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Claude Delmas?
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nue du Dr A. Schweitzer, 33608 Pessac Cedex , France. * Argonne National Laboratory, Advanced Photon Source, Lemont,
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ABSTRACT: Phase diagrams and structural transformations in the complex Na,VO, system have been studied using electrochem-
ical (de)intercalation and in situ and operando high resolution synchrotron powder diffraction. Starting from O’3-Na,;,,VO, obtained
by sodium electrochemical deintercalation of O3-NaVO,, the structural details of irreversible and reversible thermally driven trans-
formations to P’3 and P3 type structures are presented. Subsequently, these P’3- Na, VO, phases provide a platform for operando
studies exploring the Na,VO, phase diagram as a function of sodium electrochemical (de)intercalation. In this system, three single
phase domains have been found: a line phase P’3-Nay,,VO,, one solid solution for 0.53 < X < 0.55 characterized by an incommen-
surate modulated structure and a second solid solution for 0.63 < x < 0.65 with a defective structure resulting from a random stack
of 0’3 and P’3 layers. With further sodium intercalation (x > 0.65), the structure irreversibly transforms to the starting parent phase
03-NaVO0,. This work reveals new details about the diverse structural polymorphs found in sodium layered oxides used as elec-
trode battery materials and the transitional pathways between them as a function of temperature and composition.

1. Introduction

Sodium layered oxides were first examined for use as positive
electrode materials in the early 1980’s, but become overshad-
owed in following years by more commercially successful Li-
ion based technologies. However, lately there is again re-
newed focus on the Na layered oxide systems (Na,MO,, where
M can be a single 3d cation, or a mixture of several 3d cations,
or a mixture of a 3d cation and magnesium) both for their
unusual electronic properties and for potential energy storage
applications, where the low cost and abundance of sodium
makes them attractive candidates for economical large-scale
batteries. Several studies have revealed rich and complex
phase diagrams in these systems, as typified by Na,CoO,,
which is marked by multiple interslab ordering arrangements
of Na cations located in octahedral and prismatic coordination
environments.” Other members of the Na,MO, family also
exhibit phase diagrams equaling fascinating, but are often less
well understood. For example, challenging synthetic ap-
proaches are required to produce layered phases in the Na,VO,
system (0.5 < x < 1), on which a limited number of studies on
phase pure compositions have examined their physical proper-
ties”® and prospects as electrode candidates in sodium batter-
ies.’*? In the Na,VO, system only two phases O3-NaVO,"
and P2-Na~0_7VOZ6 can be obtained by classical high-
temperature solid-state chemistry synthesis. These phases are
described by a letter prefix on the chemical formula specifying
octahedral (O) or prismatic (P) coordination of Na cations and
a number indicating the quantity of MOg octahedral layers
within the unit cell (e.g. O3 or P2, see reference'* for full
details on the nomenclature of layered structures). All other
compositions in the Na,VO, system are metastable and their
synthesis requires the use of room temperature sodium
deintercalation/intercalation reactions. Previously, we have
discovered two new metastable phases in the Na,VO, system

for x = 1/2 and x = 2/3 by the use of electrochemical
deintercalation from the parent O3-NaVO, compound in a
battery cell.’® Both new phases possess a 0’3 structure type,
which differs from the O3 type due to a monoclinic distortion
(denoted by the apostrophe) of the R-3m hexagonal cell usual-
ly used to describe layered oxides with the a-NaFeO, struc-
ture. (The relationship between hexagonal and monoclinic
cells is described further in the Supporting Information).

To more fully unravel the complex Na layered oxide phase
diagrams, it is critical to understand transitional paths between
these diverse structural arrangements. For a majority of
NaMO, compositions containing 3d transition metal cations
(for M = Cr, Mn, Co, Ni), sodium electrochemical
deintercalation from the parent O3-NaMO, initially induces a
small shift of MO, layers formed by edge-sharing MOg
octahedra which leads to a distortion of the oxygen lattice,
resulting in a monoclinic O’3-structure type. The octahedral
environment for the sodium ions is preserved. This is illustrat-
ed in Figure 1. With continued electrochemical
deintercalation, additional gliding of the MO, slabs gives rise
to a monoclinic P’3-structure type containing trigonal pris-
matic environments for the remaining sodium ions.”™®  Both
these transitions require only small atomic displacements, with
no M-O broken bonds, low activation energies (i.e. reactions
may occur at room temperature) and minimal changes in unit
cell volume. These transitions can thus be described as
topotactical reactions as defined by Shannon and Rossi.™
Topotactical transformations as described above for NaMO,
have been observed in several sodium layered oxide systems
which demonstrate reasonable properties as positive electrode
materials in sodium batteries: such as the binary systems
Nay(Mn,Ni)O,,* Na,(Fe,C0)0,” or Na,(Fe,Ni)O,,* and in
ternary or in quaternary systems.”**
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Figure 1. Schematic view of the gliding of the MO, layers occurring during the sodium electrochemical intercalation/deintercalation result-
ing in the O’3 <> P’3-structure type transition. The projection along the b axis of the monoclinic cell is drawn with a black dashed line.

By contrast, MO, slab gliding between the O’3 and P’3 struc-
ture types is not observed with sodium electrochemical
deintercalation at ambient temperatures for 03-NaTiO2* or
03-NaV0,.° Instead the sodium ions remain in octahedral
0’3 sites. This was explained in recent theoretical calculations
by the instability of P3-Na,;,VO, and P3-Na,,, TiO, compared
to O3-Nay,VO, and O3-Nay, TiO, structure types, respective-
ly.?® However, alternative routes to the P’3 structure type are
still possible. Our group showed in a previous study that a
P’3-Na, VO, structure for x ~ 0.60 could be obtained by chem-
ical sodium deintercalation from the parent O3-NaVO, fol-
lowed by a heat treatment at 200°C.?

Structural transitions across the compositional and temperature
phase space of layered Na oxide systems are linked to changes
in physical properties and their performance in electrochemi-
cal applications. The phase diagrams of Na,MO, structures are
typically more complex than is found in widely used Li based
materials. Therefore, future advances on Na based battery
technologies can be strongly impacted by our understanding of
the diverse structural prototypes found within these materials
and the transitional pathways between them as a function of
temperature and composition (i.e. sodium deintercalation). In
this paper, we describe a detailed examination of the 03/0°3
<> P’3/P3 structures and the associated thermally or electro-
chemically driven topotactical transformation pathways in the
Na, VO, system. Electrochemical and diffraction probes,
including in situ and operando synchrotron powder diffraction,
have been used to obtain structural models and to clarify re-
versible and irreversible pathways in Na,VO, driven both by
temperature (e.g. O’3 to P’3 type) and sodium electrochemical
intercalation (e.g. P’3 to O’3). These results not only elucidate
our view of this complex Na,VO, system, but also serve as a
template for greater understanding of other equally rich lay-
ered Na oxide systems.

2. Experimental section
2.1. Synthesis

The parent 03-NaVO, phase was prepared in a gold crucible
by chemical reduction of precursor NaVO; powder under H,
atmosphere at 700°C for 8 hours. The precursor NaVO; had
been previously synthesized by solid-state reaction of a stoi-
chiometric mixture of Na,CO; (purity above 99.9%) and V,05
(purity above 99.9%) by heating in a gold crucible at 600°C
for 12 hours. Three single-phase Na,VO, samples were ob-

tained by sodium electrochemical deintercalation in a battery
from O3-NaVO, for the compositions with x = 1/2, 0.55 and
2/3. This electrochemical synthesis was realized in a sodium
battery with the following electrochemical chain: metal Na |
NaClO, (1M) in propylene carbonate | O3-NaVO,. A pellet of
the O3-NaVO, compound was sintered at 600°C for 24h and it
was used as the positive electrode. The battery was
galvanostatically charged at a C/100 rate (1 e” per vanadium
transferred in 100 hours) up to 2.45 V, 2.27 V and 1.92 V;
corresponding to the Fermi level (vs. the Na'/Na couple) for
the 0’3'Nal/2V02, 0’3'Nag_55VOZ and 0’3'N32/3V02 Composi-
tions, respectively.”® Once the appropriate voltage was
reached, it was held and continuously applied to the electro-
chemical cell while monitoring the potentiostatic charge cur-
rent. When the current drops to zero, the electrochemical
reaction is complete and a pure sample of the expected materi-
al is obtained. For samples investigated in this work, a con-
stant voltage was held for ~ 50 additional hours (after reaching
zero current) in order to ensure optimal equilibrium conditions
in the materials. Once complete, the equilibrium pellet was
recovered, washed with dimethyl carbonate and dried under
vacuum. Note that all the Na,VO, phases are highly sensitive
to humidity and/or oxygen and therefore must always be han-
dled under argon in a glove-box. Furthermore each characteri-
zation has been realized under an argon atmosphere.

2.2. Characterization

Preliminary laboratory based X-ray powder diffraction meas-
urements (Panalytical X’Pert Pro with Cu-source) on the
synthesized Na,VO, samples did not provide sufficient sensi-
tivity of critical weak intensity diffraction peaks required to
understand the different complex structural motifs connected
by topotactical transformations in this system. For this reason,
high-resolution synchrotron powder diffraction probes with
superior signal-to-noise sensitivity were used in this study,
both at the ID31 beamline of the European Synchrotron Radia-
tion Facility (ESRF) (for in situ variable temperature meas-
urements) and at the 11-BM beamline of the Advanced Photon
Source (APS) at Argonne National Laboratory (for operando
electrochemical measurements). Jana2006 software was used
to refine either the profile of the experimental diagram and to
determine the unit cell parameters, and the modulation wave in
the case of incommensurate modulated structure, using the Le
Bail method or the structure of O’3-Na;,VO, using the



Rietveld method.”® At beamline ID31, in situ diffraction pat-
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Figure 2. (a) In situ high resolution X-ray powder diffraction recorded at ID31 beamline (ESRF) starting from O’3-Nay,,VO, during the
first heat treatment (in black) and during the second heat treatment (in blue) (b) Zoom of the diffraction patterns recorded during the first
heat treatment. The main diffraction peak of a V/,05 impurity is topped by a circle (e).

were recorded as a function of temperature from 25°C to
270°C over the 26-range of 0-55° using a 0.001° step size and
incident wavelength of A = 0.4001 A on a spinning 1-mm
diameter glass capillary sealed under argon. At beamline 11-
BM, electrochemical operando powder diffraction studies
were performed on Na,VO, based sodium batteries that were
charged and discharged at a rate of C/100 (1 e™ per vanadium
transferred in 100 h). Scans were recorded on a modified 2032
type coin cell at 25°C over a 0-28° 26-range using a 0.001°
step size and incident wavelength of A = 0.4136 A. Small (= 3
mm diameter) pierced openings in the modified coin cells
were covered by gas tight sealed Kapton windows to increase
X-ray transmission. Na,VO, powder was mixed with a graph-
ite/carbon-black powder and PTFE to form the positive elec-
trode. A thin (= 100 um) stainless steel foil was used as the
positive electrode current collector to ensure both robust elec-
tronic contact with the entire electrode as well as a high X-ray
beam transparency. A thin foil of Na metal (= 200 um) used as
the negative electrode was also highly transparent to the high-
energy X-ray probe (=~ 30 keV) used in this experiment. Sam-
ples for ex situ galvanostatic cycling experiments were also
prepared using Na,VO, powders mixed with graphite/carbon-
black powder and PTFE to form the positive electrode in bat-
tery cells.

3. Results & Discussion
3.1. Thermally activated transitions

Thermally driven topotactic transitions in the Na,VO, phase
diagram are described first. Preliminary investigations on the

O’3'Na1/2VOZ, O’3'Na0_55VOZ and O’3'Na2/3VOZ CompOSItlonS
prepared by sodium electrochemical deintercalation revealed
an O’3 — P’3 transition after heating to 200 °C for only the x
= 1/2 and x = 0.55 compositions. For larger values of x, in the
0’3-Nay3VO, material, no structural change upon heating was
observed. This is consistent with previous studies showing a
similar transitional pathway after heating at 200 °C for the x =
0.6 composition. %’ For clarity we report here in the present
paper only the full details of this structural transition for x
=1/2 in the O’3-Na,,,VO, composition.

In situ synchrotron powder diffraction recorded at beamline
ID31 (Figure 2) reveals the structural evolution of Nay,VO,
phases as a function of temperature between 25 °C and 270
°C. The top pattern is that of O’3-Na,,VO, recorded at 25 °C.
A structural refinement using the Rietveld method of these 25
°C high-resolution powder diffraction data shows very good
agreement with the room temperature model determined pre-
viously from laboratory X-ray diffraction data.’® This model
confirms that sodium electrochemical deintercalation from the
rhombohedral O3-NaVO, (Space group: R-3m) at ambient
temperature induces a small distortion of the hexagonal cell
resulting in a monoclinic O’3-type structure for Nay,VO,
(Space group: C2/c). The refined structural model obtained
for O’3-Na;,VO, using the Rietveld method and the data
recorded at beamline 1D31 is given in the Supporting Infor-
mation. In this monoclinic cell, sodium ions occupy half the
octahedral sites available between the VO, layers made of
edge-sharing VOg octahedra in a perfectly ordered way to



form zigzag chains along c-axis. This ordering explains the
appearance of small superstructure diffraction peaks in the 20-
range 4.2-7.9°. Additional details of the monoclinic distortion
and how it is manifested in the synchrotron powder diffraction
data are shown in the Supporting Information.

In situ temperature studies of Na,,VO, were realized in two
steps for this study. Initially the O’3-Na;,VO, sample was
heated to 145 °C and then cooled back down to room tempera-
ture (black patterns in Figure 2a). Subsequently, the powder
sample was re-heated to the higher temperature of 270°C and
cooled back down to 25 °C (blue patterns in Fig. 2a).

During the first heating of O’3-Na;,VO, to 145 °C, additional
diffraction peaks that can associated with a P’3 phase first
appear at ~ 85°C as a shoulder on the peak around ~ 7.97 °
(Figure 2b). At 105 °C, the two phases still coexist but the
new P’3 phase is now predominant. The transition of O’3 to
P’3 is complete around 145 °C, as indicated by an inversion of
intensity for diffraction peaks in the 10.5 °- 11.6 © 26-range.
As described previously,™ the split (1 0 4) reflection peaks (at
260 =10.64 ° and 10.72 ° in Figure 2) are more intense than the
pair of split (1 0 5) reflection peaks (at 26 =11.30 ° and
11.46 °) for the O’3-Na,, VO, structure. It was shown that the
reversal of this intensity ratio indicates a new phase crystalliz-
ing in a P’3-type structure (See Figure S1 for an indexation of
the hexagonal cell). At 145 °C, all small superstructure dif-
fraction peaks characteristic of O’3-Nay,VO, (for example
approximately at 260 =6.1, 7.7 and 10.0 ° in Figure 2) are
suppressed; whereas new small peaks appearing at 20 = 6.27,
6.76 and 8.05 can be indexed using the C2/m(0p0)s0O
superspace group previously proposed for P’3-Na_gsVO,.? A
refinement using this superspace group performed against
these in situ data at 145 °C gives the unit cell parameters
a=4.9982(4) A, b =2.8793(3) A, ¢ =5.9349(7) A,
p£=104.68(1)°, and the modulation wave vector
g =0.478(1) b*.

These refined unit cell parameters for P’3-Na_;,VO, are in
general agreement with ambient temperature values previously
reported P’3-Na_osVO,,>" with some variance as expected
from the different measurement temperatures and sodium
content. In particular, changes in the modulation g vector can
be associated with differences in sodium content, and — as
discussed below — it is difficult to know precisely the Na con-
tent in the absence of electrochemical measurements. Incom-
mensurate modulated structures are commonly found in lay-
ered compounds, including sodium layered oxides.>%%"3"%
They can usually be described as composite crystals based on
two interpenetrating periodic systems that are mutually in-
commensurate.® In Na,VO, crystals, one lattice is formed by
VO, layers and the other by Na" ions show ordering between
VO, layers. Therefore, as the sodium content is varied in these
systems, the periodicity of the lattice formed by Na® ions
varies and resulting modulation wave vector q is also altered.

After the initial heating to 145 °C, the sample was cooled to
ambient temperature at a moderate rate. Interestingly, the in
situ diffraction data (Figure 2) show the P’3-type structure is
maintained indicating that thermally activated O’3 — P’3
transition is irreversible for the composition Na;,VO,. A
close inspection of the 25 °C data recorded after the initial
heating finds that some diffraction peaks cannot be indexed
using the same cell used to index the pattern at 145 °C: for
example at 6.74 ° (corresponding to an interplanar distance d
of 3.403 A) and 10.22° (d = 2.244 A). Based on a careful

study of these data, plus electrochemical results presented
below in this paper, we conclude that the P’3 phase observed
at 145 °C has in fact segregated into two phases on cooling:
P’3-Nay,VO, and P’3-Na_55VO,. Segregation into these
phases can be understood if the true Na:V ratio in the parent
powder is slightly greater than the targeted 1:2 value. This
could be the consequence of minor sodium impurities (e.g.
unreacted sodium carbonate or unwashed NaClO, salt from
the electrolyte) coexisting and reacting with the O’3-Na;,VO,
phase on heating. However, in this scenario, an unexpected
partial reduction of vanadium would also be required in addi-
tion to elevated sodium content in order to explain the co-
existence of both P’3-Na_g55VO, and P’3-Na;,VO,. Given
that in situ heating was realized within a capillary sealed under
argon, oxygen release associated with vanadium reduction
could occur; additional investigation is required to clarify this
detail. In any case, global Na content in Na.,VO, powder
samples can be controlled precisely using electrochemical
methods, as demonstrated by operando studies described later
in this work.

Subsequent additional in situ heating of the same powder
sample, as shown in Figure 2, reveals again a single homoge-
nous phase diffraction pattern at 230 °C that can be fit using
an incommensurate P’3 unit cell with the parameters a =
5.0159(6) A, b = 2.8903(4) A, ¢ = 5.945(1) A, 5 =104.90(1) °,
g = 0.458(1) b*. The existence of a single phase indicates
that the phase diagram in the P’3-Na, VO, might be different at
room temperature than above 100°C. With continued heating
up to 270 °C many split peaks merge (for example see the 26-
ranges: 9.1-9.3°, 9.4-9.6 °, 11.0-11.6 ° 12.7-13.4° or 13.8-
14.4) and weak reflections resulting from sodium ordering
disappear (20-range 6.2-7.0 °). This evidence indicates that
sodium mobility at this temperature is high enough to impede
ordering between the VO, layers. The structure of Na_.;,VO,
at 270 °C is therefore transformed to a more symmetric struc-
ture, and its diffraction pattern can be indexed using the space
group R3m that is usually used to describe sodium layered
oxides with undistorted P3-type structure. This phenomenon
was already observed in a very similar material: P’3-
Na_o,C00,.* After the powder is cooled down to ambient
temperature the second time from 270 °, the pattern recorded
at 25°C can be indexed using the P’3 superspace group
C2/m(0B0)sO indicating a reversible P’3 <> P3 transition
pathway as observed in 1:”3-Na~0,62C002.34 However, one
observes in Figure 2 that the diffraction pattern recorded at 25
°C after the second heat treatment is not exactly the same as
that recorded at 25 °C after the first heat treatment. Firstly, it
shows the existence of the phase with the incommensurate
modulated structure only. Also, the refined modulation wave
vector q for this phase has slightly changed (q = 0.461(1) b* at
25 °C after the first heat treatment, g = 0.432(1) b* after the
second heat treatment) and additional anisotropic broadening
of the diffraction peaks at 4 and 8 ° is clearly visible towards
higher angles with a decrease of their intensity. We propose
that these changes in the diffraction pattern reflect a high
degree of defects in the structure. Layered oxide phases ob-
tained by chemical or electrochemical alkali deintercalation
are usually metastable. The heat treatment at 270 °C likely
induces structural rearrangements in the material that mark the
start of a transformation into a more thermodynamically stable
compound(s) at higher temperature. The formation of defects
could be a first step towards a complete transformation. The



existence of multiple phases with slightly different lattice
parameters could also explain the anisotropic broadening of

these diffraction peaks.
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Figure 3. Evolution of cell voltage as a function of the sodium content of sodium batteries (a) made with P’3-Na,VO, at the positive elec-
trode first cycled between 1.9 and 2.5 V (in red) and then between 1.5 and 2.5 V (in black) and (b) made with P’3-Na, VO, (in black) and

03-NaVO, (in blue) cycled between 1.5 and 2.5 V.

3.2. Evolution of cell voltage under galvanostatic cycling

As described above, topotactic transitions — both reversible
and irreversible - between O3, P’3 and P3 structure types can
be driven in the Na,VO, system by temperature. But it is also
critically important to understand the Na,VO, phase diagram
as a function of Na composition and electrochemical potential,
as these structural transformations will profoundly effect the
properties and performance of any battery technology incorpo-
rating these or similar layered Na materials. In our study
reported here, this aspect was examined using ex situ electro-
chemical and operando synchrotron powder diffraction exper-
iments described below. In particular, we find that the O’3
structure type (irreversibly transformed to P’3 type on heating)
can be recovered by electrochemical intercalation via a com-
plex path involving different types of mixed stacking defect
arrangements.

Prior to performing operendo synchrotron experiments, cell
voltage evolution as a function of sodium content was exam-
ined in battery prepared using a P’3-Na,VO, based positive
electrode. Subsequent to the findings of our thermal investiga-

tions, this powder of the P’3-Na,VO, structure type was ob-
tained by heat treatment of O’3-Nay,VO, at 200°C for 24
hours, which itself had been derived by electrochemical
deintercalation from a starting O3-NaVO, sample. As men-
tioned above, the precise sodium content in the P’3-
Na, VO, material was tuned by analogy with the reported
electrochemical properties of 0’3-Nay,V0,.2 By assuming
that a voltage jump occurring between 2.3 V and 2.5 V is
characteristic of the existence of the single P’3-Na;,VO,
phase with sodium content x = 1/2, the sodium content and
chemical composition of the starting P’3-Na, VO, material was
thus determined to be Na_y53VO,.

The evolution of cell voltage as a function of the sodium con-
tent is shown in Figure 3(a). For the first cycle (shown as a
red line in Figure 3a), starting with a P’3-Nay53VO, type posi-
tive electrode powder, the battery was charged up to 2.5 V,
discharged down to 1.9 V, again charged back up to 2.5 V,
and finally discharged again to 1.9 V. Over this voltage range
(2.5 - 1.9V, for 1/2 < x < 2/3), electrochemical curves overlay



exactly and thus sodium (de)intercalation is found to be com- explore the cell behavior over a wider voltage range (shown as
pletely reversible with a complex electrochemical profile due a black line in Figure 3a), the cell galvanostatic potential of
to the occurrence of multiple reversible phase transitions in the same cell was

P’3-Na,VO, occurring during the electrochemical process. To
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Figure 4. (a) In situ high resolution X-ray powder diffraction recorded at 11-BM beamline (APS) starting from P’3-Nay,VO, during the
sodium electrochemical intercalation. One-phase domains are highlighted in blue, red and green. (b) Evolution of the cell voltage of the
sodium battery as a function of the sodium content recorded during the diffraction experiment (the overshooting phenomenon observed at
the beginning of the discharge comes from the low conductivity of the starting material P’3-Na;;,VVO,). The main diffraction peak of the

graphite additive is notified by an asterisk ™).
then further decreased (from 1.9 V) down to 1.5 V. The cell material using a slow C/100 rate, and is consistent with our
was then next cycled from 1.5 V, up to 2.5 V, and back down determination of the initial P’3-Nay 53O, composition.

to 1.5 V. At the end of the final discharge, the sodium amount Looking closely to the electrochemical behavior in sodium
intercalated in the positive electrode material was allowed to range 1/2 < x < 2/3, we can see that the measured curves on
reach the CompOSition Na~1V02. Note that this Value, deter- Cycling between 25 -19 V (red line in Figure 3a) and be-
mined from the electrochemical curve, is compatible the max- tween 2.5 - 1.5 V (black line) are broadly similar but not ex-

imum amount of sodium ions that can be intercalated in this act|y equiva|ent_ For examp|e, the average Voltage measured



on the red curve in the compositional range 0.56 < x < 0.61 is
lowered by ~ 0.02 V, and similarly polarization for the red
curve is reduced over the 0.62 < x < 0.66 compositional
range. A different electrochemical profile is observed for
voltages below 1.9 V, when the battery is discharged down to
1.5 V, where a large plateau is measured over the composi-
tional range 2/3 < x < 1. This behavior is very similar to that
observed during the electrochemical deintercalation from O3-
NaVO,." To compare more directly with the behavior of O3-
NaVO,, in Figure 3b we overlay the electrochemical curve
recorded from the battery studied in this work initially based
on P’3-Nay53VO, (black line, same data in both Figures 3a and
3b), to that recorded on a battery initially incorporating an O3-
NaVO, based positive electrode (blue line Figure 3b). Alt-
hough not overlaying perfectly, these two curves show very
similar profiles and features at matching voltage and sodium
content values. Based on this comparison, we have surmised
that a P’3-Na,VO, structure in this phase diagram is main-
tained only over the 1.9-25 V voltage range for the
1/2 < x <2/3 compositional range, whereas a new structural
transition from P’3 to O3 occurs when the voltage falls below
1.9 V for compositions with x > 2/3.

3.3. Electrochemically activated transitions
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Figure 5. Experimental high resolution X-ray powder diffraction
pattern of P’3-Nay;,VO, recorded at 11-BM beamline (APS) in
the sodium battery (red diamonds), calculated pattern obtained
from the LeBail refinement (black line) and difference line (blue
line). Green bars show the position of the Bragg reflections. Miss-
ing data topped by a square (m) correspond to stainless steel
diffraction peaks.

To confirm this hypothesis and elucidate further details of the
Na,VO, phase diagram, an ambient temperature operando
synchrotron powder diffraction experiment was performed at
beamline 11-BM of the APS examining the discharge cycle of
a similarly constructed battery using P’3-Na,VO, as the posi-
tive electrode material. As discussed above, the cell was ini-
tially charged up to 2.5 V in order to achieve the pure homog-
enous P’3-Na;,VO, composition. Figure 4 shows the high-
resolution synchrotron powder diffraction patterns recorded on
discharge. The first scan recorded at a potential of 2.5 V (up-
permost pattern in Figure 4a) blue corresponds to P’3-
Na;»VO,, and can be indexed using a non-modulated P2;/m
cell four times larger than the C2/m cell previously used to
P’3-type structure.® Figure 5 shows the profile fit to these
data of a refined P2;/m unit cell with the parameters
a=9.89409) A, Db=57366) A, c=5.881(6)A,

£=103.61(3)°. A fully refined structural model of P’3-
Na;,VO, is not reported here but it will be given in an upcom-
ing paper. However, note that this unit cell is different from
other reported polymorphs of Na;,VO, (e.g, P2 and O’3)
displaying clear superstructure ordering of Na* ions and va-
cancies between the MO, layers,”*?® and different from the
C2/m(0B0)s0 modulated P’3-type structure measured by in situ
powder diffraction at the ESRF in this study for the composi-
tion x ~ 0.53. This new P2,/m unit cell allows us to index
additional weak peaks visible on the X-ray diffraction pattern
at 25 °C after the thermally activated O’3 — P’3 transition.
For example, peaks mentioned in Section 3.1 observed at
3.403 A and 2.244 A correspond to the (-2 1 1) and (-4 1 1)
reflections of P’3-Na,,VO,, respectively.

3.3.1. Reversible transformations

On the initial voltage discharge of the P’3-Na;,VO, based
battery during the operando synchrotron measurement, the
intensity of diffraction peaks associated with P’3-Nay,VO,
decreases and new peaks appear, for example at 6.66 and 7.17
° shown in Figure 4a. This demonstrates the existence of a
biphasic domain in the Na,VO, phase diagram over the com-
positional range 1/2 < x < 0.54 involving two phases with P’3-
type structure, and is in good agreement with the voltage plat-
eau observed at 2.20 V on the electrochemical curve.

With further voltage discharge, for the compositional range
0.55 <x < 0.57, a solid solution-domain is observed in which
the P’3-structure type is maintained. Powder diffraction pat-
terns of the phases belonging to this solid solution, shown in
red in Figure 4(a), are characterized by small diffraction peaks
shifting toward high angles as Na* ions are intercalated into
the structure while the angular position of main diffraction
peaks remain unchanged. This behavior suggests the existence
of a structural modulation with a wave vector g which is vary-
ing as a function of sodium content. The three diffraction
patterns of the phases belonging to this solid solution but with
different sodium content were indexed using the superspace
group C2/m(0B0)sO and the cell parameters of their structure
were refined. The refined cell parameters of the structure of
the three phases are given in Table 1, as a function of their
chemical composition estimated from the electrochemical
curve (Figure 4(b)). It is noticeable that a very simple relation-
ship exists between the sodium content, x the modulation
wave vector, g, and the reciprocal axis vector, b*: q ~ (1 —x)
b*. A similar relationship was found in Na,CoO, incommen-
surate crystals for sodium content in the 0.42 < x < 0.68 com-
positional range.®* This indicates that the layered structure can
accommodate extra Na* ions, within a small x-range, to pro-
vide the best arrangement for Na* ions that minimizes electro-
static repulsions between two nearest-neighbors alkaline ions.
The limit of existence of the solid solution with an incommen-
surate structure in the x-range 0.55 <x < 0.57 indicates that
the phase co-existing with P’3-Na;,VO, at 25 °C after the
thermally activated O’3 — P’3 transition must be P’3-
Na_y55VO,. This is in agreement with the value of the modula-
tion wave vector g obtained from the refinement of the cell
parameters from the X-ray diffraction data (q = 0.461(1) b*).

With continued voltage discharge, for 0.57 <x<0.62, the
small diffraction peaks arising from the structural modulation
stop shifting and their intensity decreases. Moreover, new
peaks appear indicating that a new biphasic domain exists in
this sodium content x-range. Continuing to larger composi-
tions of x, between 0.62 < x < 0.65, the continuous shifting of



the diffraction peaks around 4.2° and 8.3 ° shows that the three
diffraction patterns (plotted in green in Figure 4(a)) belong to
the same solid solution. Surprisingly, the peaks in the 9.5 —
12.5 ° 20-range are very broad for single phases with an inver-
sion of intensities in the 26-range from 11 ° to 12 °. This in-
version of intensities tends to show that the MO, layers glide
again to give rise to a electrochemically activated P’3 — O’3
transition as an opposite

Table 1. Refined cell parameters in the superspace group
C2/m(0B0)s0 from in situ high resolution diffraction pat-
terns recorded during the sodium electrochemical interca-
lation. Chemical composition deduced from the electro-
chemical curve is given for each pattern.

Chemical a(d) |[b@A) |[cA) | B q

composition

Naos5VO, 4981(1) | 2.869(1) | 5.906(2) | 104.38(1) | 0.452(1)
Na_o5VO, 4987(1) | 2.873(1) | 5.911(2) | 104.32(2) | 0.443(1)
Na_o57VO, 4989(1) | 2.874(1) | 5.9102) | 104.35(2) | 0.437(1)

inversion was observed during the thermally activated O’3 —
P’3 transition (Figure 2). Moreover, looking closely at the
position of the diffraction peaks around 4.2° and 8.3 ° both
related to the interlayer distance, one can see that it is shifted
towards higher angles for the diffraction patterns plotted in
green compared to that of the ones plotted in red. This indi-
cates that the interlayer distance is shorter in the solid solution
with a sodium content range 0.62 <x < 0.65 than that in the
solid solution with an incommensurate P’3-type structure in
the x-range 0.55<x< 0.57. The decrease of the interlayer
distance can be explained by the P’3 — O’3 transition, sodium
ions occupying smaller octahedral sites in the O’3-type struc-
ture. However, the broadening of the diffraction peaks in this
region (green patterns in Figure 4(a)) suggests that this gliding
is not fully cooperative. Stacking faults may exist in the
Na,VO, phases associated with these diffraction patterns. In
these phases, we propose that the oxygen packing is neither a
perfect succession ABBCCA... layers (giving rise to the P’3-
type structure) nor of ABCABC... layers (giving rise to the
O’3-type structure). Instead, we suggest that the structure of
Na,VO, phases here is an intergrowth of the O’3- and P’3-type
structures.
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Figure 6. Experimental high resolution X-ray powder diffraction
pattern of P’3-Na_g¢3VO, recorded at 11-BM beamline (APS) in
the sodium battery (green lines) and those simulated by DIFFaX.

In order to test our proposition of P’3-type stacking defects in
the O’3-type structure, we have used DIFFaX software® to
simulate the X-ray diffraction pattern of Na_yVO, whose
experimental diffraction pattern is presented in Figure 6 (in-
termediate green pattern in the solid solution). We considered
that the structure of this phase could be described as a random
stack of layers of O’3- and P’3-type structures. In the simula-
tion, we started from a pure P’3-type structure (whose diffrac-
tion pattern corresponds to the top grey pattern in Figure 6)
and random layers of sodium ions in an octahedral environ-
ment were gradually added to the structure to replace layers of
sodium ions in prismatic sites. The final structure (bottommost
grey pattern in Figure 6) is the O’3-type one, where all the
layers of sodium ions in prismatic sites have been replaced by
layers of sodium ions in octahedral sites. The simulated X-ray
diffraction patterns of select starting, intermediate and final
structures are shown in Figure 6. Although none of the simu-
lated X-ray diffraction pattern matches perfectly with the
experimental data, our DIFFAX simulations do show how
remaining P’3-type stacking defects in the O’3-type structure
can reasonably explain broadening of the diffraction peaks in
this system. A more elaborated model taking into account the
key role of stacking history in determining the fault probabil-
ity may be needed to more accurately reproduce the experi-
mental diffraction data.

Finally, for compositions in the range 0.65 < x < 0.67, sharp
diffraction peaks appear at 8.42, 9.63 and 11.03° in Figure 4a,
that correspond to interplanar distances of 2.815, 2.463 and
2.151 A, respectively. These peaks can be indexed using the
monoclinic cell that was proposed for 0°3-Nay3VO,."* How-
ever, broad diffraction peaks in the 26-ranges 9.5-10° and 11-
12° are still visible indicating that the structure of O’3-
Nay;sVO, formed during the electrochemically activated P’3
— O’3 transition likely contains significant P’3-type stacking
defects. This may explain why a transformation back to P’3-
Nay,VO, is still realized once sodium ions are again
deintercalated, whereas the electrochemical deintercalation
from defect-free O’3-Nay;VO, leads instead to O’3-Nay,VO,.



3.3.2. Irreversible transformations

For compositions in the electrochemically traversed Na,VO,
phase diagram with x > 0.67, the electrochemical curve shows
a long voltage plateau related to a two-phase domain. As the
same time, diffraction peaks belonging to O3-NaVO, appear at
4.4° 8.8°9.25° and 9.6 °, and their intensity gradually in-
creases upon sodium intercalation. At the end of the discharge,
03-NaVO, predominates with a small amount of a secondary
phase that can be assigned to O’3-Na,3VO,. These data show
that the electrochemically activated transitional path from P’3
— 0’3 ultimately leads to the formation of O3-NaVO, at the
end of the sodium electrochemical intercalation. The transition
is irreversible, since the reverse path, i.e. electrochemical

not P’3-Na,,VO, as it was shown in a previous study.”® These
results clarify why the electrochemical curve measured on a
battery cell initially containing P’3-Na_q53VO, powder follow-
ing a full discharge to 1.5 V shows a very similar profile at
matching voltage and sodium compositions to the electro-
chemical curve measured on of O3-NaVO, based battery cell
(as discussed above and shown in Figure 3(b)). Moreover, the
diffraction peaks of O3-NaVO, formed after electrochemically
activated P’3 — O’3 transition are broader than the initial
material O3-NaVO, indicating that an electrochemical grind-
ing may have occurred during the full process (thermally
activated O’3 — P’3 transition and electrochemically activated
P’3 — O’3 transition). A smaller size of particles, with a re-

deintercalation from 03-NaVO,, leads to O’3-Na;,VO, and duction of the
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Figure 7. Phase diagram in Na,VO, systems and schematic representation of the thermally and electrochemically driven transformations

occurring in these systems reported in this study.

diffusion polarization and an enlargement of the electrochemi-
cal surface, could explain why the electrochemical polariza-
tion is reduced when comparing the curve recorded from a
battery incorporating a P’3-Na_o53VO, positive electrode
material to one using a O3-NaVO, material as is observed in
Figure 3(b).

4. Conclusion

Figure 7 gives a schematic summary of the thermally and
electrochemically driven transformations occurring in sodium
layered oxides Na,VO,. The new phases reported in this study
are shown in blue, red and green. Unlike lithium layered ox-
ides, sodium layered oxides usually undergo many phase
transitions during the alkaline ion (de)intercalation. This com-
plexity is the result of either sodium/vacancy ordering ar-
rangements between the MO, layers due to the larger ionic
radius of sodium ions compared to lithium ions, or from the
gliding of MO, slabs as presented in this work. Slab gliding
occurs more frequently in sodium layered oxides because the
strength of Na-O bonds is less than that of Li-O bonds. In this

work, new metastable phases in the Na,VO, system were
obtained by slab gliding using sodium electrochemical
(de)intercalation at room temperature which are not accessible
by classical synthesis methods. Using in situ and operando
high-resolution synchrotron powder diffraction, our work
reveals new details of the complex topotactical transfor-
mations involving Na coordination, ordering and defective
stacking between VO, layers which are a backbone for the
structural motifs and transformations within Na,VO, and
many related sodium layered structures proposed for future
electrochemical storage technologies.
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