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Abstract

Lithium-ion insertion/deinsertion in anode at slow rates limits the power performance
of energy storage devices. Here, a new pseudocapacitive electrode with high
reversible capacity during cycling has been proposed for a lithium-ion capacitor. The
lithium-fluoride garnet, namely NasFe;,LisFi,, is obtained via precipitation from an
aqueous solution at room temperature using abundant materials and exhibits a high
discharge capacity of 746 mAh/g. After the first charging cycle, energy is stored via
fast pseudocapacitive faradaic reactions which are facilitated by the nanocrystalline
transport pathways with no structural modification to the electrode. The high stability
window of F-garnet allows extracting cell voltages of 2.2—3.2 V in a lithium-ion
capacitor where it is coupled with a porous carbon-based positive electrode, with a
high energy efficiency of 93% maintained for 10000 charge/discharge cycles. This
study opens new research direction concerning pseudocapacitive anode materials for
the enhanced power performance and even replacing the traditional battery-like anode

materials.
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1. Introduction

Metal-ion capacitors (MICs) are suitable for applications where high energy density
along with high power is needed, e.g., regenerative braking, stop/start systems, or
peak-power shaving . In such applications, a high-power performance is desirable
to relieve the coupled battery system from stress during peak power demand and
enhance its operational life °®1. Therefore, new materials with fast charge/discharge
characteristics are needed to improve the rates at which energy is stored and delivered.
There is a growing need in the energy storage market to develop devices with high
power and improved cycle life in order to lower the cost per Wh as well as the overall
cost per cycle ["®. A prime example of MICs is the lithium-ion capacitor (LIC) that
fills the energy gap between lithium-ion batteries (LIBs) and traditional electric
double-layer capacitors (EDLCs). In contrast to 150—200 Wh/kg for LIBs, and 3—7
Wh/kg for EDLCs, the LICs display 50—60 Wh/kg at high C-rates and cycle-life up
to 0.5 million cycles %, Nevertheless, their power density is much lower than the
EDLCs and the main bottleneck is the low efficiency of battery-like electrodes or
anodes. Since the second electrode in these devices is made from high surface area
carbon, the rate of charge storage at this electrode is high due to the physical charging

of electric double-layer (EDL).

Currently, the generally accepted structure of LICs is a battery-type anode with a
constant narrow potential range and a capacitor-type positive electrode with a broad
linear potential range ™1, Devices with this structure have clear constraints in the

3|Page



charging and discharging process. The lowest potential of the positive electrode
potential should be greater than 2.2 V vs. Li/Li* to avoid the formation of solid
electrolyte interface (SEI) film on the surface of the positive electrode active materials
(e.g., activated carbon) &%, Moreover, the highest potential of the cathode material
should be lower than the oxidation potential of the electrolyte (e.g., 4.3 V vs. Li/Li")
211 In terms of the negative electrode, its main problem is that the lithium ions are
consumed to form the SEI film and the Li"* inserted into the structure of the anodic
host during the 1% discharge 2%, Until now, the two most popular approaches utilize
additional metal lithium electrodes and sacrificial materials (also called
lithium-containing additives) mixed with activated carbon in the positive electrode
[24-26] '\When the irreversible capacity of the negative electrode material is large or the
coulombic efficiency is low, the prelithiation process is satisfied because the metal
lithium electrode can provide a large number of lithium ions. However, this process
requires the two-step assembly of LICs, which increases the expenditure and reduces
the possibility to use this strategy in a commercial way. On the contrary, sacrificial
materials are suitable for anode materials with small irreversible capacity or high
coulombic efficiency ?*?". The advantage of using sacrificial materials is that the
device only needs to be assembled once, reducing the cost of additional steps.
However, because the mass of the sacrificial material is calculated based on the mass
and the first discharge capacity of the anode material, and the practical capacity of the
sacrificial material to remove lithium ions, the added sacrificial material in the

positive electrode will significantly increase the mass of the positive electrode,
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thereby raising the thickness of the positive electrode to enhance the internal
resistance of the positive electrode. In addition, after prelithiation, the oxidation
products of the sacrificial material can stay inside the device and may negatively
affect the performance of the device . A second very important issue for
battery-type anodes is the narrow potential range in which the charge-discharge curve
of the anode material should be stable even at high current densities. Therefore, the
voltage range of the device can be determined based on the above requirements. The
last significant issue is that in the study of LICs, it is very important to balance the
mass of the positive electrode due to the different Kinetic processes of the positive and
negative electrodes 222 |t can affect the cycle life and energy density of the device.
For junior researchers to study LICs, it is recommended to use positive and negative

electrode active materials with a mass ratio of 1:1 B3,

Recently, Glushenkov et al. [*°

proposed a new and interesting structure of LICs
(upside-down cells), which consists of a battery-type cathode with a constant narrow
potential range and a capacitive negative electrode with a broad linear potential range.
This device structure may eliminate prelithiation techniques because the cathode is a
lithium-containing battery-type material. Indeed, we can assume that during the
cycling of LICs, the huge available area of the activated carbon below 1.6 V vs. Li/Li*
accelerates the decomposition of the electrolyte, thereby forming a SEI film on the

surface of the active material, plugging the micropores, increasing the resistance and

allowing the generation of gases, with severe consequences on the degradation of the
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electrode and the entire cell 4. However, either classical or upside-down structure of
LICs uses battery-type materials, which often experience volume expansion during
cycling, resulting in poor cycle life of devices. Pseudocapacitive materials react with
lithium ions and exhibit redox reactions into the near-surface (e.g., RuO,, MnO,) or
their interlayer spacing (e.g., MoS;, WS,, Ti3C,), which can maintain an intact
structure after long cycles . Based on the two constructions of existing LICs and
the properties of pseudocapacitive materials, we propose an additional concept of
LICs. In this device, there is a pseudocapacitive material negative electrode with a
broad linear potential range and a capacitive material positive electrode with a

constant narrow potential range.

Cryolithionite, with the formula NasAl,LisF12, is a unique natural mineral of the
fluoride garnet group that occurs in hydrothermal deposits associated with minerals of
other alumino-fluorides (e.g., Ivigtut, Greenland) ®®*"). In the last several decades,
some mineralogical and crystallographic efforts were undertaken to substitute Al in
NasAl,LisF12 by third-row transition metals, such as Fe, Co, Ni, Ti, V, Cr, as well as
other elements, such as Sc, Ga, In, and Rh Y. Surprisingly, Cryolithionite has not
received any attention for energy storage applications despite belonging to the garnet
group, which is known to be one of the most promising groups of materials for solid
electrolytes, e.g., LasZr,Li;O1,, used in Li-ion batteries today (see Fig. 1a) (4241,
Although Li-oxide garnets are well known as solid electrolytes, they can also be used

as electrode material if a redox active center is present as Goodenough and coworkers
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demonstrated ¥, They were able to reversibly insert 4 Li* per formula unit
(LisNdsW® 504, + 4Li* + 2¢” > Li;NdsW**,01,) into the oxide-garnet lattice with an
initial capacity of 105 mAh/g. In the case for Li-fluoride garnets (NagM;LisF12, with
M = Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) theoretical gravimetric and volumetric
capacities of up to 260 mAh/g and 745 mAh/cm® could be potentially achieved,
respectively. A further advantage of cryolithionites is the possibility to synthesize the

material at room temperature “°

- this makes its preparation low cost, which is
particularly important to drop the price per kWh. Cryolithionite is a fluoride that tends
to form strong Li-F bonds, which is a disadvantage in terms of Li mobility, hence, Li
insertion. However, this could become an attractive material for energy storage by

inducing pseudocapacitive characteristics due to the Fe?*/Fe® redox activity present

in the crystal lattice.

Therefore, we synthesized phase pure nano-crystalline NasFe,LisF1, (NFLF) powder
at room temperature by precipitation from an aqueous solution and thoroughly
characterized it by using a wide spectrum of characterization techniques. Indeed, we
found that NFLF displays pseudocapacitive properties after first lithium insertion,
which fits well to the fast EDL charging of high surface area nanoporous carbon
electrodes. Thus, the designed LIC displays high cycle life and rate performance that
makes it adaptable for a range of applications to quickly harvest and deliver energy.
Moreover, the LIC device assembled with NFLF and activated carbon operates

between 2.2—3.2 V, displays a constant capacitance of ca. 26 F/g and high energy
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efficiency during 10000 galvanostatic charge/discharge cycles.
2. Experimental Section
2.1. Synthesis.

NagFe,LisF1, was synthesized using 10 mL of NaOH, and stoichiometric amounts of
LiOH and NaFeO,. During stirring a precipitation was formed, which was then
dissolved by adding HCI until a pH value of 2 was achieved. The solution 10 mL of
5% HF (1:10 in methanol) was added. The fluoride garnet then precipitated overnight

and was purified by washing with methanol 3 times.
2.2. X-ray diffraction.

To check if the synthesis was successful X-ray powder diffraction measurements were
carried out using a Bruker D8 Advance diffractometer operating with CuKa radiation.
Data were collected at angles 26 ranging from 10° to 100°. X-ray powder diffraction

data were refined using the Fullprof-suite of programs
2.3. M0ssbauer spectroscopy.

The Fe oxidation states and possible cationic distributions were determined by *’Fe
Maossbauer spectroscopy using an apparatus (Halder Electronics, Germany) in
horizontal arrangement (°’Fe Co/Rh single-line thin source, constant acceleration
model with symmetric triangular velocity shape, a multi-channel analyzer with 1024
channels, regular velocity calibration against metallic Fe). Data evaluation was

performed using the program Recoil allowing the use of a full static hyperfine
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interaction Hamiltonian analysis with Lorentzian-shaped doublets, but also a

\oigt-based hyperfine parameter distribution analysis.

2.4. Electrochemical analysis.

To investigate the ion conduction of NasFe,LisFi, (NFLF), Electrochemical
Impedance Spectroscopy (EIS) and polarization experiments were conducted.
Therefore, dried NFLF powder was uniaxially pressed into pellets (diameter d = 5
mm, thickness h ~ 1 mm) under a force of 0.5 kN. Au blocking electrodes with a
thickness of 50 nm were applied on both sides of the pellet with a Leica EM SCD 050
sputter device. EIS was recorded between -60 °C to 240 °C in 10 °C steps using a
Novocontrol Concept 80 broadband dielectric spectrometer, covering a frequency
range from 10 mHz to 10 MHz. To avoid any influence of oxygen or water, the
measurements in the sample cell (BDS 1200, Novocontrol) were controlled by a
QUATRO cryosystem (Novocontrol) with a stream of freshly evaporated N, gas.
Polarization measurements were conducted at 20 °C in a climate chamber at a
potential of 100 mV. To avoid any influence of moisture during the measurement, the
pellets were assembled in Swagelok-cells under Ar atmosphere in the glove box

(MBraun labmaster pro sp, <0.1ppm O, <0.1 ppm H,0).

2.5. Cell assembling and electrochemical testing.

The electrode was prepared by 140 mg NazFe,LiszFi; mixed with 50 mg Super C65,
10 mg Knyar 761 (PVDF) and 0.95 ml N-Methyl-2-pyrrolidon. The obtained slurry

was cast on a Cu-foil with a thickness of 100 um and dried at 60°C for 12 h in a
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climate chamber. 10 mm diameter electrodes were stamped out of the copper foil and
were dried again under reduced pressure of (10 mbar) for 12 h. Free-standing carbon
electrodes were prepared by mixing 90 wt% of the microporous YP80F carbon (from
Kuraray) with 5 wt% carbon black (C65 from Imerys), and 5 wt% of
polytetrafluoroethylene (60% dispersion in water from 3 M Chemicals) in isopropanol.
The mixture was stirred at 78 °C, and a dough was obtained, pressed and rolled on a
glass plate into a thin sheet. The electrode sheet was dried at 120 °C and calendared to
achieve a final thickness of about 150 pum, from which the disc electrodes were
punched out. The electrolyte was 1 mol/L LiPF¢ (origin, grade) in EC:DMC solvent
(origin, grade) soaked in a GF/A glassy fiber that acts as a separator. The pre-lithiation
of F-garnet was performed in a separate cell versus metallic lithium as counter and
reference electrodes. For three-electrode cell measurements and prelithiation of NFLF
electrode, Swagelok-type cells with a Li/Li* reference electrode were assembled and
lithium intercalation was carried out at a slow scan rate of 0.05 mV/s. Cyclic
voltammetry at a scan rate from 0.05 mV/s up to 50 mV/s and galvanostatic
charge/discharge measurements were carried out up to 100 mA/g. The prelithiated
F-garnet (negative electrode) and activated carbon (positive electrode) were coupled
in a separate Swagelok-type cell where electrodes were pasted onto the stainless steel
cylinders acting as current collectors. The hybrid LICs were assembled by using about
150 puL electrolyte and the working to counter electrode mass ratio of 1:1 was used.
The specific current and capacitance values are expressed per total mass of electrodes

including the binder and conductivity enhancer. The resulting rate capability, cycle
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life and the self-discharge measurements were carried out at maximum reachable
voltage. The LIC cell was charged at the maximum voltage of 3.2 V for 4 hours
before the open circuit during self-discharge measurements. Electrochemical
measurements on supercapacitor cells were performed with a VMP3 multichannel

potentiostat/galvanostat (Bio-Logic Instruments).
2.6. TEM.

TEM sample preparation was performed via focused ion beam (FIB) milling with Ga
ions using a FIB/SEM Dual Beam Microscope FEI NOVA 200. The lift out and initial
milling step was performed with 30 kV ions and the final milling step was done at 5
kV. The resulting lamellae were mounted onto an Omniprobe copper-based lift-out
grid and directly transferred to the microscope. STEM observations were carried out
by a probe corrected FEI TITAN® G2 microscope operated at 300 kV in scanning
mode. The microscope is equipped with a SuperX four-quadrant EDX detector.
Selected area electron diffraction (SAED) experiments were performed using a FEI

Tecnai F20 microscope, operated at 200 kV.
3. Results and discussion
3.1. The crystal chemistry.

NFLF was prepared via precipitation from an aqueous solution (see Supplementary
Fig. 1 and experimental details). A fine brownish powder was obtained. The

corresponding X-ray diffraction pattern of NFLF is shown in Fig. 1b.
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The data can be indexed on basis of the standard garnet structure in the space group
1a3d in close relation to the structure of cryolithionite NasAl,LisF1, *” and synthetic
NasFe,LisF1, %, no indications were found for a symmetry reduction caused by H-Li
exchange as a result from the synthesis in an aqueous solution as known for, e.g.,
Li-oxide garnets ™). Observed lattice parameters are a = 12.4118(2) A and are of

similar size to those of the material obtained by Takeda, et al. X

, also by
precipitation from an aqueous solution with a = 12.407(2) A. In the structure of
NagFe,LisF12, sodium occupies the 24c site with an eightfold fluor atom coordination,
the octahedrally coordinated 16a site hosts iron, while Li resides on the 24d position
and is in tetrahedral coordination. Based on the Rietveld refinements (Fig. 1b) on the
powder diffraction data, the 24c and the 16a site appear to be fully occupied, however,
a slight Li deficit might be present at the 24d site, due to the low scattering contrast of
Li, but this cannot be fully validated (see SI for more details). >’Fe Mdosshauer
spectroscopy in Fig. 1c proved the presence of solely ferric iron in octahedral
coordination, no Fe?* is present, nor is there any hint for Fe** on other sites. Rather
broad lines and slightly asymmetric shape indicate some distributions of local
distortion environments around the iron atoms maybe related to nano-scale nature of
the particles (~40 nm; see Fig. 1d showing NFLF particles embedded in the composite
electrode), hence surface terminated Fe contributions will get significant (see Sl for
more details). Such structural merit may facilitate the lithium insertion/deinsertion

that fundamentally contributes to pseudocapacitive energy storage of the anode.

Except for the Fe element, other elements such as Na, O, F and C are uniformly
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distributed in the electrode.
3.2. The electrochemical performance.

The cyclic voltammogram of the NFLF electrode recorded at a scan rate of 0.05 mV/s
down to a vertex potential of 0.1 V vs. Li/Li" (obtained with a three-electrode setup)
is shown in Fig. 2a. Three reduction peaks can be observed, whereby the first peak at
0.98 V vs. Li/Li* can be assigned to the SEI formation, the second and third
prominent peaks at 0.8 V and 0.39 V vs. Li/Li" are associated with lithium insertion of
NFLF structure. However, these reactions may partially change the morphology (i.e.,
amorphization) of NFLF. The overlap of the 2nd and 3rd cycles reveals the good
reversibility of Li storage after the 1st cycle, suggesting that a stable SEI film is
formed during the initial cycle. In Fig. 2b, even at high scan rates, the peaks related to
lithium insertion/deinsertion maintain their original shape and become broader
compared to peaks at low scan rates. The cathodic peaks become steeper due to
diffusion-related polarization, and the anodic peaks shift to higher potentials with
increasing scan rates. The storage mechanism of lithium for NFLF is firstly
investigated by the Kinetic calculation. The CV data are collected at different scan
rates (Fig. 2b), from which the ratio of the capacitive contribution could be obtained.
Based on the equation of i=av® between the current (i) and scan rate (v), the value of b
is determined by the slope of log (i) and log (v) curve, while the b-value close to 1.0
signifies that the electrochemical process is controlled by the capacitive response,
whereas b-value close to 0.5 indicates the diffusion process is dominating. The
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b-value from the anodic or cathodic current at 0.8 V vs. Li/Li" is calculated to be
0.942 or 0.916 (Fig. 2c), respectively. Interestingly, the b value is between 0.5 and 1,
much close to 1, indicating that the capacitive effect may occupy the main parts of the
charge storage behavior. In general, the capacitance process includes adsorption
capacitance and pseudocapacitance P%. Actually, materials with pseudocapacitive
properties also participate in the diffusion process . Thus, the detailed
quantification of capacitive contribution is measured according to the Dunn’s method

1/2

4] to acquire the actual ratio and the following equation i = kv + k,v?, where i

represents the current value, k; and k are the constant, v is the scan rate, kyv and kv
are the adsorption contribution and pseudocapacitive contribution, respectively. The
total specific capacitance at a fixed ratio of total capacitance shows an
adsorption/pseudocapacitive process (red/black part) of 53.5%/46.5% at 0.2 mV s in
Fig. 2d. Furthermore, the adsorption contribution in Fig. 2e is 64.5%, 72.0%, 78.4%,
85.2%, 88.2%, 92.0% or 94.8% with the raising of scan rate (0.5, 1, 2, 5, 10, 20, 50
mV s™), while the pseudocapacitive contribution is 35.5%, 28.0%, 21.6%, 14.8%,
11.8%, 8.0% or 5.2%. The ratio of capacitive contribution is quite limited by the
adsorption process, indicating that the pseudocapacitive process plays a small part in
the charge storage behaviors. The first galvanostatic charge-discharge curve in Fig. 2f
shows three plateaus at 1.1 V, 0.8 V and 0.2 V vs. Li/Li* corresponding to the first CV
cathodic process. The first discharge or charge capacity is 746 mAh/g or 529 mAh/g,

respectively, which would result in an initial coulombic efficiency of 70.9%. A similar

behavior has been reported for Fe-based anodes during lithium insertion ¥**%. The
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coulomb efficiency of 25 cycles is in the range of 82%, which can be seen from
Supplementary Fig. 2. Specifically, after 1st cycle of SEI film formation, only the
discharge time or discharge capacity from the 2nd cycle to the 4th cycle decreases
slightly, while the discharge time or discharge capacity from the 5th cycle to the 25th
cycle is almost unchanged. This clearly shows that no side reaction or irreversible

faradaic deposition occurs after the successful formation of the SEI film.
3.3. The electrochemical evaluation in a lithium-ion hybrid capacitor.

Since the low initial coulombic efficiency could consume a large number of lithium
ions in LICs without prelithiation to form the SEI film and insertion material structure,
we first used the metal lithium electrode as the counter electrode to prelithiate the
NFLF working electrode, and then the prelithiated NFLF electrode was removed from
the pristine device and used as the anode together with cathode in the new device to
assemble a LIC. The charge/discharge curves of a LIC assembled in 1 mol/L LiPFg in
EC:DMC by coupling of lithium-inserted NFLF as anode and an activated porous
carbon-based EDL electrode with the equal mass of NFLF and active carbon. The
positive EDL electrode in Fig. 3a displays symmetric charge/discharge curves in a
narrow potential window of 3.4—3.5 V vs Li/Li*. Additionally, the minimum
potential of the positive electrode is 2.2 V vs. Li/Li", preventing any possible SEI

formation on the AC surface (829

, While the maximum potential of the latter
electrode is below the electrolyte oxidation limit of 4.3 V vs. Li/Li* Y. The narrow

potential window of the EDL electrode compared to the pseudocapacitive electrode
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(enlarged potential window of 0.1 to 1.0 V vs. Li/Li") indicates the high capacity and
charge storage capability. Moreover, the minimum potential of the negative electrode
is higher than 0 \ vs. Li/Li* to avoid the lithium plating Y. Nevertheless, a relatively
larger potential window for the pseudocapacitive electrode indicates a lower capacity
compared to the carbon electrode at 2.5 mA/g (the specific current is based on the
total mass of NFLF and carbon electrodes). The cell voltage shown in Fig. 3a
indicates an overall symmetric charge/discharge behavior of the LIC confirming the
contribution from both electrodes and verifying the pseudocapacitance and EDL
capacitance for anode and cathode, respectively, which is the structure we proposed in
the introduction. To demonstrate the advantages of our proposed LICs, a series of
electrochemical properties will be tested and compared to the literature. An energy
density of 41 Wh/kg and a power density of 0.61 kW/kg has been estimated for the
hybrid supercapacitor. Despite the gravimetric capacitance and energy values
calculated per total mass of electrodes including the binder and conductivity additive,
they are still comparable to the traditional Li-ion cells using a battery-like negative
electrode 2. The LIC was cycled between 3.2—2.2 V at a high specific current of 50
mA/g for 10000 galvanostatic charge/discharge cycles. During the cycling period,
galvanostatic charge-discharge curves were collected after every 1000 cycles in Fig.
3b and charge-discharge time decreases slightly during cycling, where a small yet
gradual decrease of capacitance can be seen and the energy efficiency remains at the
level of 91% (Fig. 3c). This decrease could be due to the interactions on the electrode

surface where faradaic reactions occur, and these reversible reactions might be
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affected by electrolyte depletion or structural changes in the electrode over longer
cycling periods (see below). Nevertheless, the symmetric charge/discharge curve after
10000 cycles and nearly constant capacitance of 26 F/g (per total mass of electrodes)
during the cycling period indicates the stability, efficiency, and reversibility of
faradaic processes. Another indication of LIC stable performance is shown by the
self-discharge behavior in Fig. 3d, where the overall cell voltage decreases by only
AU = 0.16 V after an open circuit at 3.2 V for 24 h. A negligible voltage loss at high
voltage is also confirmed by the individual electrode potential profiles, where the
positive carbon electrode displays a nearly constant evolution of potential. The overall
LIC self-discharge is mainly sourced from the NFLF pseudocapacitive electrode.
Since the pseudocapacitive faradaic processes are dependent on the short pathways
for the Li-ion movement, any contaminant in the electrode acting as a parasitic
reaction site could drive minor potential and capacity loss °%!. On the other hand, the
activated carbon electrode, which is a highly porous electrode, stores charges
physically at the EDL, and a constant potential during the open circuit indicates nearly
no involvement of parasitic reactions. Furthermore, the LIC was tested via
galvanostatic charge/discharge at high current from 2.5 mA/g up to 100 mA/g by the
gradual increase of specific current while keeping the cell voltage from 2.2—3.2 V.
The GCD curves in Supplementary Fig. 3 further confirm the well-matched mass on
both electrodes as the isosceles triangle-shaped profiles are maintained even with an
80-fold increase of the current density. Then, the rate performance is calculated based

on these curves where 33.7% of the capacitance is maintained with a larger increase
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of the current density. Supplementary Fig. 3 and Supplementary Fig. 4a, 4b show that
the symmetry of galvanostatic charge/discharge is maintained throughout the high
current applications with very small ohmic loss indicated by the profile of NFLF
negative electrode at fully charge state. Importantly, the two-electrode current-voltage
curve in Supplementary Fig. 4c has a square-shape, which indicates the charge storage
like a capacitor, which is a cumulative effect of both the capacitive carbon and the
pseudocapacitive garnet electrodes. In addition, the presence of a narrow potential
window for the positive carbon electrode and an enlarged potential window of the
pseudocapacitive negative electrode shows a capacitance disparity between the two
electrodes. However, the square-shaped voltage-current curve is evident of the fast
charge/discharge of supercapacitor device. Cell voltage vs. log t curve in
Supplementary Fig. 4d shows the capacitive discharge mechanism which is related to
the faradaic processes of the negative pseudocapacitive electrode and adsorption
behavior of activated carbon positive. This behavior is in line with the nearly constant
potential window of the positive carbon electrode which does not decay over an open

circuit.

The structural alteration of NFLF as observed during electrochemical testing might be
related to the insertion of Li-ions into the particle, which causes a volume mismatch
between the new phase near the surface and the existing phase in the interior of the
particle. The volume mismatch and the associated accumulated stress occurs if the

relaxation kinetics is slower (i.e., NFLF has a conductivity of ~10™* S cm™, see
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Supplementary Fig. 5 than the transfer rate, which induces high chemo-mechanical
strain potentially causing plastic deformation, mechanical fracturing and even
amorphization, as similarly observed for, e.g., LiCO, ®* and Si ®®. The gradual
decrease in particle size resulting in an amorphization of the electrode material is
evident from the ex-situ XRD diffraction pattern of the electrode shown in Fig. 4a.
After cycling only minor indications of crystalline NFLF can be observed as indicated
by the decreased intensity of the characteristic reflexes in the XRD pattern of NFLF.
Further evidence is given by the TEM micrographs shown in Fig. 4b indicating a
significant amorphization of the NFLF, while a granular morphology is still visible.
Selected area electron diffraction (SAED) data shown in Fig. 4c also exhibits a high
degree of amorphization and only faint signs of crystallinity can be discerned in some
regions. The observed diffractions spots can be assigned to the (116) planes of NFLF
with a lattice spacing of 2.01 A. EDS mapping shown in Fig. 4d furthermore reveals
an almost homogenous distribution of all constituents (Na, Fe, and F) within the
sample. Although there are some indications of NFLF amorphization that mainly
occurs during prelithiation step, its impact on the overall hybrid supercapacitor is

expected to be negligible and is the focus of further studies.
4. Conclusion

Herein, we present a novel anode material with pseudocapacitive properties and no
capacity loss during cycling for the LIC. The nano-scale iron-derivate of
cryolithionite, NasFe,LisF1,, has been synthesized phase pure from abundantly
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available precursors by precipitation from an aqueous solution without any heat
treatment. The electrochemical evaluation indicates that NagFe,LisF1, exhibits a high
discharge capacity of 746 mAh/g. After the first charging cycle, energy is stored via
fast pseudocapacitive faradaic reactions which are facilitated by the nanocrystalline
transport pathways to the electrode. This material displays a high electrochemical
stability window that allows extracting a large cell voltage range from 2.2 Vto 3.2 V
in a LIC where it is coupled with a positive electrode made from porous carbon for
electric double-layer charge storage. The fast charging/discharging of the garnet-based
electrode via pseudocapacitive and adsorption storage mechanisms fits well with the
fast EDL charging/discharging of nanoporous carbon electrodes. The most important
aspect is the high energy efficiency of 93 % maintained for 10000 galvanostatic
charge/discharge cycles which is superior to the state-of-the-art LICs. This study
opens a new direction of research concerning pseudocapacitive anode materials for
enhancing the power performance and even replacing the traditional battery-like

insertion anode materials.
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Fig. 1. Crystal chemistry and Morphology. a NasAlLisF12 and LasZr,Li;O1;
garnets (Space group: la-3d).>® In Li-fluoride garnet structure the F are located at the
general crystallographic position 96h (not shown), which forms a F~ framework with
interstices occupied by Na* at the eight-fold coordinated position 24c (A-site), by AI**
(or Fe** in case of NagFe,LisF1,) at the six-fold coordinated position 16a (B-site), and
by Li* at the four-fold coordinated 24d position (C-site). The high Li-ion conductivity
of Li-oxide garnets is caused by the occupation of interstices within the oxide
framework (six-fold coordinated 48g and 96h position) with extra Li* forming a 3-D
pathway providing high Li-ion diffusivity. b The observed (obs), calculated (calc),
and difference patterns (obs-calc) for the Rietveld refinement from powder X-ray
diffraction of NasFe,LisF1,. The short vertical lines below the profiles mark the
reflection positions of all possible Bragg reflections of this phase. ¢ Mdossbauer
spectrum of NagFe,LisF1, shows doublet, which could be assigned to Fed* at the 16a
site. d STEM annular bright-field (ABF) image of a composite electrode containing
NasFe,LisFi1, particles. The image series depicts a STEM HAADF image of a
representative area of the electrode and corresponding EDS elemental maps.
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Fig. 2. Electrochemical performance of NasFe,LizsF,. a Initial cyclic
voltammograms (scan rate = 0.05 mV/s) during the first lithium insertion in
NasFe,LisF1, which was repeated for 3 CVs down to a vertex potential of 0.1 V vs.
Li/Li*. b CV curves of NasFe,LisF1, at different scan rates from 0.2 mV/s to 50 mV/s.
¢ determination of the b value using the relationship between anodic or cathodic
currents and scan rates at the potential of 0.8 V vs. Li/Li*. d separation of the
adsorption contribution and pseudocapacitive contribution at 0.2 mV/s. e contribution
ratio of the adsorption contribution and pseudocapacitive contribution vs. scan rate. f
the first galvanostatic discharge-charge of NasFe,LisF1, at 25 mA/g.
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Fig. 3. Electrochemical performance of lithium-ion capacitors. a galvanostatic
charge/discharge curve of a hybrid supercapacitor between 2.2—3.2 V with carbon/
NasFe,LisF1, setup, where LiPFg (in EC:DMC) served as the electrolyte, and lithium
was used as the reference electrode. The current density is expressed per total mass of
electrodes. b the electrochemical behavior of negative NasFe,LisF1, electrode during
10000 galvanostatic charge/discharge cycles. ¢ capacitance and energy efficiency of
NasFe,LisFi/carbon hybrid supercapacitor during galvanostatic charge/discharge
cycling at 50 mA/g (collected after every 500 cycles). Capacitance is expressed per
total mass of NFLF and carbon electrodes including the binder and conductivity
enhancer. d self-discharge behavior of hybrid cell and electrodes during an open
circuit period after charging up to 3.2 V.
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Fig. 4. Post-mortem analysis of lithium-ion hybrid capacitor. a X-ray diffraction
pattern of NasFe,LisFi, powder as prepared (reference), and in a composite electrode
before and after cycling. A significant amorphization of the particles is evident. Just
small indications of the main reflexes of NasFe;,LisF1, can be detected after cycling. b
TEM bright field images at different magnifications, showing the granular
morphology. ¢ Selected area electron diffraction (SAED) giving an only minor
indication of crystalline NasFe,LisF1; SAED intensity values are transformed by | 1%
for better visibility of the weak reflections. d STEM EDS elemental maps show the
spatial distribution of all constituents (Na, Fe and F) of cryolithionite.
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