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Abstract

The search for efficient anodic electrochromic materials is essential to the development
of electrochromic devices, such as smart windows. Magnetron-sputtered lithium-nickel-
tungsten mixed oxides are good candidates to tackle this issue; however, they display a
complicated microstructure, making it difficult to pinpoint the origin of their electro-optical
properties. Herein, by exploring the Li,O-NiO-WO3 phase diagram, we obtained a new phase,
LioNi2W20o, that crystallizes in the orthorhombic Pbcn space group. This material can
reversibly uptake/release 0.75 Li* (31 mAh.g'') when cycled between 2.5 and 5.0 V vs Li*/Li.
Moreover, through operando optical microscopy, we show that this new phase is
electrochromic, and access crucial information about the diffusion-limited insertion of lithium
at the single-particle-scale. This study sets the ground for future syntheses of electrochemically
active materials crystallizing in the ramsayite structure, and details how the electrochromic
properties of battery materials can be used to shed some light on their electrochemical

mechanisms.



Introduction

Electrochromic materials are characterized by a reversible and persistent change of
optical properties when they are exposed to an externally applied voltage. This property has
been popularized in the 1960s'2, and today, these electrochromic materials are used to develop
electrochromic devices: these optical devices can go from a fully transparent state to a darker,
colored state, and are mostly studied for their application to self-dimming mirrors and glasses,
electrochromic displays and smart windows>*. The latter are a key technology as they can
make our buildings more energy-efficient, by screening specific wavelengths from solar

emissions, especially infrared wavelengths.

An electrochromic device is usually composed of two electrodes, each deposited on
their own transparent conductive oxide thin film, and separated by a transparent solid
electrolyte. The coloration/bleaching process of the device comes from the rocking of small
cations (H*, Li*, Na*...) from one electrode to the other, driven by an external voltage bias. A
WO3 thin film is often used as the working electrode, due to the material’s great performances
and a good understanding of its structure and properties’-8. The material used as the counter
electrode in the device can vary, but NiO thin films are a common choice. However,
electrochromic NiO thin films are plagued by two issues: low transmittance modulation

between the bleached and the colored states, and poor cycling stability®!!,

An interesting method used to solve these issues is to mix NiO with other cations in
thin films. Mixing NiO with lithium has been shown to increase the optical modulation of the
material'?!3, while mixing with heavy cations like W(VI) can improve the durability of the
film!*15. However, few reports were made on Li-Ni-W oxide thin films: Lin ef al. discussed
the electrochromic properties of a radio-frequency (rf) magnetron sputtered Lii.gi1N1Wo.210x
thin film'®, while Gillaspie ef al. reported the performances of a Li; 2NiWo.1Ox film, that was
also prepared through rf magnetron sputtering!’. In both cases, the cationic mixing improved
the optical modulation and the durability of the films compared to pure NiO. Another
interesting aspect of these two compositions is the morphology of the films: both of them were
nanocomposites, with cubic rocksalt NiO nanocrystallites embedded in an amorphous matrix.
The matrix supposedly improved the diffusion of lithium cations to the crystallites, which was

one of the reasons proposed for the good performances of these nanocomposites!'®.

In these two cases, tungsten is only used as a doping agent in order to create the unique

microstructure of the films, and it might be argued that the “electrochromic components” of



these materials are only the NiO nanocrystallites. However, there have been reports on
monophasic crystallized Li-Ni-W mixed oxides, able to reversibly insert Li* cations: the
triclinic LioNi(WO4)> phase!®!®, as well as LisxNiixWOs phases?®. The electrochromic
properties of these phases have yet to be studied; nonetheless, since they contain the two
transition metals most associated with electrochromism, chances are high that these mixed
oxides are also electrochromic. In the case of Li2Ni(WOs)2, cathodic electrochromism would
be expected as its lithiation process is associated with the W®/W>* redox couple. Meanwhile,
for the Lis+xNii-xWOs phases, as Ni**/Ni?* redox is involved in its delithiation process, anodic
electrochromism would be observed. This raises the question of what these crystallized

structures can bring to the field of electrochromic Li-Ni-W mixed oxides.

In this report, we present a new phase discovered during our exploration of the Li-Ni-
W-O system. This phase, with the general formula Li2Ni2W20o, was obtained through solid-
state synthesis. It displays reversible electrochemical activity associated to the Ni**/Ni?* redox
couple when cycled against lithium metal at high potentials. Moreover, anodic
electrochromism is clearly established thanks to operando optical microscopy operated at the

single-particle-level?! 3L,

Experimental methods

Reagents — Li;Ni2W>09 powder was synthetized from nickel oxide powder (NiO,
Sigma-Aldrich, 99 %), tungsten trioxide powder (WOs, Alfa Aesar, 99.8 %), and lithium
carbonate powder (Li2CO3, Sigma-Aldrich, > 99.0 %). The Lix2Ni2W209 self-standing film was
made from the prepared LixNi2W209 powder, carbon black Super P (C, Alfa Aesar, > 99 %),
and a 60 wt% polytetrafluoroethylene dispersion in water (PTFE, Sigma-Aldrich).

Synthesis — Li2Ni2W209 was obtained through solid-state synthesis. For a typical batch
of 2 g, NiO powder (435 mg, 2 eq.), WO3 powder (1350 mg, 2 eq.), and Li»CO3 powder
(215 mg, 1 eq.) were hand-ground together in an agate mortar; acetone was used to ensure an
homogeneous mix. The mix was then ground for 30 minutes in a stainless steel jar containing
two stainless steel balls using a SPEX SamplePrep 8000M Mixer/Mill. The resulting mix was
then poured in an alumina crucible and heated in a Carbolite CWF 1200 muffle furnace. It was
first heated in air at 650 °C (heating rate: 5 °C/min) for 12 h to ensure the decarbonatation of
Li,CO3, then to 700 °C (heating rate: 2 °C/min) for 24 h. The resulting powder was ball milled
for 30 minutes and was then heated again at 700 °C in air (heating rate: 5 °C/min) for 24 h,

yielding a green powder.



Structural characterization — Synchrotron powder X-ray diffraction experiments
(PXRD) were performed at the 11-BM beamline of the Advanced Photon Source (APS)
(A =10.45898 A), at Argonne National Laboratory, USA%2, The measurements were realized in
transmission mode. The Li>Ni2W209 powder was mixed with crushed glass (1:1 volume ratio)
to decrease the absorption of the X-ray beam by tungsten. The samples were poured in

borosilicate capillaries (0.7 mm in diameter), and sealed in Kapton tubes.

Neutron powder diffraction patterns were obtained from the Echidna diffractometer??
(L =1.6220 A) at the Open Pool Australian Lightwater (OPAL) reactor of Australia’s Nuclear
Science and Technology Organisation (ANSTO). The measurements were performed at room
temperature using roughly 2 g of pristine LixNi2W>Oy powder placed in a vanadium cylindrical

can.

All powder diffraction patterns were refined following the Rietveld method®*, in the

FullProf software suite®.

Samples for the transmission electron microscopy (TEM) were prepared by grinding
the powder in an agate mortar with methanol and depositing drops of the resulting suspension
on a copper TEM grid with a holey carbon layer. Electron diffraction patterns (ED), high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) images, and
energy dispersive X-ray spectra in STEM-mode (STEM-EDX) were collected with a probe-
corrected Titan Themis Z electron microscope operated at 200 kV and equipped with a Super-

X EDX detector.

Electrochemistry — Galvanostatic charge-discharge experiments were performed using
coin cells in a two-electrode setup. The working electrode was Li2Ni2W209 mixed with carbon
black Super P (20 wt%), and the counter electrode was lithium metal. Aluminum foil and a
stainless steel plate were used as current collectors at the positive and negative electrodes,
respectively. Two layers of Whatman GF/D glass fiber filters were used as separator between
the two electrodes. The electrolyte was a 1 M solution of lithium hexafluorophosphate (LiPFs)
in a 1:1:4 vol% mix of ethylene carbonate (EC), propylene carbonate (PC) and dimetyl
carbonate (DMC).

The measurements were carried out using a BioLogic BCS-805 battery cycler, and the
data was acquired using EC-Lab. The cells were cycled between 2.5 and 5.0 V vs Li"/Li, at a

current density of 10 mA.g™!, at room temperature. Three coin cells were cycled in the same



conditions to verify the repeatability of the electrochemical behavior, and to get some statistical

dispersion on these measurements.

X-ray Absorption Spectroscopy (XAS) — XAS measurements were performed at the
ROCK beamline®® of SOLEIL synchrotron (France). A Si (111) quick-XAS monochromator
with an oscillation frequency of 2 Hz was used to select the incident energy across the Ni K-
edge. The quick-XAS spectra were collected in transmission mode using a Ni foil to ensure the

energy calibration, and averaged over 10 minutes.

Samples were prepared by mixing 3 mg of active material with cellulose and pressing
the resulting powder into 5-mm-wide pellet. In the case of electrochemically (de)lithiated
materials, those were retrieved as quickly as possible from their electrochemical cells after
cycling, centrifugated three time in clean DMC (6000 rpm, 2 minutes) and dried in vacuum,
before being pressed into pellets inside an argon-filled glovebox. The resulting pellets were
sealed in plastic film to avoid air exposure upon XAS measurements. The energy calibration
and normalization of the XAS data was performed using DEMETER package’’. The k*-
weighted EXAFS oscillations were extracted at Ni K-edge using a sine windows in the k-range
of [2.2-16.3] A! and the refinement was done in the R-range of [1,3.25] A. The Eo, S¢*> and
coordination number N; were kept fixed, only the radial distance Ri and the mean-square
relative displacements ;> were allowed to vary. To refine the EXAFS oscillations, we have
used the starting model obtained by the structure reported in Table 1. The refined structural
parameters obtained by EXAFS analysis are reported in Table S1.

Operando XRD — Operando XRD measurements were performed in a reflection mode
by using LizNi;W>09 powder mixed with carbon black Super P (20 wt%) as the working
electrode in a specialized operando cell, sealed with a Be window (Figure S1). The counter-
electrode was metallic lithium. Thin Al foil (thickness: 0.003 mm) and a stainless steel plate
were used as current collectors at the positive and negative electrodes, respectively. Two layers
of Whatman GF/D glass fiber filters were used as separators between the two electrodes. The
electrolyte was a 1 M solution of lithium hexafluorophosphate (LiPFs) in a 1:1:4 vol% mix of
ethylene carbonate (EC), propylene carbonate (PC) and dimetyl carbonate (DMC). The cell
was cycled between 2.5 and 5.0 V vs Li*/Li, at a current density of 10 mA.g!, at room
temperature. Electrochemical measurements were carried out using a BioLogic SP-50

potentiostat, and the electrochemical data was collected with EC-Lab.



The XRD scans were performed with a Bruker D8 Advance lab diffractometer,
equipped with a Cu Ka source (A = 1.54056 A and A» = 1.54439 A) and a LynxEye-2 detector.

The measurements were performed in reflection mode, in the Bragg-Brentano configuration.

Optical microscopy — Operando optical microscopy measurements were performed by
using a Li2Ni2W20g self-standing film as a working electrode in an ECC-Opto-Std optical test
cell from EL-Cell (Figure S2). The working electrode was prepared by carefully mixing the
components (94.8 wt% LixNi2W20o, 5 wt% Carbon Super P, 0.2 wt% PTFE) in ethanol, using
an agate mortar and an agate pestle. The resulting powder was poured on a clean glass surface
and repeatedly flattened with a glass cylinder until a ~0.5 mm film was obtained. This film was

then dried at 80 °C in vacuum overnight.

The counter electrode was metallic lithium. The current collector on the working
electode’s side was an Al mesh, and one layer of Whatman GF/D glass fiber filter was used as
a separator between the two electrodes. The electrolyte was a 1 M solution of lithium
hexafluorophosphate (LiPFs) in a 1:1:4 vol% mix of ethylene carbonate (EC), propylene
carbonate (PC) and dimetyl carbonate (DMC). The cell was mounted on an inverted
microscope (Axio Observer 7, Zeiss) and illuminated from the backside through a 63x oil
immersion objective (Plan Apochromat, Zeiss, NA = 1.4) by means of an unpolarized white
light source. A CMOS color camera (Axiocam 705 color, Zeiss) collected the reflected light
through the same objective. Each image was taken manually, every 100 s, in order to maintain
the focus on the working electrode through the experiment. The cell was cycled between 2.5
and 4.85 V vs Li*/Li at a current density of 10 mA.g"!, at room temperature, using a CHI 760E

potentiostat from CH Instruments.

Transmission-like images (Figure S3) of pristine and delithiated LNWO particles were
obtained by dispersing the electrode material (carbon + LNWO, see Electrochemistry) with a
droplet of DMC on a glass coverslip, and by positioning a 25 pm-diameter Pt
ultramicroelectrode (UME) above the particle, 10 um above the glass surface, using an
ElProScan scanning electrochemical probe microscope from HEKA. The Pt UME acts as a

mirror reflecting the light transmitted by the particle towards the microscope objective.

The image analysis was carried out using homemade Python routines. For the statistical
analysis, the images were first thresholded and then segmented into the different particles using
the skimage.measure.label function from the scikit-image library®®. From there, the average

reflected intensity, L.r, and the surface area in terms of pixels (pixel size = 55 nm), S, were



extracted for each particle. The same method was used to extract I..n over time for a given
particle, in the single-particle-scale study. Lateral drift was corrected using the trackpy
library*®. Due to the nature of the data treatment, a few particle agglomerates were identified

as “single particles”; this is especially true for the biggest agglomerates (S > 10° px).
Results

1 — Crystal structure

n s
e N Rl 3 T ot i o M o |

20 (°), A = 0.45898 A

Neutron powder diffraction o Experimental data

Calculated data
— Yac = Yexp
|  Bragg positions

Intensity (a. u.)

{11101 I AT 0 O 00 00 B 0

e TPy MrhAu A A AANN N W
W W iV

v b W b a

LU DL BN B BENLEN EENLEN B BN EENLEN EENLEN R B BN RN N
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

20 (°), A = 1.6220A

Figure 1 — Rietveld refinements of Lia2Ni2W20y from the synchrotron XRD pattern (top) and neutron
diffraction pattern (bottom) at room temperature (300 K). The red circles, black continuous line and bottom
blue line represent the observed, calculated, and difference patterns respectively. Vertical green tick bars are

the Bragg positions.

The crystal structure of LixNi2W>09 was studied through X-ray and neutron powder
diffraction. As little information was known about this new phase, the structure had to be solved
ab initio. First, the X-ray diffraction peaks were indexed in an orthorhombic unit cell using the
DICVOL program*, with a volume of 632.29(2) A and lattice parameters a = 8.69523(8) A,
b =5.06407(5) A, and ¢ = 14.34517(2) A. The observed reflection conditions are consistent

with the Pbcn space group. Thus, this space group was used to solve the structure of



Li:NixW209 using the FOX software*!. The calculations were initialized assuming a structure
built on NiOg octahedra. This led to an initial structural agreement with the X-ray powder
diffraction pattern. Li atoms were placed in the structure using bond valence maps, which were
calculated using the GFourier program from the FullProf Suite*’. Their positions were
confirmed through neutron powder diffraction. The final structural model was obtained through
Rietveld refinements** simultaneously from the neutron and synchrotron X-ray powder
diffraction patterns (Figure 1). Electron diffraction patterns (Figure S4) are in good agreement

with the Pbcn space group and the lattice parameters determined from synchrotron powder

XRD data.
Bond
Element Wyckoff site x/a /b e Biso (A?) Occupancy valence
sum*®
Li 8d 0.340(2) 0.522(4) 0.4947(6) 1.8(19) 1 0.944(2)
Ni 8d 0.6633(2) 0.5005(6) 0.81315(9) 0.364(17) 1 1.982(1)
w 8d 0.5242(4) 0.000(13) 0.6441(16) 0.022(4) 1 5.891(5)
Ol 4c 1/2 0.281(11) 3/4 0.207(14) 1 1.989(2)
02 8d 0.5083(4) 0.6791(7) 0.9091(2) 0.207(14) 1 1.933(3)
03 8d 0.6494(4) 0.8518(7) 0.7469(2) 0.207(14) 1 1.945(2)
04 8d 0.8426(5) 0.6635(6) 0.8952(19) 0.207(14) 1 1.831(2)
05 8d 0.3386(5) 0.1539(6) 0.9257(19) 0.207(14) 1 2.114(3)

Space group: Pbcn. Lattice parameters: a = 8.69523(8) A / b=5.06407(5) A / ¢ =14.34517(2) A
V =631.928(1) A®. Z = 4. Reliability parameters: ¥> = 1.95, Rpruge = 2.74 % (Synchrotron X-Ray) / y> = 2.70, Rprage = 3.41
% (Neutron).

Table 1 — Results of the Rietveld refinements (Synchrotron PXRD and neutron powder
diffraction) for Pbcn Li2Ni2W20s. For oxygen atoms, Biso values were all set equal.

The crystal structure of the LizNi2W209 phase is shown in Figure 2, and the main
crystallographic parameters can be found in Table 1. The Li2Ni2W209 phase is nearly pure:
two low-intensity peaks, at 20 = 5.72° and 260 = 9.11° on the synchrotron XRD pattern (Figure
1) indicate the existence of a small amount of P2/c NiWO4 (ICSD n° 15852)* as an impurity
(less than 2 wt%). The relative purity of the synthetized material and the homogeneous
distribution of Ni and W were also confirmed through STEM-EDX compositional maps
(Figure S5).

Based on Pauling’s valence-sum rule®, for a given ion, the sum of its bonds’ valences
should be equal to the ion’s valence. Thus, thanks to calculation based on bond lengths*}, we

find values suggesting that Li>NixW209 contains Li*, Ni?*, W¢" and O* (Table 1).
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Figure 2 — Crystal structure of Li2Ni2W20y. a) Projection along [010] of the layered structure. b) Bond
lengths for the WOs, NiOs and LiOs octahedra. ¢) Projection along [001] highlighting the NiOg chains in the
Ni-W-O layers. Atoms in a paler color have lower z-coordinates. d) Projection along [001] highlighting the
lithium honeycomb configuration in the interlayer. In these representations, tungsten atoms are blue, nickel

atoms are green, lithium atoms are yellow, and oxygen atoms are red.

Li2Ni2W>09 displays a layered structure (Figure 2a). The layers are composed of chains
of edge-sharing NiOs octahedra; in a given layer, these chains alternate between a lower and
an upper z-coordinate along the c-axis (Figure 2a,c). The chains are linked to each other by O1
oxygen atoms, and by face-sharing WOg dimers located between each chain as well. Each WOg
octahedron shares three edges with a NiOg chain (O1-0O4, 04-03, 03-0O2), a corner with
another chain (O3) and a face with another WOg octahedron (03-03-01) (Figure 2c¢).



Interestingly, the WOs octahedra are heavily distorted: the W-O bonds pointing toward
the interlayer (W-O2, W-O4, W-0O5) are much shorter than those pointing toward the Ni-W-O
layer (W-O1, W-03, W-O3) (Figure 2a,b,c). The opposite trend is observed when looking at
the Ni-O bond lengths for the NiOs octahedra: the Ni-O bonds pointing toward the interlayer
(Ni-02, Ni-O4, Ni-O4) are longer than those pointing in the opposite direction (Ni-O1, Ni-O3,
Ni-O3). However, the distortion is less significant for the NiOg octahedra than for the WOs
octahedra. The distortion for an octahedron can be quantified by looking at its quadratic

elongation*®, given by equation (I):

M = %Z & U

where [, is the vertex-to-center distance for a regular octahedron of equal volume to the
distorted polyhedron, with bond lengths [;. For (1) = 1, the studied octahedron displays no
distorsion. The quadratic elongation for a WOs octahedron in the LizNi2W209 phase is 1.06,
whereas it is merely equal to 1.02 for a NiOs octahedron. These values highlight the severity
of both the bond angles and bond lengths distortions in the WOs octahedra compared to the
NiOs octahedra. Such distortions may arise from a second order Jahn-Teller effect, which is

rather common for high-valence d° cations*’+%.

The most interesting feature of the crystal structure of Li2Ni2W209 comes from the
lithium ions, which occupy the interlayer space, forming a “honeycomb” pattern (Figure 2d).
Each lithium ion is located directly above/below a nickel ion, with a distorted octahedral
coordination. Here, the longest Li-O bonds, Li-O4, point toward the neighboring NiOs
octahedron, in such a way that the Li" cations are always closer to one Ni-W-O layer than the
other. In particular, the Li* ions are always closer to the W®" ions than the Ni** ions (Figure
2a,b,d). This could be explained by the high valency of the W*" ions, which have to get closer
to low-valence cations (Li") to maintain local charge neutrality; this would also justify why the

W6 cations seem to deviate from the Ni** cations (Figure 2¢)*%,
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Figure 3 - HAADF-STEM images along a) the [100] direction and b) the [010] direction for a Li2Ni2W209

crystallite. The inlet in b) comes from the same HAADF-STEM image, in inverted contrast and zoomed in

to highlight the positions of the Ni cations. c, d): Projections of the nickel and tungsten atoms position for
the refined Pbcn LixNi2W20y structural model, along the ¢) [100] direction and d) [010] direction.

In order to validate the solved structure, LiNi2W209 was further analyzed by atomic
resolution HAADF-STEM imaging (Figure 3a,b). On these images, the brightest dots represent
the tungsten atoms, which possess the highest atomic number; nickel atoms can be seen as
slightly dimmer dots in Figure 3b. Lithium cannot be detected due to its very small atomic
number. In Figure 3a, we can observe rows of bright dots which are two-dot wide, and
correspond to atomic columns consisting of both nickel and tungsten atoms. These rows of dots
are separated by a dark space corresponding to the interlayer gap described before. This
placement of the tungsten and nickel atoms fully matches with the structure we obtained
through Rietveld refinement (Figure 3c). In Figure 3b, two-atom wide rows of bright dots (W)

are observed when the structure is viewed along the [010] direction. A pair of dim dots (Ni)

11



can be seen between the bright dots of each row; the position of each of these “dim pairs”
alternates between the top and the bottom of the row. This configuration for the Ni and W
atoms also matches quite well with the configuration found in the refined crystal structure
(Figure 3d). Moreover, the W-W distance along the c-axis can be estimated to roughly 4 A
from the HAADF-STEM images, in agreement with the distance calculated from the structural

model.

Many insertion materials studied for an application as cathode in lithium-ion batteries
display a layered structure: LiCo0>*~°, NMC materials (Li[NixCoi-2xMnx]02)>!32,
LiFeSO4OH>, and LisVO(PO4)>>* to name a few. However, although it is also a layered
compound, Li2Ni2W>09 has a structure that is quite unique compared to what can be found
among other cathode materials, namely because of its resemblance with corundum. As such,

its electrochemical properties as a potential electrode material for Li-ion batteries were studied.
2 — Electrochemical behavior

80 wt% LixNi2W209 powder (LNWO) was mixed with 20 wt% carbon black to prepare
the cathode electrode, which was then cycled against lithium metal through a galvanostatic

charge-discharge process. The resulting curves are shown in Figure 4.
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Figure 4 — a) Galvanostatic charge-discharge curves and b) dQ/dV curves for LNWO + 20 wt% carbon
black, cycled at 10 mA.g! against Li metal at room temperature; the electrolyte was a solution containing
1 M LiPFs in a 1:1:4 EC:PC:DMC mix. ¢) Average discharge capacity (green dots) and average coulombic

efficiency (black diamonds) for three coin cells cycled according to the conditions set in a).

When cycled between 2.5 and 5.0 V vs Li*/Li at a current density of 10 mA.g"!, LNWO
displays two distinct plateaus in its first charge: one appears at around 4.55 V vs Li"/Li with a
capacity of 23 mA.h.g"!, while the other one appears above 4.8 V vs Li*/Li, contributing a
capacity of 18 mA.h.g"! (Figure 4a). In the following discharge, two slopes can be observed,
but in a much narrower potential region: the first slope appears between 4.6 and 4.5 V vs Li*/Li,

and the other between 4.5 and 4.4 V vs Li*/Li. This behavior indicates that we have two distinct

12



redox couples. This electrochemical activity is certainly due to the nickel cations: Ni?* is the
only cation that can be oxidized in the pristine compound. This was confirmed by XAS
measurements (Figure S7). However, the potentials at which the reactions occur are
significantly higher than for other layered, nickel-active battery materials: an oxidation
potential ranging from 3.8 to 4.3 V vs Li*/Li is expected for the Ni**/Ni** redox couple>!-32->336,
The increase in the active potential range of Li2Ni2W>09 may be explained by an inductive
effect between the Ni?* cations and the WOs octahedra, similarly to what can be found in

LiNiPO4 ",

Looking at the dQ/dV curves (Figure 4b), the first redox couple is initially characterized
by a 100-mV polarization; this value increases slightly in the early cycles due to a shift of the
reduction peak to lower potentials. However, this peak goes back to its initial position after
cycle 50, and a 100-mV polarization is observed again. For the second, high-potential redox
couple, the polarization decrease is much more significant: between cycle 2 and cycle 50, it
goes from more than 400 mV to around 80 mV. This indicates that there is a kinetic limitation
to the second redox couple, which decreases through an activation process after several cycles.
Because the oxidation potential diminishes steadily, the charge associated with the second
oxidation plateau increases: at cycle 50, the plateau fully appears in the charge profile. Overall,
the activation process of LNWO leads to variations in discharge capacity: it decreases to from
34 t0 29 mA.h.g! between cycles 1 and 7 before steadily increasing back to 31 mA.h.g! in the
subsequent cycles (Figure 4c). After 100 cycles, the material displays a capacity retention of
84 % when compared to the 1% cycle; this value increases to 98 % if cycle 50 is taken as the
reference point. Although this activation process is reminiscent of what has been reported on
electrochemical grinding in other materials®, the capacity increase is actually quite small, and
SEM pictures taken before and after cycling (Figure S8) show no clear evolution of the

material’s morphology correlated to the polarization decrease.

An irreversible capacity of ~7 mA.h.g! is observed in the first cycle. This irreversibility
between charge and discharge tends to decrease through the cycles, as indicated by a decrease
in the slippage of the cycling curves, and by a steady increase in coulombic efficiency;
however, this efficiency remains below 99 %, indicating that some irreversible processes are
still occurring during charges. Such irreversibility could be associated with electrolyte
decomposition, which would not be surprising considering how carbonate-based electrolytes

suffer from high-potential cycling®!.
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In order to get a better picture of the electrochemical mechanism involved in LNWO,
an operando XRD experiment was performed, using the same cycling conditions as before.

The results of this experiment are shown in Figure 5.

Upon removing lithium from LNWO, we observe that the (00/) peaks shift toward lower
Bragg angles (Figure 5b), while (4k0) peaks shift toward higher Bragg angles (Figure 5a),
which matches with an increase in the c-lattice parameter, and a decrease in the a- and b-lattice
parameters, respectively. The lattice expansion along the c-axis is easily explained by an
increase of the coulombic repulsion between Ni-W-O layers upon Li* removal. Meanwhile, the
oxidation of Ni?* leads to a shortening of the Ni-O bond lengths, responsible for the lattice

contraction along the a- and b-axis.
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Figure 5 — Focus on the a) (110) + (200) peaks and b) (004) peaks of an operando XRD experiment on
LixNi2W209. The scans taken during charge are in red; those taken during discharge are in blue. P: peak for
LizNi2W20. a: peak for LicNi2W20. B: peak for LigNi2W20s. ¢) Cycling curve (Ewe against time, 10 mA.g™!,
20 wt% carbon black) for the operando XRD experiment.

Moreover, after removing roughly 0.27 Li" equivalents from the material, new peaks

start to appear indicating a biphasic system, matching with the first redox plateau. This
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underlithiated phase crystallizes in the Pbcn space group, similarly to the pristine phase;
however, the underlithiated lattice is elongated along the c-axis (Table 2). As the peaks for the
pristine phase have fully disappeared after removing 0.5 to 0.6 Li*, the chemical formula for

the underlithiated phase can be written as LiuNi2W209, with o between 1.4 and 1.5.

When more lithium is removed (up to 1.04 Li"), the peaks of LiuNi2W>O9 keep shifting,
and new shoulder peaks start to appear at positions matching with the (002) and (004)
reflections. These could correspond to another biphasic and an even more underlithiated phase,
LigNi2W209, with B < a < 2. However, these shoulder peaks are not as defined as for the
previous biphasic. Thus, the existence of this second biphasic is not as clear-cut, even though
those two biphasic systems would match pretty neatly with the two sets of plateaus/peaks

observed in Figure 4a,b.

a () b(A) c(Q) V (A3
Li2NizW209 8.69523(8) 5.06407(5) 14.34517(2) 631.928(1)
LiaNi2W209 8.630(12) 5.0534(6) 14.605(17) 637.0(14)

Table 2 — Lattice parameters calculated through Rietveld refinements of the pristine
Li2Ni2W209 XRD pattern (Synchrotron PXRD), and of the underlithiated LicNi2W209

An opposite trend in the evolution of the XRD patterns is observed when reinserting
lithium, indicating that the structural changes occurring in the LNWO electrode are reversible.
This reversibility is only partial, however, as the peaks associated to LiuNi2W209 do not fully
disappear at the end of the discharge. This slight structural irreversibility accounts for the 0.2
Li* that cannot be inserted back in the material during the first discharge and is responsible for
the 7 mA.h.g! irreversibility in the first cycle. In general, the structure of the material does not
appear to deteriorate significantly past the first cycle (Figure S8); this could explain the good
reversibility and capacity retention observed for LNWO, and it would indicate that structural
irreversibilities do not contribute much further to the electrochemical irreversibility past the

first couple of cycles..

A similar set of electrochemical characterizations was conducted on Li>Ni2W209 with
a lower potential range (1.0 to 3.0 V) to inspect the electrochemical behavior of the phase upon
overlithiation. The results suggest that an irreversible conversion reaction occurs when cycling
LNWO in this potential window (Figures S9, S10), and Li2Ni2W>0y is probably transformed
into an amorphous mix of different phases after the first discharge to 1.0 V, which is not

unheard of for a nickel-tungsten mixed oxide®?.
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3 — Optical properties

Our operando XRD measurements demonstrate that the reversible electrochemical
behavior of Li2Ni2W20y at high potentials is also associated to reversible structural changes.
Considering this, one might wonder if reversible optical changes are not occurring as lithium

1s inserted or removed from the material.

In order to assess the electrochromic properties of LixNi2W209, we performed an
operando optical reflection microscopy experiment. As schematized in Figure 6a, the images
recorded correspond to collection of light reflected by the imaged sample. A self-standing
electrode (LNWO: 94.8 wt% / Carbon black Super P: 5 wt% / PTFE: 0.2 wt%) was cycled
against lithium metal in a cell designed for this type of experiment (see Figure S2)**2°. The full

setup for the experiment is shown in Figure 6a.
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Figure 6 — a) Operando optical reflection microscopy setup. b) Galvanostatic charge-discharge curve (Ewe vs
time) for the working electrode during the operando optical microscopy experiment. ¢), d), e), f): Optical
microscopy pictures taken before the experiment, at the end of the charge, at the end of the discharge, and 2
h hours after the end of the experiment, respectively.

The cell was cycled from 2.5 V to 4.85 V vs Li'/Li (Figure 6b), granting an insight on
what was occuring optically to LNWO during Li* (de)insertion, but only for the first redox
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plateau. The optical microscopy images collected by the CMOS camera (Figure 6c¢, d, e, f)
clearly show a general decrease of the reflected intensity (Iren) for the LNWO particles after
the removal of lithium cations; the reflected intensity increases back after the reinsertion of Li*.
Moreover, from transmission-like images of pristine and delithiated LNWO particles aquired
ex situ (in situ experiments in tranmission mode are impossible due to the electrode’s
thickness), we see that the transmitted intensity is also attenuated upon Li" deinsertion (Figure
S3). Since both reflectance and transmittance decrease during Li" deinsertion, this necessarily
means that the absorbance of light by the particles increases.Therefore, it is confirmed that

Li:Nio W10y is an anodic electrochromic material.

The reflection microscopy data was further treated in order to quantify the intensity
reflected by each LNWO particle throughout the experiment and to perform a statistical
analysis (Figure 7).
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Figure 7 — Top: distributions of the intensity reflected by each particle of the optical microscopy picture on
the three RGB channels. Bottom: relative variation of the reflected green intensity (Iren/Irenio — 1) against
particle surface S (S is given as the number of pixels required to represent each particle; pixel size = 55 nm).

The pristine particles were taken as reference (Ire0). @), b): Pristine vs delithiated particles. ¢), d): Pristine
vs lithiated particles. e), f): Pristine vs lithiated particles after 2 hours at OCV.

The global trend observed in Figure 6 is confirmed: across all three RGB channels,

there is a decrease of reflected intensity after the delithiation and an increase after the lithiation.

Interestingly, we can also observe that there is a slight increase of the reflected intensity when

leaving the electrode at OCV for two hours after the lithiation, compared to what is seen

immediately at the end of the discharge (Figure 7c,e). This suggests that the lithium insertion

inside the material iskinetically limited, possibly by the contraction of the crystal lattice along

the c-axis during discharge®®. Despite this slight increase after the resting time, the electrode

does not fully go back to its original optical state: on all RGB channels, the intensity reflected

by the electrode is slightly lower after the experiment compared to the pristine material (Table
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3). This optical irreversibility matches with the electrochemical (Figure 4) and structural

irreversibilities (Figure 5) displayed by the material when cycled against lithium.

Channel Pristine Delithiated Lithiated Lithiated + OCV
Red p=113 p=280 p=101 u=104
c=11 c=16 c=16 c=17
Green p=126 p=285 p=110 p=114
c=38 c=16 c=16 c=18
Blue p=121 p =281 p =100 p=107
c=10 c=14 c=16 c=18

Table 3 — Results for the gaussian fits of distributions of intensities reflected by each particle, on the three
RGB channels, during the first charge-discharge cycle of the operando microscopy experiment. p: expected
value. o: variance. Number of particles (sample size): 425.

It is also interesting to see that optically-wise, not all particles in the electrode behave
in the same way. This is especially noticeable when looking at Figure 7b : the relative intensity
decrease between the particles in their pristine and delithiated states can range from 5.6 % to
67 %, depending on the particle studied and, to some extent, its size. This highlights the
importance of looking at what is occuring over time at the single-particle-level, in order to

complete the information acquired from the global picture.

Looking at the evolution of the average reflected intensity at the single-particle-level
over time throughout the charge-discharge process (Figures 8, 9, S11), the same general trends
are observed: a decrease in intensity upon delithiation, an increase upon lithiation. However,
some particles can be fully darkened in less than 1000 s (particle a, particle c), while others
require close to the entire charging time to go through the same optical transition (particle b).
More examples can be found in Figure S12. This indicates that no clear correlation exists
between the electrochromic kinetics and the particle size during the charge (Figure S13),
possibly due to the somewhat heterogeneous properties of the LNWO particles (density,
thickness, defects, etc.).
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Figure 8 — Optical behavior during the galvanostatic charge-discharge for different particles (a, b, ¢). From
left to right: gray-scaled optical microscopy picture in the electrode’s pristine state, Iren and Ewe vs time
during the charge, and Iren and Ewe vs time during the discharge.
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The similarity between the slopes of the L curves in charge and discharge suggest that
Li" cations are inserted, during the discharge, (at least initially) at the same rate as they are
deinserted during the charge. Besides, the reversibility of the optical evolution during charge
and discharge is highly dependent on the particle size. For smaller particles, such as particle a,
the optical variation is nearly symmetrial between charge and discharge (Figure 8a), with slow
lithium-insertion kinetics by the end of the discharge leading to some irreversibility in the
reflected intensity (Figure 9a). However, upon increasing the particle size (particle b and c),
the shapes of the curves for Len = f(t) differ severely between the charge and the discharge.
More specifically, the recovery of the reflected intensity during discharge happens less and
less, and later and later from particle a to ¢ (Figure S14), and as such, the optical irreversiblities
become larger (Figures 8, 9); for particle ¢, the reflected intensity only increases a bit at the
very end of discharge (Figure 8c). This can be explained by the poorer Li* insertion kinetics of
the larger particles during lithiation, which also affects the electrochromic kinetics during
discharge as both are related to each other. Worth mentioning is that such limitations of the Li*
insertion kinetics, which mostly happen during discharge, are actually very common for the

layered Ni-containing Li-ion cathode materials®-,

This optical study at the single-particle-level grants us more information on the source
of the irreversibility which can be observed on cycling curves for cells using LioNi;W>09 as a
working electrode (Figure 4a). During the first cycle, and especially the first discharge, the
insertion of Li" cations inside the material is kinetically limited, possibly because of a structural
contraction of the particles at the edges. As such, reversible lithium insertion inside the biggest
particles is not favored, meaning that these particle become at least partially inactive.
Meanwhile, for smaller, submicrometric particles, the slow rate of lithium insertion keeps them

from going back to their initial, fully lithiated state.

The fact that variations in I.n do not occur immediately after the beginning of the
discharge can be explained by a simple top-to-bottom conversion model of the particles (Figure
S15). Based on this model, a threshold amount of Li" needs to be inserted inside a particle
before L.n starts increasing, because changes in I.en can only be observed once a threshold

thickness of lithiated phase (< 200 nm) remains in the particle.

Going to higher voltage (above 4.9 V vs Li/Li) induces detrimental parasitic reactions

in the cell, and therefore, the optical changes related to the second redox plateaus were not
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studied. However, most optical changes seem to occur during the first plateau and specifically

in the early stages of this first plateau.
Discussion

The crystal structure of LixNiaW209 derives from the corundum structure, with a
pseudo-hexagonal lattice. Materials with similar lattice structures can frequently be found in

the litterature, the most prominent being the aforementioned corundum, also known as a-
ALO;%. In fact, it is very easy to transform the lattice of 0-Al,O3 (R3c¢) into the orthorhombic,
Pbcn lattice (Li2Ni2W2Qo) through the following set of equations:

Appen = Agze — bpac

bppen = Apz. + bR?c (I1, III, TV)
Cppen = Cr3e

Compared to a-Al203, however, Liz2Ni2W20y is a compositionally mixed oxide. There are many
examples of binary or ternary oxides displaying a corundum-like structure (CosNbyOg%
Ni3TeO6®, Mn2ScTaOs’°, LiaMgaW200"!, LixGeTeOs'?, etc.). In fact, the crystal structure of
Li:Ni2W209¢ matches with that of another compound, MgNi3Nb,Oo’3, which displays (Mg,Ni)-
honeycomb layers caught between Mg-Ni-Nb-O layers made of octahedra chains, in a pattern
similar to what can be seen in LizNi;W>09 (Figure 2). A few reports have been made on
materials with a MgNi3NbyOo-type structure’*” (also known as “ramsayite” structure);

however, as far as we know, none of them display lithium layers.

Thus, what truly sets LizNi2W20O9 apart from other corundum-like materials is a
combination of characteristics: an ordered structure, an interlayer suitable for lithium diffusion

and an electrochemically active 3d transition metal.

This opens a wide array of possibilities for the synthesis of new materials to use as
cathodes for the electrochemical (de)insertion of lithium. For instance, replacing the divalent
nickel in Li2Ni2W209 with another divalent transition metal, or tungsten with another, lighter
element, would make for interesting synthesis prospects. As it is a ternary oxide, it might be
possible to tune the electrochemical and optical properties of the material by changing one or

more elements in the composition.

Indeed, as it stands, LNWO displays a reversible specific capacity of roughly 31
mA.h.g"! past its initial capacity fade, which is much too low to compete with other Li-ion
battery cathode materials. This low specific capacity stems mainly from its very high molar

mass (642.89 g.mol!). LiFePO4’® and LiNi;3sMni3C01302"7 typically display specific
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capacities between 160 and 175 mA.h.g! when cycled in their standard potential windows.
Trying to find materials with a similar structure to LNWO, but with lighter constituting

elements, could be a path to the discovery of new cathode materials for energy storage.

On top of this, playing with the nature of the transition metals could open the door to a
new family of electrochromic materials (Figure S16). However, a proper assessment of the
electrochromic performances of LizNi2W2Qp still needs to be done. In order to do this, the
compound must be prepared as a thin film, and an in-depth study of its optical properties will

be required.
Conclusion

A new material, with chemical formula LixNi;W209, was synthetized through solid-
state synthesis. It crystallizes in the orthorhombic Pbcn space group; its layered structure was
identified through synchrotron XRD, neutron diffraction and TEM. LizNi2W20Oy is, as far as
we know, the first electrochemically active compound with an ordered, corundum-like
structure and lithium “honeycomb” layers. The cycling capabilities of this new material against
Li metal were assessed: it displays two active redox systems, with a low reversible capacity of
roughly 31 mA.h.g!, good reversibility and good capacity retention over 100 cycles. Through
an operando optical microscopy experiment, it was established that this material displays
anodic electrochromism, thanks to the Ni**/Ni** redox couple which is active upon
(de)lithiation. On top of granting information about the eletrochromic properties of
Li2Ni2 W20, this optical microscopy experiment delivered some insights into the source of the
electrochemical and structural irreversibilities displayed by the material: the lithiation of the
particles is kinetically limited, and bigger particles become partially inactive after the first

cycle.
Supporting Information

Experimental setups for operando XRD, operando reflection optical microscopy and
post-mortem “transmission-like” microscopy. Electron diffraction patterns for Liz2NizW209
powder. HAADF-STEM and EDX images for LizNi2W209 powder. SEM pictures of
Li;Ni2W209 powder and self-standing electrodes. XAS study of LixNi2W>0y in different states
of charge. Study of the impact of long cycling of Lix2NiaW209 by XRD and SEM. Cycling
behavior of LixNi2W209 at low potentials (3.0 — 1.0 V vs Li*/Li). Study of the electrochemical
behavior of Li2NixW209 at 1.5 mA.g!. Further examples of single particles studied through

operando reflection optical microscopy. to mapping of the operando reflection optical
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microscopy images. Top-to-bottom conversion model for the LixNi;W>0y9 particles. Optical
behavior of LixNizW20¢ over three charge-discharge cycles. Sequential imaging for

Li2Ni2 W20 single particles (Figure S1 to S18, Table S1).
CIF file for Li2Ni2W209 powder.
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