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ARTICLE INFO ABSTRACT
Keywords: The ever-growing field of energy storage needs the development of fast cycling rate and high energy density
Operando X-ray diffraction batteries and substantial research efforts are required to characterize them for improved performances. Operando

Operando electrochemical cell
All solid-state batteries
Li-ion batteries

X-ray diffraction is the most effective and convenient laboratory technique to get a deep insight into structural
and electrochemical changes during operating conditions of batteries. In this work, we presented our newly
developed operando LeRiChe’S Cell v2 which has been used to study NMC electrode materials not only with
liquid electrolyte but also in solid-state batteries. The high brilliance of our laboratory diffractometer combined
with our newly developed operando LeRiChe’S Cell v2 allowed us to investigate electrode materials at high C
rates in a very short span of time.

1. Introduction good stability compared to the liquid electrolyte-based batteries [1-4].
High cycling rate materials have also drawn extensive interests because

With the escalating demand for energy storage sources, all solid-state they can provide more energy in a short span of time at low cost [5-7].
batteries (ASSB) have attracted attention because of their improved Efficient tools to properly characterize those systems in-depth are
safety, wider operating temperature range, high energy densities and required to understand the mechanisms involved during the cycling of
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Fig. 1. Electrochemical Cell (LeRiChe’S Cell v2) designed for operando measurements in transmission geometry.

the batteries. The so-called operando measurements are therefore very
crucial to unravel the correlation between electrochemical perfor-
mances and structural changes of battery materials [8,9]. Many different
operando characterization techniques such as Mossbauer Spectroscopy,
Nuclear Magnetic Resonance (NMR), X-Ray Absorption Near Edge
Spectroscopy (XANES), X-Ray Absorption Spectroscopy (XAS), Raman
Spectroscopy, Electronic Microscopy (EM), Neutron and X-ray Diffrac-
tion methods (coherent and incoherent, elastic and inelastic) are being
developed by different research teams all over the world [8,10-15].

Among them, operando X-Ray diffraction techniques are very likely
the most spread characterization methods in research laboratories
because of the easy use and adaptability of electrochemical cells into
commercial diffractometers. The designing of a suitable and reliable
operando electrochemical cell is the first and foremost part to ensure a
successful operando XRD measurement. Imperfections in cell design can
introduce many misleading and ambiguous results during operando
measurements. Although there are several operando cells which have
been designed and applied for XRD studies so far, there still exists scope
for further innovation and development in the design of operando cells
[16-22].

In this field, our laboratory has already demonstrated in the past its
potential for innovation and ingenuity. Three electrochemical cells
allowing concomitant measurements of electrochemical and structural
properties have already been developed. The first one, is used in a
powder diffractometer in reflection geometry [23]. The second version
(called “LeRiChe’S Cell v1”) developed in 2010 is dedicated to the
synchrotron facilities, either for X-Ray diffraction or absorption mea-
surement in transmission geometry [24]. Finally, a third cell adapted to
neutron diffraction was developed in collaboration with ICMCB and ILL
of Grenoble [25]. These different innovations have allowed us to reveal
some intriguing reaction mechanisms within the electrode materials as
well as to better understand the diffusivity of Li and/or Na in the bat-
teries, as shown by recent experiments at the ALBA synchrotron [26].
Our quest to innovation further motivates us to redesign a new operando
cell with improved efficiency to overcome every limitation encountered
along the way of successful operando experiments.

One of the disadvantages of laboratory measurements is their slow-
ness. Indeed, the current diffractometers (and in particular their de-
tectors) allow to consider measurements of about 30 min in order to

obtain a good counting statistic and in fine a diagram of sufficient quality
to perform either a profile matching or a Rietveld refinement. Moreover,
it is necessary to consider that during the X-Ray diffraction measure-
ment, the stoichiometry of the active material will continue to evolve.
Considering this, it is difficult to study materials at fast cycling rates
(typically higher than C/20 or C/10).

Consequently, for studying materials at high cycling rates, the syn-
chrotron remains the tool of choice since acquisitions of the order of 20 s
are possible. Nevertheless, access to large-scale facilities is not always
easy and yet it is absolutely necessary to be able to perform high quality
and extremely fast operando measurements in the laboratory (in-house).

In this work, the synergetic development of i) a new operando cell
adapted for both reflection and transmission geometry diffractometers
and ii) the use of high brilliance and high energy (Molybdenum radia-
tion) X-Ray source (rotating anode) is presented. This combination al-
lows fast data collection (down to 20 s) as well as study of all solid-state
batteries. An operating battery especially at fast charge and discharge
rate is “out of equilibrium”, therefore affecting the insertion and
extraction mechanisms of electrode materials as a function of different
C-rates. Thanks to this state-of-the-art diffractometer combined with our
newly developed operando cell, we aim at studying “out of equilibrium
processes” during cycling of high rate electrode materials.

2. Experimental
2.1. Operando cell development

The newly designed cell for carrying out operando measurements
(called LeRiChe’S Cell v2) is schematized in Fig. 1. The top part of the
cell is composed of stainless steel in a hexagonal shape with a hole of 1.7
cm in diameter. From the inner side of the top part, an X-Ray transparent
window (either Beryllium, Aluminum or Glassy Carbon) can be placed.
The transparent window also acts as a current collector and electrode
material is analyzed directly by placing it over the window. The main
body of the cell is made up of Polyether Ether Ketone (PEEK), which has
excellent mechanical strength, high chemical and temperature resis-
tance and provides good electrical insulation between the positive and
the negative electrode [27]. This part of the cell contains a rubber O-ring
to ensure a hermetic seal with the current collector window. The shape
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of both main body and top part of the cell is hexagonal with similar
dimensions and can be aligned very easily. Those two parts are put
together through six metallic screws, which also act as connection points
for the potentiostat. The important feature of this cell is the closing
screw which is used to complete the assembling of the cell. There are two
types of the closing screw one is reflection closing screw and the other is
transmission closing screw. The operando LeRiChe’S Cell v2 can be used
in transmission as well as in reflection geometry by simply exchanging
the closing screw, which makes it easy to use, convenient and versatile.
This characteristic feature makes LeRiChe’S Cell v2 unique, among all
the operando XRD cell designed so far.

Also, thanks to the closing screw for applying sufficient stack pres-
sure to the cell and keeping it air-tight for several weeks. This screw also
has a small hole for electrical connection to the potentiostat with a 2 mm
banana connector. The closing screws are made up of stainless steel with
a rubber O-ring around the circumference which restrains electrolyte
and air from escaping and entering the joining. In addition, the trans-
mission screw has a cylindrical hole through it for transmission of X-rays
and another O-ring in contact with another window (Be, or Al, or Glassy
Carbon). Moreover, it also contains a spring for better electrical contact
with current collector window. The newly designed operando LeriChe’s
Cell v2 is versatile, easy to assemble, light weight, compact, support
good mechanical pressure and long lasting.

The LeRiChe’S Cell v2 is assembled by screwing the main body part
(PEEK) of the cell with the top part. Then the active material is placed
over the window followed by the separator which is soaked in electro-
lyte. Finally, the counter electrode is placed on the other side of the
separator and the cell is tightened using the closing screw. As mentioned
earlier, for transmission, another window of a smaller diameter is used
and cell is tightened by using transmission screw. Obviously, for
reflection geometry there is no need for extra x-ray transparent window.
An aluminum or stainless-steel current collector can be used.

2.2. Rotating anode diffractometer

Operando measurements were performed on LeRiChe’S Cell v2 for
both liquid and solid electrolyte containing LiNiggMng1Cog102
(NMC811) and LiNig gMng 2C0p 202 (NMC622) respectively in half-cell
configuration. The diffractometer is a D8 DISCOVER from Bruker AXS,
equipped with a rotating Mo anode (A = 0.7093 A) and a two-
dimensional DECTRIS EIGER2R 500K detector. The beam has a flux
density of 3 x 108 photons mm 2 sec ™! with a spot size at the sample
(centre of the goniometer) of approximately 250 pm. The sample to
detector distance is tuneable and has been set to 290.2 mm in order to
cover an angular 20 range of 6-21° in a single 2D snapshot (corre-
sponding approximatively to 13-47° with Cu radiation). Rietveld
Refinement was done using TOPAS software [28,29].

2.3. Electrochemical characterisation and electrodes preparations

Electrochemical characterization of all the electrode materials were
performed using a VMP potentiostat from Biologic in half-cells config-
urations. The cells were cycled between 2.5 V and 4.3 V vs Li'/Li at
different C rates.

2.3.1. Liquid electrolyte cell assembly

Tape casted electrode of NMC811 from Umicore with 90 wt% of
active material, 5 wt% conductive carbon, and 5 wt% PVDF were used
for operando measurement. The electrodes had a porosity of ~32% and
active material mass loading is 2.77 mg/cm?. The LeRiChe’S Cell v2 was
assembled in an Argon filled glove box, using the NMC811 electrode,
two glass fiber separator, 300 pL liquid electrolyte (1 M LiPFg in 1:2%
vol ethylene carbonate and diethylene carbonate, from Umicore) and
lithium metal.
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Fig. 2. Electrochemical cycle obtained with Coin cell, LeRiChe’S cell vl and

LeRiChe’S cell v2 at C/15. Inset represents the capacity retention at C/5 for 20
cycles done using LeRiChe’s cell v2.

2.3.2. Solid electrolyte cell assembly

The cathode composite was prepared by using NMC622 and LigPSsCl
(argyrodite) in weight ratio of 70:30. The solid electrolyte layer was
composed of 100% LigPSsCl while a lithium metal foil was used as the
negative electrode. First, the solid electrolyte was pressed at approx-
imatively 100 MPa, using a conventional press and dye. Then, the solid-
state battery pellet was assembled by pressing 34 mg of cathode com-
posite with 328.5 mg of argyrodite and Li metal to about 375 MPa. The
as-prepared stand-alone battery was finally introduced into the LeR-
iChe’S Cell v2 in between two glassy carbon windows to be used in
transmission geometry. The cell was closed using a torque wrench (3.8
Nm) and kept as such during the whole measurement.

3. Results and discussion
3.1. Electrochemical tests

To test the reliability of the new operando cell, we performed the
electrochemical characterization of Ni-rich NMC811 as cathode material
using three different electrochemical cells: 1) a regular coin cell, 2) the
first version of our electrochemical cell: LeRiChe’S cell v1 24 and 3) our
newly designed LeRiChe’S cell v2 (Fig. 2).

The electrodes were cycled at a rate of C/15 between 2.4 and 4.3 V vs
Li*/Li. The electrochemical voltage profiles for all of the three cells were
relatively consistent. The LeRiChe’S Cell v2 designed for operando
measurements showed reliable and comparable electrochemistry (with
negligible polarization and comparable irreversibility) as obtained with
other classical electrochemical cells. Longer measurements were also
conducted in the LeRiChe’S Cell v2 in order to check the tightness of the
cell. As it can be seen from the inset of Figs. 2 and 20 full cycles at C/5
were successfully measured for a total time of 200 h (i.e. more than 8
days).

3.2. Operando measurements in transmission geometry of batteries with
liquid electrolyte

To study the characteristic changes in the materials’ structure,
operando XRD measurement has a significant importance. The reli-
ability and efficiency of our laboratory X-ray (D8 Discover) was explored
by studying the charge and discharge of NMC811 electrodes at different
C rates and scan rates. Measurements were performed in transmission
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Fig. 3. Schematic view of the different layers crossed by the x-ray beam during
the operando measurements.

geometry. The X-rays were transmitted through the whole LeRiChe’S
Cell v2 composed of a stack of 6 different layers as shown in Fig. 3.

As mentioned above, the electrochemical measurements for charging
and discharging of the operando cell were carried out between 4.3 and
2.5V for the three different C rates. The operando NMC811/Li half cells
were cycled at C/10, 1C, and 5C and the corresponding XRD patterns
were recorded for 20 min/scan, 2 min/scan, and 20 s/scan respectively.
The charge and discharge capacity of operando NMC811/Li half cells is
265 mAh g1 and 214 mAh g~ for C/10, 199 mAh g ! and 180 mAh g~ *
for 1C, and 137 mAh g~! and 120 mAh g~! for 5C respectively. The
voltage curves for the three different C rates as a function of time is
aligned with the diffraction patterns in Fig. 4. It is worth mentioning that
even for data collected in 20 s, the reflections’ intensities still allow to
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perfectly observe peak shift during cycling which is nearly impossible to
analyze with common lab X-ray source. As observed previously by
different groups [30-32], NMC811 undergoes structural changes from
the pristine phase H1 to the isostructural phase H2 and finally into phase
H3 isostructural to H1 and H2 if lithium content is less than 0.3. The
(101) reflection is shifted towards higher 20 continuously all along Li *
deintercalation leading to a decrease in the a lattice parameter for all C
rates. The (003) reflection is shifted first towards lower 26 from 2.4 up to
4V and then towards higher 20 at higher voltage upon Li" dein-
tercalation for C/10 and 1C. Thus, the c lattice parameter is increased
first before decreasing. A careful examination in the high voltage region
(from 4.2 to 4.3 V) clearly shows a reversible bi-phasic mechanism. This
trend has not been observed with a fast cycling rate of 5C. Indeed, only
0.65 lithium could be extracted from the pristine material while this
bi-phasic behavior is observed only if more than 0.7 lithium are removed
from the structure. The two constant peaks at 20 value 16.39° and 16.49°
identified by stars in Fig. 4, are associated with the Li metal used at
anode.

The data quality collected in this experiment allow us not only to
perform profile matching (as it is usually done with laboratory operando
measurements) but to go one step further in doing Rietveld refinement.
To do so, a dedicated macro was used in TOPAS [28,29] in order to
consider, the absorption of the different layers of the battery as well as
their individual relative displacement. From Rietveld refinement, evo-
lution of a and c lattice parameters of NMC811 was studied for char-
ge/discharge at different C rates. Fig. 5 illustrates the a-axis lattice
parameters, c-axis lattice parameters and weight percentage of the H1,
H2 and H3 phases as a function of x Li" in NMC811 for different C rates.
It has been reported that at the end of charge a three-phase coexistence is
observed at C/10 and 1C but not at 5C [30-32]. As explained above the
amount of deintercalated Li* do not reach 0.7 and hence, the H3 phase
does not appear. The existence of H1, H2 and H3 phases in NMC811 is
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Fig. 4. Contour plots of operando XRD patterns of NMC811 for selected 26 range at (a) C/10 for 20 min per scan (b) 1C for 2 min per scan and (c) 5C for 20 s per scan
along with their electrochemical data. Peaks identified with a star correspond to Li metal.
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Fig. 5. Evolution of a and c lattice parameters and weight percentage of three phases of NMC811 (a) for C/10, (b) for 1C, and (c) for 5C during charge and discharge.

distinguished by black, red and green color markers. There is a contin-
uous decrease in the a lattice parameter from 2.8765(2) Ato 2.8136(3)
A for C/10, 2.8681(2) A to 2.817(2) A for 1C, 2.8632(3) A to 2.823(10)
A for 5C during charging. The value of the a lattice parameter shows a
reversible behavior upon discharging with a gradual increase from

(a)

CAT: NMC622/Argy
SE: Argy

AN: Li

2.8133(3) A to 2.8679(2) A for C/10, 2.815(15) A to 2.8646(2) A for 1C,
2.8268(4) A to 2.8608(3) A for 5C. On the other hand, the c lattice
parameter initially shows a continuous increase from 14.1840(5) A to
14.4572(4) A for C/10, 14.2377(6) A to 14.4534(8) A for 1C, 14.2609
(12) A to 14.457(2) A for 5C and then a rapid decrease only for C/10 and

Top part

Glassy carbon

Small Window

Fig. 6. Picture of (a) Composite electrode of NMC622/Argyrodite/Li ASSB and (b) its cross section by SEM and (c) top part and small window of LeRiChe’S Cell v2

with glassy carbon.
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Fig. 7. (a) Operando XRD patterns of ASSB of NMC622/Argyrodite/Li, black circles correspond to the solid electrolyte phase (argyrodite) while the red squares
correspond to the active material (NMC622) in the composite electrode (b) Contour plots of operando XRD patterns of NMC622/Argyrodite/Li cell at selected 20
range. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

1C upon charging and vice versa during discharging.

3.3. Operando measurements in transmission geometry of an all-solid-
state-battery

All Solid-State Batteries (ASSB) are considered to be an alternative
for replacing the flammable organic liquid electrolyte with the non-
flammable solid electrolyte [33,34]. Li-argyrodite LigPSsX (X = Cl, Br,
I) is one of the promising solid electrolytes for solid-state batteries
because of its high ionic conductivity, wide operating voltage and good
electrochemical stability [35-37]. The operando X-Ray Diffraction
measurements of NMC paired with Li-argyrodites can be very helpful to
identify the structural and compositional changes, formation of solid
solution, and reaction at electrode during battery cycling [38-40].
While operando techniques have been extensively studied in LIBs using
liquid electrolyte, ASSB operando has received less attention, despite
being so critical for future batteries [8,41,42]. The most important facets
to study operando of solid-state batteries is the design of the operando
cell. The availability of suitable operando cells which are air-tight, easy
to assemble with reliable electrochemical cycling, and sufficient stack
pressure to explore the batteries using solid electrolyte is very limited as
compared to conventional batteries using liquid electrolyte [43-45].
The pressure which is applied to assemble the operando cell has a sig-
nificant role in performance of solid-state batteries because of the con-
tact between the cell and battery stack.

The use of standard large beryllium or glassy carbon windows are not
suitable for this purpose as they can either bend or break with the
applied high pressure. So, we have developed a dedicated “top part” and
“small window” for our newly designed cell into which a glassy carbon
disc (diameter = 5 mm; thickness = 250 pm) can be fit easily (Fig. 6 (c)).
With this setup, we could close the cell using a torque of 3.8 Nm without
breaking the windows and deforming the “top part” of the cell.

Our operando LeRiChe’S Cell v2 helped us to investigate the struc-
tural evolution of NMC622 during the charge and discharge process. An
all solid-state NMC622/LigPSsCl/Li was assembled in LeRiChe’S Cell v2
as detailed in the experimental part. Fig. 6 (a,b) shows the picture of a
typical three-layered solid-state battery along with its corresponding
cross-section by scanning electron microscopic image. The total thick-
ness of the battery was around 1000 pm. The three-layer pellet was then
placed between two glassy carbon windows and the assembled cell was
connected to a potentiostat. The electrochemical measurements for
charging and discharging of NMC622/Argyrodite/Li operando cell were
carried out between 2.4 and 4.6 V at C/60 rate at room temperature; the
X-ray diffraction patterns were recorded after every 10 min during
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Fig. 8. Evolution of a and c lattice parameters of NMC622 at C/60 during
charge and discharge.

cycling. Fig. 7(a) shows the operando X-ray diffraction data of an ASSB
NMC622/Argyrodite/Li in transmission mode. The galvanostatic data
revealed that the ASSB delivers a charge and discharge capacity of 113
mAh g~! and 104 mAh g~! respectively. This is approximatively half of
the practical capacity reached with the classical liquid-based electrolyte
LIB [32,46,47]. We attribute this difference to the applied pressure
which is lower in the LeRiChe’S cell v2 compare to what can be achieve
in classical electrochemical cell. Nevertheless, the high energy X-ray
beam was able to go through the whole cell and the powder data were
successfully recorded. The fixed diffraction peaks marked with a black
circle correspond to the solid electrolyte phase (argyrodite) while the
red square correspond to the positive electrode (NMC622). The voltage
curve with time is shown in Fig. 7(b) along with two-dimensional con-
tour plot of selected two theta XRD scans. The significant shifts in Bragg
peaks have been observed corresponding to the expansion and
contraction of ¢ and a lattice parameters of the NMC622. It has been also
observed that the argyrodite peaks remain unaltered, meaning that the
solid electrolyte was stable throughout the operando experiment from
the diffraction point of view.

Rietveld refinement was also performed for ASSB of NMC622/
Argyrodite/Li. Fig. 8 shows the a-axis lattice parameters and c-axis lat-
tice parameters as a function of x Li* in NMC622. The a lattice param-
eter decreases continuously from 2.8721(2) A to 2.8272(2) A upon
charging and increases from 2.8274(3) A to 2.8655(2) A during dis-
charging. On the other hand, c lattice parameter increases from 14.2813
(6) A to 14.5380(11) A upon charging and decreases from 14.5383(12)
A t0 14.3257(7) A during discharging. Therefore, our newly developed
electrochemical operando LeRiChe’S Cell v2 is well suited for laboratory
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X-ray diffraction of not only liquid but also solid-state batteries.

4. Conclusions

To understand those mechanisms, and consequently improve the
batteries performances, it is crucial to investigate the reaction paths
upon fast cycling. Our newly designed operando LeRiChe’S Cell v2
combined with a high flux x-ray source demonstrated that it is indeed
possible to run very fast measurements “at home” (down to 20 s of
collection time per pattern). The mechanisms involved at low or fast
cycling rates can be observed, identified and analyzed through Rietveld
refinements. Finally, the high penetration power of the Molybdenum
rotating anode diffractometer allowed us to study full solid-state bat-
teries and structural evolution of the active material in the composite
electrodes upon cycling. In addition, we expect to see the possible phases
formation at the interface between the electrolyte and the active
material.
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