltage range of + 150 mV around this
selected open circuit voltage. The Tafel equation about the relationship
between voltage polarization (1) and exchange current (ip) is as follows
[47]:
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Fig. 5. (a) Galvanostatic charge-discharge curves of NFF cathode during the first 10 cycles in a potential range of 1.5-4.0 V. (b) Cycling performance and coulombic
efficiency of NFF as a function of cycle number. (c) Rate capability of NFF thin film at high current densities. Comparison of (d) energy-power densities and (e) energy
efficiency values between NFF and already reported LiF-driven conversion systems and ternary fluoride systems at the first cycle.
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n= Elmg — Elm
where R, F, T, a and i are the gas constant, Faraday’s constant,
ambience temperature, charge transfer coefficient and current response,
respectively. The Tafel result can be replotted according to the Allen-
Hickling plots based on the Butler-Volmer equation as follows [48]:

| i — Ini oF
HL 76%:| o 7ﬁn

There is a linear relationship between the logarithmic current (Iniy)
and voltage polarization (1) in the strong polarization region where the
voltage is far enough from the equilibrium state. From the vertical axis
intercept of the linear fitting of Allen-Hickling plots (Fig. 4e), the NFF
thin film exhibits a evidently higher exchange current than the Ni/LiF
and Fe/LiF thin films, further indicating the charge transfer advantage
and better catalysis in ternary NFF system. Furthermore, the electro-
chemical kinetics of NFF electrode was also studied by the chro-
noamperometric test (Fig. 4f). In response to a potential step
perturbation, the faradaic current near the electrode surface decreases
with the relaxation time due to the mass diffusion limitation. The
smaller decrease degree of current response indicates the faster mass
diffusion. The NFF thin film enables a preservation of about 80% of the
initial current density even after continuous operation for 10 h, whereas
the current densities of Ni/LiF and Fe/LiF decay to about 62% and 50%
of their initial values. This comparison illustrates the superior kinetics of
NFF thin film with sufficient faradaic reaction.

Fig. 5 shows the cyclic and rate performance of NFF thin film cath-
ode. Note that the initial charge process to activate LiF splitting can
achieve a charge capacity exceeding 600 mAh g~!, which is record-high
among the pre-lithiated fluoride cathodes and very close to the theo-
retical capacity (641 mAh g™1). Moreover most of the charge capacity
can be achieved below 3.5 V, leading to a high energy efficiency of 71%
even at a high current density of 385 mA g~'. This energy efficiency
value is higher than most of the reported pre-lithiated fluorides and
many Li-free fluorides even under the current densities one order of
magnitude lower [21-28,30,49]. The following discharge capacity is
still as high as 600 mAh g ! and still preserved at 500 mAh g ! after 10
cycles. The following voltage profiles are highly duplicated, benefiting
from the high path reversibility of conversion/reconversion reaction.
The following charge processes enable the further lowering of charge
overpotential compared with the first charge. The electrochemical
grinding of LiF domains after the first cycle is responsible for the nar-
rowing of charge polarization and the further enhancement of energy
efficiency (76%). After 50 cycles, the discharge capacity is still as high as
404 mAh g~! with a high coulombic efficiency as shown in Fig. 5b. The
potential deformation and disconnection of triple-phase catalytic in-
terfaces may be responsible for the gradual capacity attenuation during
the early cycles. However the capacity performance and cycling stability
are still much better than the solid-solution Ni-Fe-F cathode reported by
Huang et al. [22]. Fig. 5c displays the rate capability of NFF thin film at
much higher current densities. The reversible capacities as still as high
as 435.38, 390.77, 358.46, 329.23 and 306.15 mAh g~ ! at 769.38,
1154.07, 1538.76, 1923.45 and 3846.9mA g~! respectively. The
following capacity can still recover to 473.84 mAh g~ when the current
density returns to 385 mA g~!. Our NFF cathode displays the evident
advantages in terms of both the energy and power densities over already
reported LiF-driven conversion systems (LiF/M, LiF/MO and LiF/MF3)
as well as ternary fluoride systems (Fig. 5d) [17,22-28,30,49-52]. The
energy density of NFF cathode is as high as 1414 Wh kg ™! under a high
power density of 849 W kg ™! and it can still be maintained at 690 and
629 Wh kg~! under the extremely high power densities of 2226 and
3374 W kg ! respectively.

The pseudocapacitance arises from a faradaic-reaction-like process
(i.e. electrochemical process that involves chemical changes in electro-
active material with faradic charge transfer) at the electrode surface
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with intercalation, underpotential deposition or redox processes [53]. It
is not an electrostatic capacitance like that of the double layer, and the
pseudocapacitance can be 10-100 times the double-layer capacitance
based on the same electrode area. Its discharge and recharge behavior
usually exhibits a high degree of kinetic reversibility. The total stored
charge can be separated into three components: the faradaic contribu-
tion from the Li* ion diffusion process, the faradaic contribution from
the charge-transfer process with surface atoms (referred as pseudoca-
pacitance), and the nonfaradaic contribution from the double layer ef-
fect. When the particle size of active species is reduced to nanoscale as in
this thin film system, the faradaic reaction occurring at the surface
atoms (i.e. surface pseudocapacitive effect) would dominate, and
correspondingly the diffusion-controlled faradaic process would shrink.
In our case, the nonfaradaic contribution from the double layer effect
can be ruled out, and therefore the charge storage can be mainly
ascribed into two parts: bulk reaction (controlled by faradaic diffusive
process) and (near)surface reaction (related to faradaic pseudocapaci-
tance). In Fig. 6, the contributions of faradaic bulk diffusion and surface
pseudocapacitance are distinguished from the CV experiment under
various scan rates (V) from 0.1 to 1.0 mV s~ '. The logarithm of peak
current (i) presents a nearly linear relationship with the logarithm of
scan rate (v) in Fig. 6b, which can be expressed according to the
following equation [54]:

i, = av’orlni, = Ina + blnv

where a and b are the adjustable parameters. The electrochemical re-
action is dominated by capacitance process when b is close to 1, whereas
it is diffusion-controlled with faradaic process when b approaches to 0.5
[54]. The cathodic peak Cg referring to the main reduction of Fe/Ni
cations to metallic Fe®/Ni® has a high fraction of faradaic diffusion
contribution because of b = 0.54. The b values for other redox peaks
exceed 0.8, indicating a dominant contribution of pseudocapacitance
effect, which even dominates the catalytic LiF splitting steps. The total
current response can be quantitatively distinguished into the faradaic
capacitive and diffusive contributions (k;v and kyv'/2, respectively)
according to the following equation [54]:

ip = k1V + kzvl/zorip/vl/z = klvl/z + k2

As demonstrated in Fig. 6¢, the corresponding capacitive current as a
function of potential could be obtained by calculating the k;v value. The
percent of capacitive charge exceeds 50% in the whole electrochemical
window under various scan rate conditions and it is as high as 68% at
1 mV s~! (Fig. 6d). This fraction is lower than that of already reported
LiF-MO systems (with 94% capacitive charge) [26], indicating that a
sufficient mass diffusion and charge transfer is required to activate the F
transport from LiF to metal domains with multiple electron reaction in
our NFF system. The percentage of capacitive contribution for most of
the redox peaks exceeds 70% as listed in Fig. 6e (apart from the domi-
nant reduction peak Cy, 64%), consisting with the high b value.

The galvanostatic intermittent titration technique (GITT) was con-
ducted to evaluate the Li* diffusivity and overpotential performance in
NFF thin film during the first cycle (Fig. 7). The overpotential is the
difference between the cutoff voltage and open-circuit voltage after
relaxation. The overpotential values are roughly stable with less fluc-
tuation during the whole cycling. It is smaller for the catalytic Li split-
ting process during charging. The GITT measurement was performed at
a pulse current of 2 pA cm 2 for a duration time of 0.5 h, followed by a
relaxation process of 2.5h (Fig. 7b). After reaching to the quasi-
equilibrium potential, the cationic diffusion coefficient (D) could be
estimated according to the following simplified equation in view of the
linear relationship between transient potential (E) and the square root of
intermittent time (rl/ 2) (Fig. 7¢) [55]:

4
Tt

myVy,
M,S

2 AE,
VA,

( )’

where my, M, and V,, are the mass, molecular weight and molar volume
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sive processes.

of cathode active material respectively, and S is the electrode area. AE; is
the difference between two adjacent quasi-equilibrium potentials before
and after one complete titration process, and AE; is the difference be-
tween potentials at the beginning and termination of titration step. Note
that the fluctuation of D values occurs at the transition stage of redox
centers with substantial phase transformation (Fig. 7d). The D values
mainly lie between 107!3 and 107! cm? s™! in most of the reaction
voltages, and they are only slightly lower than those of intercalation
based cathode materials (1072 to 108 em? s™') [56,571, and much
higher than those of many other LiF-splitting cathodes (107® to 10718
cm? s’l) [58].

To examine the valence state and evolution of composition in NFF
thin films before and after cycling, X-ray photoelectron spectra (XPS)
were performed as shown in Fig. 8. The spectra for pristine thin film
confirm the coexistence of LiF (at 685.6 eV in F 1 s), metallic Fe (at
707.2 eV in Fe 2p) and Ni (at 853.1 eV in Ni 2p) composite as expected.
After the first charge to 4 V, the metallic Fe is oxidized into Fe?**-F and
Fe3*-F moieties appearing at 710.4 and 714.2 eV, respectively [30,50].
Meantime Ni° is fluorinated into Ni2-F at 855.7 eV [22]. These oxi-
dization steps are accompanied by the splitting of LiF as indicated by the
negative shifting of F 1 s peak to 685.4 eV [30]. From the overlapped Fe
3p and Li 1 s spectra, this LiF splitting process is also proved by the
attenuation of Fe® peak (at 53 eV) as well as the positive shifting of the
peak from 55.6 eV to 56.1 eV with the conversion from Li-F to Fe-F [59,
60]. Note that the potential formation of solid-solution NiyFe; _4F» phase
at the charge state cannot be ruled out, and the position of Ni-Fe-F signal
is very close to that of Fe-F (e.g. around 56 eV) [22,30,60]. After the
following discharge to 1.5 V, all the XPS peaks are highly reversible and
return back to the original situations with the regeneration of LiF, Fe°
and Ni° consisting with the highly reversible voltage profiles during

cycling.

The X-ray absorption near-edge structure (XANES) spectra were
carried out to investigate the chemical states of Fe and Ni elements in
Fig. 8e and f. For the Fe K-edge spectra, the absorption curves at the
pristine and discharge states almost overlap with each other and the
corresponding edge positions are similar. It further indicates the high
reversibility of electrochemical conversion reaction, consisting with the
statement from XPS results. The K-edge position is located at 7112 eV for
the discharged electrode, and it is shifted to 7113.5 eV and 7116.5 eV
with the formation of Fe2* and Fe>* species respectively for the charged
electrode [61]. For the Ni K-edge spectra, the similar curve profiles and
edge positions are also observed for the pristine and discharged elec-
trodes. The K-edge position is shifted from 8333 eV to 8339 eV with the
oxidation of Ni to Ni%®" species [62]. All these observations are
completely in line with the XPS results.

In order to identify the conversion products and their distribution
during cycling, the TEM results of cycled NFF electrodes are shown in
Fig. 9. Upon charging to 4.0 V, the nanodomains of tetragonal rutile
phases (e.g. NixFe; xFo, FeFy and NiFy with the same space group of
P42/mnm) are electrochemically synthesized according to the HRTEM
image and SAED pattern in Fig. 9a and b. Besides, FeF3 domain is also
observed from the HRTEM imaging, agreeing with the results of XPS and
XANES with the appearance of Fe>* signal. After discharging to 1.5V,
both the HRTEM and SAED in Fig. 9c and d point to the regeneration of
Fe, Ni and LiF nanodomains as the conversion products, which are in
line with the pristine sample, illustrating the excellent conversion
reversibility of LiF/Ni/Fe system. According to the result of EDS map-
ping for the charged sample (Fig. 9e), the Fe and Ni elements are not
only highly dispersive but also superposed, in view of the potential
formation of solid-solution NiyFe; 4F5 phase. Note that there are visible
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square root of current pulse time (z1/2). (d) Diffusion coefficient estimated from GITT as a function of reaction potential during discharge and charge processes.

uncolored voids especially in the Ni element mapping, indicating the
precipitation of NiFy phase around the NiyFe; yxFo domains. This phe-
nomenon is likely responsible for the higher percentage of Ni content
than Fe content in the line scan test across the selected region (Fig. 9g).
For the discharged region (Fig. 9f), the element segregation of Ni is
evidently alleviated in view of the F extraction and volume shrinkage.
Therein the metallic Ni and Fe domains have the more consistent spatial
distributions in view of their lattice matching. The interconnection of
dual metal nanodomains is clearly observed, benefiting to the preser-
vation of built-in conductive network and the following electrochemical
cycling. We also note that the F element coloring becomes less contin-
uous, and it is caused by the regeneration of LiF clusters segregated by
surrounding metallic nanodomains. The electrochemical grinding of LiF
into finer clusters is expected to further promote the interconnectivity of
metallic networks. Therefore, from the EDS line scan test, the contents of
Ni and Fe become close compared with the situation of charged region.
This component percentage distribution is comparable to the pristine
situation (before cycling) with the equal percentages of Ni and Fe ele-
ments. The analysis of component spatial distribution provides the
microstructure proof on the promotion of conversion reaction
reversibility.

The reaction mechanism scheme of NFF during the first charge and
discharge is shown in Fig. 10. The LiF is first electrochemically splitted
with the Li extraction, and simultaneously the left F~ anion is prone to
diffuse and bond with the most adjacent Fe and Ni domains after elec-
tron extraction. This process is triggered from the LiF-Fe or LiF-Ni
interface by F-ion transfer. The compact interface contact in the thin
film configuration is favorable for the short-range F-mass transfer,
leading to the promotion of LiF splitting kinetics. The charge process
enables the formation of NiyFe;_4F», FeF, and NiF5 based on the similar
rutile structure. The adjacent distribution of Ni and Fe with tiny nano-
domain size guarantees the homogeneous reconversion reaction with

the appearance of long charge plateau and formation of solid-solution
NixFe; _xFo. Due to the structural similarity between FeF, and NiFy,
the nucleation and subsequent growth of Ni-dominant fluoride phase on
the pre-formed Fe-fluoride surface likely demands less energy than the
direct nucleation of NiF5 [22]. On the other hand, the residual Ni° do-
mains or clusters catalytically promote the Li-F splitting with the supply
of more dissociated F for the bonding with surrounding Ni cations. Both
the factors would remarkably lower the energy barrier and charge
voltage for Ni-F bonding (close to the charge voltage of Fe-F bonding,
Fig. 2d), and therefore increase the potentiality of Ni-F doping into Fe-F
lattices with the formation of NiyFe;_4Fo (Fig. 9). Some Fe?t-F/Li-F in-
terfaces can be further electrochemically activated with the formation of
FeF; at the higher voltage. During the following discharge, the Fe3*-F
moieties are prone to be reduced earlier at the higher voltage region.
Then the longer discharge plateau is responsible for the deeper reduc-
tion of Ni?"-F and Fe?*-F into Ni® and Fe® with the extraction of F,
which then bonds with the injected Lit to precipitate LiF clusters in
metallic network. Note the modification of Ni-F in Fe-F lattices enables
the evident enhancement of discharge voltage compared with the
undoped Fe-F lattices due to the higher EMF of NiFy (Fig. 2d). The
precipitation of LiF and metal domains with sufficient mixed conduc-
tivity would not retard the later Li diffusion and access to the residual
M-F species, guaranteeing the progress of lithiation conversion reaction.
The pre-lithiated NFF thin film can be considered as promising cathode
in the field of microbatteries or thin film solid state batteries based on
Li-free or Li-few anode [63,64]. The high conversion reaction capacity is
expected to offer adequate energy for intelligent microsystems. The thin
film configuration is designed in order to promote the heterostructure
dispersion and contact with better charge/mass transfer capability.
However it is still a challenge to extend the NFF heterostructure to the
corresponding LiF-contained powder system without performance
degradation in view of the phase contact degradation even under the
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nanodomain scale. More efforts are required to stabilize the conversion
reaction, mitigate the phase segregation and dead-zone formation dur-
ing long-term cycling.

3. Conclusion

In summary, a dual-metal induced acceleration of LiF splitting is
proposed to achieve a lithiated ternary fluoride cathode (LiF/Ni/Fe)
with superior conversion reaction capacity and rate performance. The
crowded effect of multiphases suppresses the growth of crystal grains
and promotes the enrichment and penetration of LiF-metal interfaces.
The DFT calculations demonstrate the catalysis effect of metallic Ni on
lowering the dissociation energy of LiF and charge overpotential. The
sufficient triple-phase interface contact and interconnectivity of electron
conductive network endow the lithiated fluoride with an ultrahigh
initial charge capacity exceeding 600 mAh g~ and lowered charge
plateau below 3.5 V. The following discharge capacity is as high as 600

10

mAh g~! and still preserved at 500 and 400 mAh g~ ! after 10 and 50
cycles respectively. The electrochemical synthesis of rutile-like Niy
Fe; _«F5 solid-solution phase is responsible for the achievement of high
energy efficiency of 76%. This fluoride cathode enables a delivering of
high energy density (1414 Whkg™!) under a power density of
849 W kg~ ! and the energy density can be maintained at 629 Wh kg™*
under an extremely high power densities of 3374 W kgL
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