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Manganese substituted sodium cobaltate, Na,,;Co,,;Mn,,;0,, with a layered hexagonal structure
(P2-type) was obtained by a co-precipitation method followed by a heat treatment at 950 °C. Powder
X-ray diffraction analysis revealed that the phase is pure in the absence of long-range ordering of Co
and Mn ions in the slab or Na* and vacancy in the interslab space. The oxidation states of the transition
metal ions were studied by magnetic susceptibility measurements, electron paramagnetic resonance
(ESR) and *Na magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy. The
charge compensation is achieved by the stabilization of low-spin Co* and Mn** ions. The capability of
Na,,;Co,,3Mn,,;0, to intercalate and deintercalate Na* reversibly was tested in electrochemical sodium
cells. It appears that the P2 structure is maintained during cycling, the cell parameter evolution versus
the sodium amount is given. From the features of the cycling curve the formation of an ordered phase

for the Na, 5Co,,;Mn,,;0, composition is expected.

Introduction

Sodium lamellar oxides (Na,MQ,), were first studied as a positive
electrode for sodium batteries in the 80’s by some of us.'? Due
to the great success of lithium batteries, they have not been
studied intensively during the past 30 years. However, it is now
suggested that the long term economic viability of large-scale Li-
ion energy storage systems could be ultimately limited by global
lithium reserves, which has renewed the interest for sodium based
materials. Moreover, the recent works of Terasaki® and Takada.*
put back on stage the Na,CoO, system due to its interesting
thermoelectric properties and superconductivity of the hydrated
compound of Na,3;C00,-1.3H,0.

The structure of Na,CoO, type materials consists of CoO,-
slabs made of edge-sharing CoO,-octahedra.’ The sodium ions
are sandwiched between these CoQ,-slabs so as to occupy trigonal
prismatic sites (denoted by P). Based on the number of the
CoQ,-layers in the unit cell and the Na* ions’ site symmetry,
the structure of Na,CoO, phases can be either P2, P3, P’3, or
03 structural types (P2 stacking is shown in Fig. 1).6 In P2-
Na,Co0,, the sodium ions occupy two distinct prismatic sites:*
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Fig.1 The P2 stacking of the Na,CoO, phases. The Na;Oj site and Na, Oy
prisms are sharing faces or edges with the CoO4 octahedra, respectively.

the Na(1) position shares faces with the CoO4 octahedra in the
layers above and below, while the Na(2) position shares edges
only. (These two positions will be further noted as Na; (for
face sharing) and Na, (for edge sharing).) The distribution of
the sodium ions over the two positions depends strongly on
the sodium content and can be described as resulting from the
competition between the Na*—Co*/** electrostatic repulsions and
the in-plane Na*-Na* electrostatic repulsions. Several groups
reported various Na*/vacancy ordered structures in the P2-
Na,CoO, systems.” ™ Using in situ X-ray diffraction, some of us
have recently investigated the Na,CoO, phase diagram by sodium
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electrochemical intercalation/deintercalation and reported the
existence of many Na*/vacancy ordered structures.!

In the search for other cobaltates with new thermoelectric
and electrochemical properties, doping with Mn ions has been
proposed.’>™ It has been found that single P2-phases are formed
for Na,Co,,Mn,0, with x = 0.75, 0.85 and y < 0.15.”*"* The
replacement of Co ions by small amounts of Mn* ions (up to
»y = 0.03) has been shown to be ineffective in suppressing the
superconductivity for Na,CoO,-yH,0.” In the scope of Li-ion
battery materials, Mn-doped sodium cobalt oxide phases were
studied as precursors for the synthesis of Li metastable phases.'®"
Dolle et al. prepared Mn rich Na,,Co,Mn, ,O,,. phases (up to
y =0.2) and observed P2 and P3 stacking intergrowths.’® On the
contrary, it was found that the P2 stacking can be stabilized for
any y values via the investigations of the Na,,;(Mn,,Co, )0, series
at different synthesis temperatures.”” The key point seems to be
the sodium content that is set to 2/3, lower than the content of
the other studies.

In this paper, we focused on the structural, physical and electro-
chemical properties of the P2-Na,,;Co,,;Mn,,;0, phase. The com-
position was chosen for the stabilization of Co** and Mn*" ions.
A route of co-precipitation followed by heat treatment at 950 °C
was employed for the preparation of the phase. Powder X-ray
diffraction was measured for its structural characterization. The
oxidation state of transition metal ions was studied by magnetic
susceptibility measurements, electron paramagnetic resonance
(ESR) and nuclear magnetic resonance (NMR) spectroscopy. The
capability of Na,,;Co,,;Mn,,;0, to intercalate and deintercalate
Na was tested in electrochemical sodium cells.

Experimental section

Na,,;Co,,;Mn,,;0, was prepared by a co-precipitation method.™®
A solution of transition metal nitrates [2/3 of Co(NO;),-6H,O
(Fluka) and 1/3 of Mn(NO;),-4H,0 (Fluka)] was added progres-
sively to a solution of NaOH (1 M)-NH,OH (3 M) (with a 5%
excess of sodium). Water was then removed by rotary evaporation
for 1 night, and the resulting powder was dried overnight at 110 °C.
Heat treatment at 950 °C for 12 h was performed under O,, and
followed by a quench of the sample.

In order to confirm the chemical composition of the sample,
an ICP-OES spectrometer (Varian 720-ES Optical Emission Spec-
trometer) was used after complete dissolution of the powder into a
hydrochloric acid solution. It lead to the Nay 65/ C0g 55 M1 335 O
chemical formula in agreement with the target composition.

The XRD patterns of the Na,Co,;Mn,;0, phases were
recorded using a Philips PW1050 powder diffractometer with Cu
Ko radiation and a graphite diffracted beam monochromator,
from 5 to 120° (20) with a 0.02° step and a 10 s counting time
by step. For the ex-situ XRD study of the electrodes, they were
first rinsed with dimethyl carbonate and then placed in a tight
sample holder inside the glove box. The unit cell parameters are
determined after a refinement of the XRD patterns with the LeBail
method using the Fullprof program.*

The ESR spectra in the X-band (9.46 GHz) were recorded as a
first derivative of the absorption signal of a Bruker spectrometer.
The recording temperatures were varied between 5 and 300 K
using a variable temperature insert (Oxford Instruments).

Magnetic susceptibility was measured using a SQUID (Quan-
tum Design MPMS) apparatus. Zero field cooled (ZFC) and field
cooled (FC) experiments were carried out under a 0.5 T magnetic
field and in the 2-350 K temperature range. The magnetization
versus field experiment was carried out at 5 K in the [-5 T; 5 T]
field range.

Single pulse *Na magic angle spinning (MAS) NMR spectra
were recorded on a Bruker 300 Avance spectrometer at 79.403
MHz. A spinning speed of 30 kHz was used. The mixture was
placed in zirconia rotors in a dry box. As *Na is a quadrupolar
nucleus with 7 = 3/2, a short pulse length of 1 us corresponding
to a selective m/12 pulse determined using an aqueous 0.1 M
NaCl solution was employed. In these conditions, we ensure that
the main signal observed is due to the —%—>+% central transition.
The spectral width was set to 1 MHz, and the recycle time D, =
0.5 s, is long enough to avoid T, saturation effects with 1600
scans per spectrum. The baseline distortions resulting from the
spectrometer dead time (5-10 us) were computationally removed
using a polynomial baseline correction routine. The external
reference was a 0.1 M NaCl aqueous solution.

The electrochemical properties were studied with a Na/NaClO,
(1 M) in propylene carbonate (PC)/Na,,;Co0,,3Mn,,;0, cell. The
positive electrode consists of a mixture of 84 wt% of active
material, 11 wt% of carbon, and 5 wt% of polytetrafluoroethylene
(PTFE). The cells were assembled in a glove box filled under argon.
The cycling tests were performed either starting by a charge or by
a discharge in the 1.25-4 V vs. Na*/Na potential range with a
C/100 cycling rate (i.e., 100 h are required to remove one mole of
Na* ions)

Results and discussion

Structure of Na,,;Co,,;Mn, ;0,

It was found that Na,,;Co,,;Mn,,;0, with pure P2 phase can be
prepared successfully by a co-precipitation method. The X-ray
diffraction (XRD) pattern of Na,,;Co,,;Mn,,;O, is shown in Fig. 2.
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Fig. 2 Observed and calculated XRD profiles for the Na,,;Co,,;Mn,,;0,
phase: (black) observed; (red) calculated; (blue lower trace) difference plot;
bar: reflections.
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Table 1 Acquisition conditions and results of the Rietveld refinement of the P2-Na,,;Co,,;Mn,,;0, phase

P2-Na,,;Co,,;Mn, ,;0,

Space group: P6,/mmc
lher, = 2.8286(2) A
Cher. = 11.0398(5) A

Atom Site Wyckoff positions Occupancy B/A2
Na; 2b 0 0 1/4 0.26(2) 4.2(9)
Na, 2d 2/3 1/3 1/4 0.43(2) 3.5(6)
Co (1) 2a 0 0 0 2/3 0.25(6)
Mn (1) 2a 0 0 0 1/3 0.25(6)
O (1) Af 2/3 2/3 0.090(1) 1.000 0.2(2)

Conditions of the run

Temperature 300 K
Angular range 5°<£20<120°
Step scan increment/26 0.02°

Zero point/26 —0.0495(1)°
Number of fitted parameters 17

Profile parameters
Pseudo-Voigt function

PV =nL + (1-n)G with n= 1o = 0.56(4)

M + X(26)

Profile parameters X =0.017(1)
U =0.023(5)
V =-0.019(4)
W =0.017(2)

Preferential orientation of the particles perpendicular to the c-axis: 0.999(7)

Conventional Rietveld R-factors for points with Bragg contribution
R, =15.1%; Ry =4.1%

Note: Standard deviations have been multiplied by the Scor number (3.14) to correct from local correlations."

All the reflections can be indexed in the hexagonal system using the
P6;/mmc space group, in good agreement with the literature.’”'®
Contrary to the structurally-related P2-Na,,;CoO, phase,® the P2-
Na,,;Co,/,3Mn,,;0, pattern does not exhibit any superstructure
peaks. Therefore, the XRD pattern of Na,,;Co,;Mn,;,;0, is
refined according to the structural model of Na,,;CoO, with the
smallest hexagonal unit cell. The refined structural parameters
are given in Table 1. The total refined sodium amount is 0.69(4)
(i.e. NaggouC0,/3Mn,,;0, formula), which matches the total Na
content used during the synthesis. Further on, we will denote
the phase by the P2-Na,,;Co,,;Mn,,;O, formula. The sodium ions
occupy both Na; and Na, sites with a preferential occupancy of
the Na, site. From the electrostatic point of view, the Na, site is
energetically more favourable in comparison with the Na;, site. The
simultaneous occupancy of both sites allows the in-plane Na*-Na*
electrostatic repulsion to be minimized leading globally to stable
configurations.®** The same picture is observed for structurally-
related P2-Na,,;Co0O, phase.’

Oxidation state of Co and Mn in P2-Na,,;Co,,;Mn,,;0,

In order to check the oxidation state on the transition metal ions,
we performed magnetic susceptibility measurements, ESR and
»Na MAS NMR spectroscopy of Na,,;;Co,,;Mn,,;0,. Fig. 3a)
shows the field cooled (FC) and zero field cooled (ZFC) magnetic
susceptibility measurements at 0.5 T magnetic field for the P2-

Na,,;Co,,;Mn,,;0, phase. There is no difference in the temperature
dependence of FC and ZFC magnetic susceptibility, indicating a
paramagnetic behavior of the sample in the temperature range
of 5-300 K. The FC data were well fitted from 25 K to 350 K,
by a Curie-Weiss law: x(T) = x, + C/(T + 6,), where ¥, is the
temperature independent term (y, = 1.4 X 10 emu mol™), Weiss
and Curie constants are 6, = -26 K and C = 0.573 emu K mol
(Fig. 3a, inset). The experimentally determined Curie constant
is close to the theoretical one (Cy), calculated by assuming the
presence of diamagnetic Co* ions (t,,°, low-spin configuration)
and paramagnetic Mn* ions (t,,°), i.e., Cy = 0.625. A deviation
from the Curie—Weiss law is observed below 25 K, whose origin
is unclear. Fig. 3b) shows the magnetization versus field recorded
at 5 K, where no hysteresis is observed. Therefore no long-range
magnetic order is achieved for P2-Na,,;Co,,;Mn, 50, in the 5-300
K temperature range.

Fig. 4 shows the ESR spectra obtained at 295 K and 5 K
and the evolution of the g-value and line width values as a
function of temperature. The ESR spectrum shows only one
narrow Lorentzian line with a g-factor of 1.9906 and line width
of about 100 mT. In the temperature range of 12-300 K, the
g-factor remains constant, while the line width varies between
100 and 160 mT. From 12 to 5 K, there is a strong decrease in
the g-factor concomitant with a strong increase in the ESR line
width. At 5 K, the ESR signal is still visible. The observed ESR
parameters allow assignment of the Lorentzian line to Mn** ions.
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Fig. 3 (a) Field cooled (black) and zero field cooled (red) magnetic
susceptibility measurements of the P2-Na,,;Co,,;Mn,,;0, phase under a
0.5 T field. Inverse of the magnetic susceptibility versus T" curve (black)
and the Curie—Weiss linear fit of the curve above 25 K (red) is also given
in insert. (b) Magnetization versus field recorded at 5 K up to 5 T.

The observation of a relatively broad ESR signal and the lack
of hyperfine interaction indicate that the Mn** ions are coupled
by weak magnetic interactions. The simultaneous changes of the
g-factor and the ESR line width below 12 K reveal magnetic
correlations of the Mn** spin system. It is worth mentioning that a
long-range magnetic order is not achieved. This is consistent with
the magnetic susceptibility data, where below 25 K a deviation
from the Curie-Weiss law takes place. In addition, ESR spectra
show that the Co** ions do not affect the g-factor of the Mn** ions.
This means that the Co’* ions are in a diamagnetic state, i.e. the
Co*" ions adopt a low-spin configuration.

Both the magnetic measurements and ESR analysis confirm the
presence of LS-Co** and Mn** in the P2-Na,,;Co,,;Mn,;O, phase.
For the sake of comparison, both low-spin Co* and Co*" are
formally present in structurally-related P2-Na,,;Co™,,;Co",,;0,.
The ionic radius of LS-Co* (r=0.545 A), LS-Co* (r=0.53 A) and
Mn* (r=0.53 A) are close, and as a result the unit cell dimensions
of both P2-Na,,;Co™,,;Mn",,;0, and P2-Na,,;Co",,;Co",,;0,
are also similar: @ = 2.8286(2) A and ¢ = 11.0398(5) A for P2-
Na,;Co™,sMn",,;0, and a = 2.829 A, ¢ = 10.838 A for P2-
Na,,;Co",,;Co",,;0,.° (It is worth mentioning that the compar-

a)
iy
2
<
¥ T * T J T ¥ 1
0 2000 4000 6000 8000
H (Gauss)
b)
250
[ ]
200
-
€
% 150 |
]<:1 _’o—o——”°’.\
/ .
100 6—g | o—
20 g—o—o-0—e. . - °
o
3
©
>
>
L]
18 1 1 1 1 1
0 50 100 150 T K200 250 300

Fig. 4 (a) ESR spectra of the P2-Na,,;Co,,;Mn,,;0, phase recorded at
5 and 295 K and (b) evolution of the g-value and line width values as a
function of temperature.

ison is based on the small unit cell of P2-Na,,;Co™,,;C0",,;0,
without considering the Na/vacancy ordering.) In addition, the
close sizes of Co** and Mn* ions can explain the lack of any
cationic order in the transition metal slab. It is noticeable that for
the Ni-analogue P2-Na,,;Ni", ,;Mn",,;0, an ordered arrangement
of Ni* and Mn** ions witha /3 ax /3 asuperlatticeis established
as the ionic size radius of the transition metal ions is significantly
different (r = 0.69 A for Ni2*).2!

Fig. 5 compares the *Na MAS NMR spectra of pure P2-
Na,/;;Co0, and Mn-substituted phase, P2-Na,,;;Co,,;Mn,,;0,.
The MAS-NMR technique allows (for infinite spinning speed)
averaging of both the first order quadrupolar interactions and
nuclear dipolar interactions, mainly responsible for the broadening
of the NMR lines experienced in solid state NMR experiments.
However, for nuclei with a strong quadrupolar constant like *Na,
located in a site with a non cubic symmetry, a broad signal remains
due to the 2nd order quadrupolar interaction, that is affected, but
not suppressed by MAS. Both phases exhibit such *Na MAS
NMR signals located around 350 ppm for Na,,;CoO, and around
650 ppm for Na,,;Co,,;Mn,,;0,. A set of spinning side bands are
also observed on both sides of this signal for Na,,;Co,,;Mn,,;0,,
whereas the spinning side bands of the Na,,;CoO, phase were

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 *Na MAS NMR spectra of the P2-Na,;Co0O, and
P2-Na,,;Co,,;Mn,,;0, phases recorded at 79.403 MHz (7.05 T). * =
spinning side bands. The dashed line indicates the position of the
diamagnetic impurity.

almost undetectable. Another signal with low intensity located
around 0 ppm, is also observed and could be assigned to
diamagnetic sodium impurities as sodium carbonates (not seen
by XRD). The larger shift observed for P2-Na,,;Co,,;Mn,,;0,
indicates that the spin transfer from the transition metal ions to
the sodium nucleus is more effective. This can be related to the
nature of paramagnetic ions stabilized in both phases: Mn*" with
three unpaired electron in the t,, orbitals (pointing towards the
edge of the MnO, octahedra) and LS-Co*" ions with only one
unpaired electron in the t,, orbitals.

Moreover, at room temperature, the two phases exhibit a
signal with a clear 2nd order quadrupolar line shape and with
a broadening due to a distribution of Na environments. Indeed,
the spectra cannot be fitted satisfactorily with a single line,
even with strong dipolar broadening as could be expected for
paramagnetic samples. The origin of this distribution is not clear
and has been discussed in ref. 22 for P2-Na,;Co0O,. For the
P2-Na,,;Co,,;Mn,,;0,, a distribution of Na environments is an
expected result since Co** and Mn* are randomly distributed
inside the slab. It appears then, that there is no complete chemical
exchange between the different Na sites at the NMR timescale, at
room temperature.

Electrochemical properties of P2-Na,,;Co,,;Mn,,;0,

The behavior of P2-Na,,;Co,,;Mn,,;0, as a positive electrode in
sodium cells was studied. Fig. 6 shows the resulting cycling curve
recorded between 1.25 V and 4 V starting either by a charge or
by a discharge. The charge and discharge curves look like quite
similar, thus indicating a good reversibility of Na* intercalation in
the layered structure of Na,,;Co,,3;Mn, ;O,. It is worth mentioning
that above around 3.5 V, a partial degradation of NaClO, (1 M)
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Fig. 6 (a) Cycling curves of Na//Na,Co,,;Mn, ;0 cells obtained with a
C/100 current rate, starting by a charge (red curve) or a discharge (black
curve). (b) Comparison between the second discharges obtained for a
Na//Na,Co,,;Mn,,;0, cell (black curve) and a Na//Na,CoO, cell (blue
curve), that were both shifted in order to overlap the first discharge curves
to remove the electrolyte oxidation occurring during charging at 1 > 3 V.

in the PC electrolyte occurs. This explains the lack of overlap
between the discharge curves when the cell is first discharged
or charged (Fig. 6a) and probably is the reason that the cells
could not handle many cycles. In order to correct the discharge
curve from the discrepancy resulting from this effect, one can
shift the second discharge curve in order to overlap the first one
(cell starting by a discharge). The resulting curve is shown in
Fig. 6b. To outline the effect of Mn on the sodium intercalation
process, the second discharge curve (also shifted to overlap the
first discharge curve, see ref. 11) of the structurally-related P2-
Na,,;Co0, is also given in Fig. 6b. The stepwise discharged curves
indicate that the extraction and insertion of Na from/in P2-
Na,CoO, proceeds by the formation of nine distinct phases for
0.5 < x < 0.9, with the larger voltage steps observed for x =
1/2 and 2/3." These phases can be distinguished in respect of
the arrangement of Na* and vacancy within the interslab space.
A single-phase domain for x = 1/2 is still observed when Mn*
substitutes for Co* and could be associated to the formation
of an ordered P2-Na,,,Co,,;Mn,,;0, phase. The observation of
this potential jump was not expected, since we thought that the
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presence of disordered arrangements of Co** and Mn*" ions in
the slab would prevent the sodium ions to order. The structural
study of the P2-Na,,,Co,,;Mn,,;0, obtained by electrochemical
deintercalation from P2-Na,,;Co,,;Mn,,;0, is under way. For 0.5
< x < 0.85 and x < 0.5, the shape of the cycling curve is typical of
a solid—solution type deintercalation/intercalation process with a
clear change of the redox process around x = 2/3 associated with
a voltage jump of about 1.5 V.

Some of the Na,Co,,;Mn,,;0, phases were characterized by ex-
situ XRD. The evolution of the cell parameters obtained after a
refinement of the XRD patterns with the LeBail method, using the
P6;/mmc space group of the starting phase, are given in Fig. 7.
From the starting P2-Na,,;Co,,;Mn,,;0,, as the sodium content
decreases: (i) the a lattice parameter, which corresponds to the M—
M distance, decreases slightly as expected from the oxidation of
LS-Co** toslightly smaller LS-Co** ions, (ii) the ¢ lattice parameter
increases significantly and almost linearly as also observed in
the Na,CoO, system," due to a decrease of the screening of the
electrostatic repulsion between successive oxygen layers apart from
the interslab space. From the starting P2-Na,,;Co,,;Mn,;0,, as
the sodium content increases: (i) the a and ¢ lattice parameter
evolutions do not follow the previous linear tendencies but «
strongly increases and ¢ strongly decreases as the sodium amount
increases. This break in the global evolution is clearly in agreement
with a change in the redox process occurring at x =2/3.

charge Starting discharge
+—— phase —

2 1134 : {2.94
' 4 W]
5 1121 . E + {292 T
@ ®e i 1 g

L] 1 =
§ 1111 o, | + 290 5
® . 1 2
[ 4 QO
o 11.04 i 288 3
o i o
= .
B . {286 @
S 10.94 ! g ~
o P>
: {284 —
10.8 4 “ + .
++ : H{2.82
1074 + + : . 1
. r r r 2.80

T . T
0.4 0.5 0.6 0.7 0.8 0.9 1.0
x in Na Co,,Mn, O
X 2/3

1372

Fig. 7 Evolution of the lattice parameters versus the sodium content (x)
in P2-Na,Co,,;Mn,,;0, phases (red = a-lattice parameters; black = c-lattice
parameters).

While the Na* extraction is concomitant with the oxidation of
Co* into Co*, the redox process which is associated with the
intercalation of the Na* ions is not clear: the reduction includes
either Co**/Co* and/or Mn*/Mn*" ionic pairs. It is important
that the observed increase in the a lattice parameter matches
the ionic radii of Co* and/or Mn*", which are much bigger
than that of Co* and Mn*: HS-Co* (r = 0.745 A) (or LS-
Co*, r = 0.65 A) and HS-Mn* (r = 0.645 A). In the case of
the T#2-Li,/;Co,,3Mn,,;0, phase obtained by ion-exchange from
P2-Na,,;Co,,3Mn,;0,, X-ray absorption near edge spectroscopy
(XANES) experiments revealed that the Mn** and Co** ions were
both reduced during the discharge process.”® The mechanism of

Na* intercalation into P2-Na,,;Co,,;Mn,,;0, will be analyzed in
our forthcoming study.

Conclusion

The co-precipitation method followed by heat treatment at 950 °C
yields a single phase of layered Na,,;Co,,;Mn,,;O, with a P2-type
structure. In this structure, Co* ions in a low-spin configuration
and Mn* ions are stabilized. The cobalt and the manganese
ions are randomly distributed inside the transition metal slabs.
The sodium ions are distributed between the Na, and Na,
interslab sites with a preferential occupancy of the Na, site. The
P2-Na,,;Co,,3;Mn,,;0, phase displays good reversibility for Na*
intercalation in a high amount (more than 0.5 Na per formula
unit) between 1.5 and 4.0 V. The good reversibility of the Na*
intercalation and deintercalation process determines the capability
of the P2-NaCo,,;Mn,,;0, phase as an electrode material for
sodium ion batteries. The sodium intercalation/deintercalation
proceeds as a solid solution process, except for x = 0.5, where
a special feature is observed on the cycling curves that could be
associated with the formation of an ordered P2-Na, sCo,,;Mn, 50,
phase.
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