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Various Na,MnO, bronzes have been electrochemically deintercalated. Nag4,MnO, has a channel
structure which is maintained for a large intercalation range (0.30 = x =< 0.58). In order to explain the
upper intercalation limit, an ordered sodium distribution between two types of Na* sites is proposed.
Nag ;,0MnO; and a-NaMnO, have lamellar structures of P2 and Q'3 types. During intercalation the
original P2 type is maintained for 0.45 =< x =< 0.85 while two reversible structural transitions are
observed from a-NaMnO,. A similar behavior occurs during the deintercalation of the high-tempera-
ture B-NaMnQ, variety. In each case of the structural transition the double octahedral layers remain
unchanged. Electronic localization (increased by Mn’* Jahn-Teller effect) tends to trap the Na* ions

and therefore increases the relaxation time of the investigated materials.

1. Introduction

Investigation of the crystal chemistry of
the Na,MnO, system by classical high-tem-
perature synthesis has shown the existence
of several phases in the range 0 < x = 1 ().
Their compositions are given in Fig. 1.
Structures are three-dimensional for the
lower x values and two-dimensional for the
higher ones.

Many studies have been devoted to
intercalation—deintercalation from Na,MO,
phases (2—4). These materials are metallic
or semiconducting, depending on the M—M
distance and d-orbital overlap. As the inter-
calation kinetics are strongly dependent on
this type of behavior, the occurrence of an
electronic localization due to the Jahn-
Teller effect of manganese (+ III) led us to
study intercalation processes in Na,MnO,
phases. A general survey of the structures
of the investigated materials is given below.
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Structures of the Starting Phases
(a) 3D Structures

In Nay4MnO, and NayMnQO,, files of
edge-sharing MnOg octahedra are linked so
as to form channels in which the sodium
ions are intercalated. Nag4MnO, is iso-
structural with psilomelane (Ba,H,0),
MnsOy (Fig. 2) whose structure was de-
scribed by Wadsley (5). Considering the
large size of the channels, in Nag 4MnO;
the intercalation and deintercalation of so-
dium should be possible. The exact site of
sodium within the tunnels is not well
known. Hence it was interesting to deter-
mine the highest x value accessible from
Nay 4MnO; by electrochemical intercala-
tion in an attempt to precisely locate the
alkali ion site.

The occurrence of two types of manga-
nese sites in Nag4MnO, (octahedral and
rectangular pyramidal) could make a hop-
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FiG. 1. Na,MnO, phase compositions.

ping mechanism difficult and thereby de-
crease the electronic conductivity. As a
consequence intercalation has not been
tested in this material.

(b) 2D phases

Nag0MnO,,, and a-NaMnO,. For
higher sodium contents (x > 0.50) lamellar
structures have been found. These lamellar
structures are composed of MnO, sheets,
built up of edge-sharing MnOg octahedra.
The structure of Nag70MnO,., is called P2
type with an ABBA oxygen stacking (Fig.
3). In the convention used to designate the
structural type, the letter O or P stands for
the alkali site (octahedral or prismatic) and
the number gives the number of sheets con-
tained in the unit cell. a-NaMnO, has an
0’3 structure (ABCABC oxygen stacking

(P2}
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Fic. 2. Psilomelane structure of (Ba,H,0),Mn;sOy,
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(Fig. 3)). In O’3, the prime symbol indicates
a monoclinic structural distortion with re-
spect to the hexagonal lattice.

B-NaMnO,. This high-temperature phase
also exhibits a layer structure, but the
MnO, sheets are completely different from
those mentioned above. They constitute a
double stack of edge-sharing MnOg octahe-
dra. Between two neighboring sheets the
sodium ions occupy octahedral sites (Fig.
4). As for other A,MO, sheet structures, it
is possible to imagine sheet displacements
leading to various alkali ion environments.
The possible sites, depending on the rela-
tive positions of the MO; sheets, are either
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F16. 3. Nay;MnO,(P2) and o-NaMnO, (O’3) structures.
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FiG. 4. 8-NaMnO, structure,

octahedral, trigonal prismatic (TP), or rec-
tangular prismatic (RP). Such an environ-
ment for the alkali element has been re-
ported for materials like Rb,M,Ti;_,O4 (RP)
or K.M,Ti,_,O4 (TP) (6).

II. Experimental

All the starting materials have been syn-
thesized from mixtures of Na,O, MnO,,
and Mn,0; according to the preparation
conditions given by Parant et al. (1).

To perform the intercalation and deinter-
calation of sodium, galvanostatic charge
and discharge of the following chain were
carried out:

sodium | liguid electrolyte | Na,MnO,
+ graphite.

A NaClO,4 (1 M) solution in propylene
carbonate was used as the electrolyte. The
deintercalation limit was given by the upper
stability limit of the liquid electrolyte (3.5 V
vs sodium). Conductivity measurements in
good agreement with literature values (1)
indicated a semiconductor behavior for
Na0,40Mn02 N Na0_70Mn02 , and a-NaMnO;.
Thus, graphite was added (up to 50% by
weight) to the materials studied in order to
diminish the resistance of the positive elec-
trode. A-data processing system managed
all the cell testings (7). The materials recov-
ered at different steps of the cycling have
been studied by X-ray diffraction.
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III. Results and Discussion

{a) Nag.4oMnO,

Figure 5 shows a cycling curve of a cell
using Nag4MnO, as a positive electrode.
The continuous variation of the voltage
during the intercalation (or deintercalation)
and the X-ray diffraction data show the ex-
istence of a solid solution in the range 0.30
= x =< 0.58. The deintercalation could not
be performed below x = 0.30 because of the
electrolyte instability at high cell voltages.
The maximum intercalation should corre-
spond to the filling of all available sites for
the sodium ions. However, if the material is
discharged below 2 V (x = 0.50), the follow-
ing charge is impossible to perform due to a
very high resistance to sodium removal.
However, a continuous discharge of the
cell leads to a maximal x value of about
0.58.

Comparison of the X-ray diffraction pat-
terns shows unambiguously that the unit
cell parameters are modified during the in-
tercalation process. Nevertheless, as only
some diffraction lines are affected and as
the material crystallizes in the monoclinic
system, refinement of the unit cell parame-
ters does not lead to significant results.

The upper intercalation limit gives worth-
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F1G. 5. Electrochemical cycling from Nay 4MnO,.
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while information in an attempt to identify
the exact site of the sodium ions. If we con-
sider (Ba,H,0)y.4MnO,, which is isostruc-
tural with Nay 4MnQO;, the barium ions are
in 10-coordinated sites (six oxygen atoms
and four water molecules (Fig. 2)). It is
highly improbable that sodium ions could
replace both Ba and H,O; this would result
in strong electrostatic repulsions destabiliz-
ing the structure.

It is possible to imagine two possible sites
for the alkali ions:

—Sites of C.N.5 (rectangular pyramids)
are available at the corners of the channels
(Fig. 6). If they were all occupied the com-
position would be Nag gsMnQO;.

—The second possible sites for sodium
are trigonal prismatic (Fig. 6). Their filling
would also lead to the formulation
Nag.4MnO.

Thus, if the sodium ions occupy both py-
ramidal and prismatic sites, the border limit
formula would be Na;zMnO,. As both
sites are sharing rectangular faces, they
cannot be filled simultaneously. But the oc-
cupancy of half of them leads to the compo-
sition Nag ¢MnO, which is the experimen-
tally observed limit. Furthermore, some
MnOQg octahedra share two faces with two
pyramidal sites. If one of the pyramids is
occupied, the strong electrostatic repul-
sion Mn"* < Nat shifts the Mn ion from
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F1G. 6. Sodium distribution in rectangular pyramidal

and trigonal prismatic sites proposed for the composi-
tion Nag MnO;.
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its normal position and decreases the prob-
ability that the second pyramid will be oc-
cupied. As a result an ordered occupation
of the sites can be assumed for the upper
value of x, as proposed in Fig. 6.

As only a definite composition is ob-
served by high-temperature synthesis, a so-
dium ordered distribution would also exist
in the starting phase Nag4MnO,. Two as-
sumptions can be made: the sodium can fill
either all of the prismatic or half of the py-
ramidal sites. The first hypothesis, which
lowers the electrostatic interactions, seems
to be the most probable. A two-phase do-
main is not observed; so a progressive
change in the Na* distribution should occur
during intercalation for x = 0.40. Such a
behavior could account for the slope
change in the electrochemical curve ob-
served for x = 0.40.

(b) Nay10MnO: .,

Parant et al. have shown that the general
formula of the P2-type phase was
Nay7oMnO;.,. y varies with the synthesis
conditions (temperature and oxygen pres-
sure). Density measurements have shown
that the crystallographic formula is actually
Nag.70 2/2 + y)) Mn(2/2 + y))O, (8). Due to
the Jahn-Teller effect of trivalent manga-
nese, an orthorhombic distortion is ob-
served, except for the higher values of y
where the amount of trivalent manganese is
too small to induce a macroscopic distor-
tion. To simplify our investigation, all elec-
trochemical measurements have been done
from the hexagonal phase of composition
Nag.70MnO; 5.

The cycling curve obtained under a cur-
rent density of 70 wA/cm? is shown in Fig.
7. The electrochemical behavior and the X-
ray diffraction study show the existence of
a solid solution in the range 0.45 < x =
0.85. Although the amount of trivalent man-
ganese increases during intercalation, the
P2 structural type is maintained without
crystallographic distortion.
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As for Nag 4MnQ,, if the cell is deeply
discharged below 2.0 V, the following
charge is impossible to perform, due to a
very high resistance to Na* removal. Thus
cycling curves do not go below 2.0 V.

The parameter variation of the hexagonal
cell is given in Fig. 8. During deintercala-
tion, the ¢ parameter, perpendicular to the
MnO, sheets, increases notably while the a
parameter, corresponding to the Mn—-Mn
distance within the sheets, decreases. The
decrease in sodium leads to an increase in
the repulsive forces between the MO,
sheets. The result is an increase in the in-
tersheet distance.

In the same way the mean oxidation state
of manganese ions increases with decreas-
ing x; the lower ionic radius of Mn*V with
respect to Mn*™ leads to higher cova-
lency of the manganese—oxygen bonds and
as a consequence to decrease of the a pa-
rameter.

Such an evolution of the ¢ and ¢ parame-
ters during alkali ion deintercalation has
been previously observed for all Na,MO,
systems (2—4, 9). As in the similar Na,CoO,
(P2) system no structural transition is ob-
served. This result is consistent with the
impossibility of obtaining a reversible tran-
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sition between a P2-type structure and an
03- or P3-type structure without breaking
M-0O bonds, which must be excluded at
such a low temperature.

Compared relaxation of NagnwMnO,.,
and Nag 10Co0; . The Nag 70MnQO, 5 phase is
isostructural with Nag 70C00,. The two ma-
terials differ only in their electronic behav-
ior. While the former is a semiconductor
(activation energy = 0.34 eV), the second
one exhibits metallic character. As a result
it is interesting to compare the relation be-
tween sodium diffusion kinetics and elec-
tronic properties of both materials.

In the current-pulse relaxation technique
a short constant current pulse is used to
inject or to remove sodium ions from the
positive electrode. The chemical diffusion
coefficient of sodium is calculated from the
decay rate of the resulting transient volt-
age.

Figure 9 shows the evolution of the po-
tential vs time relationship during relaxa-
tion for both materials. The current pulse
was about 5.6 mA during 15 sec. It can be
emphasized that the return to the open cir-
cuit potential was much faster in the case of
Na()j()COOz than for Na0.70Mn02_25 . The dif-
fusion coefficients of sodium have been cal-
culated assuming the following relaxation
law (10):
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F1G. 8. Unit cell parameter variation during interca-
lation and deintercalation from Nag;,;MnQ, 5s.
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carriers
1 — y = occupancy rate of available
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This law, valid only for the Nernst-type
systems, can nevertheless give a good idea
of the diffusion coefficient of the mobile ion
within the host structure. The Ey — E =
f@V2) curves (Ey = O.C. voltage, E = in-
stantaneous potential, 1 = time) are linear
for the last part of the relaxation (Figs. 10a
and b). The nonlinearity of the first part can
be attributed to an ‘‘electrolyte effect”
(10). The following diffusion coefficients
are then obtained:

Na0_7oMn02_25: D=1.7
X 107 cm? - sec™!
Na().mCOOzZ D=5

x 10712 ¢cm? - sec™ L.

For Naj 7;0MnO, ,5 we can assume a con-
duction mechanism by hopping (Mn3* <
Mn**). The Jahn-Teller effect due to
manganese*ID should also increase the
electronic localization. If the displacements
of the two carrier types (¢~ and Na*) are
coupled, this localization could explain
the limitation of the ion diffusion in
Nay7,0MnO;,5. In Nagy70Co0O, the metallic
behavior emphasizes the electronic deloca-
lization, making much easier the ion diffu-
sion.

(¢) a-NaMnO,
Figure 11a shows the cycling curve ob-
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diffusivity calculation.
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Fig. 11. Electrochemical cycling from a-NaMnO,
(a); O.C. voltage curve from a-NaMnO, (b).

tained with a current density of 70 uA/cm?
from a-NaMnO, as starting material. For a
given x value the difference between the
charge and discharge potential is very
large. This results from the high resistivity
of the material. Conductivity studies indi-
cated that «-NaMnO, is a semiconductor
with an activation energy of 0.45 eV. The
intrinsic Na* conductivity should be very
small due to the unfavorable octahedral en-
vironment (/1). Furthermore the a/b ratio
of the lattice parameters (Table I) charac-
terizes an important Jahn-Teller effect in
the MnOg¢ octahedra, due to manganese™D
(ideal value of a/b = V3). As discussed
above, this effect should decrease the Na*
diffusion coefficient even more.

To observe possible plateaus in the po-
tential, an open circuit voltage curve has
been recorded (Fig. 11b). The curve shape
and the X-ray diffraction studies showed

TABLE 1
a-NaMnO, LATTICE PARAMETERS
o)
N ;tssgoAA alb = 1.97
c= S577A
B = 112.9°
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the occurrence of two deintercalated
phases A and B separated by two phase
domains.

The composition of the A phase ranges
from Naje:MnO, to Nay»»MnO,. The B
phase appears at about NaysMnO;. These
compositions could not be accurately deter-
mined, due to the very slow relaxation of
the material. The X-ray diffraction spectra
of both materials (A,B) could not be in-
dexed. However, they are characteristic of
sheet structures. Furthermore, the two
structural transitions are reversible, which
emphasizes the fact that the MnO; sheets
are not destroyed during deintercalation.
The Mn-O bonds are too strong to be re-
versibly broken and reconstituted at room
temperature.

Figure 12 shows the variation of the in-
tersheet distance obtained from the first dif-
fraction line of the X-ray spectra. The evo-
lution has to be compared to the intersheet
distances observed for other related A,MO,
materials. Figure 12 shows that a trigonal
prismatic environment can be assumed for
the A phase. On the contrary the very large
intersheeet distance observed for the B
phase remains unexplained.

(d) B-NaMnO,
Figure 13 gives the cycling curve of a cell

Intersheet
distance (R)

% NagMnO2 (0'3,4,8B)

7.0 a N3, Cr0z (03,P3) 3
o N3, Cu0; (03,0'3,P'3,P3) @
6.5
6.0
a3
5.5 /‘ 03
. "
P3 P3 03
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.75 .8 .85 .9 .95 1.0

F1G. 12. Intersheet distance for the Na,MO, phases.
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Fic. 13. Electrochemical cycling from 8-NaMnO,.

using 8-NaMnO, as the positive electrode.
When charging at 2.7 V vs. sodium, a two-
phase domain is observed. It corresponds
to a reversible structural transition between
the starting compound 8-NaMnQO, and the
upper limit of a solid solution (0.85 = x =
0.96). The X-ray diffraction pattern of this
new phase has been indexed in the
orthorhombic system. The unit cell param-
eters of the Nago;MnO, phase are given in
Table II and compared to those of the start-
ing B8 phase. The X-ray diffraction pattern
of Nagy o:MnQ; is given in Table III.

Since the structural transition is revers-
ible, it can be assumed that MnO, double
octahedral layers are maintained. The b pa-
rameter, which represents the intersheet
distance, increases from 6.31 A in B-
NaMnO, to 7.12 A in Nag;MnO,. Such an
increase is similar to that observed for

TABLE II
UniT CELL PARAMETERS OF RELATED 8-NaMnO,
PHASES
NagiMnO, B8-NaMnO, (7)
a % 0.006 A 4.052 4.770
b = 0.01 Aa 7.12 6.31
c *0.004 A 2.984 2.852
alc 1.36 1.67
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TABLE III

X-RAY DIFFRACTION PATTERN OF NagoMnO,
RESULTING OF Na DEINTERCALATION FROM

B-NaMnO,
hkl sl A) deacA) Iy,
010 7.09 7.12 vS
110 3.513 3.521 VW
011 2.745 2.752 w
120 2.671 2.674 m
101 2.404 2.403 m
111 2.266 2.277 w
200 2.031 2.026 S
121 1.996 1.992 S
031 1.861 1.858 w
040 1.780 1.780 w
201 1.675 1.676 W
050 1.424 1.424 m

other sheet oxides as a result of deintercala-
tion (24, 9).

The values of the a and ¢ parameters
which represent the diagonal and the edge
of a MnQg octahedron suggest a lower dis-
tortion in the deintercalated phase than in
the starting one (a/c = V2 in a nondistorted
octahedron).
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