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ABSTRACT: A new ordered (Li/Ag)CoO, layered compound with an unusual oxygen packing
combining rock salt and delafossite layers is obtained during the (Li*, Na™)/Ag™ ionic exchange from ., ..u
the OP4-(Li/Na)CoO, precursor. This compound is actually an intermediate step to the final
D4-AgCo0, delafossite and can be isolated thanks to the kinetics difference between the Lit/ AgJr and

Delafossite —Ag"
Na*/Ag" exchange processes. It crystallizes in the P65/mmc space group with cell parameters ape, = y
2.848(3) A and ¢e,, = 21.607(7) A. The details of the structure as well as its thermal stability and { :
Rock salt |
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transport properties are presented and discussed.
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1. INTRODUCTION

The very details of the structure of layered ACoO, oxides like
stacking sequences or local symmetries are assumed to have akey
role on their remarkable properties, such as the electrochemical
behavior of the high-temperature polytype of LiCoO,, which is
the most commercialized positive electrode material for lithium
batteries," or the fascinating properties reported for P2-Na,CoO,
phases depending on their sodium content” (promising thermo-
electric properties for high-sodium comgositionsff5 supercon-
ductivity for hydrated phases at x ~ 0.3,°” or metal to insulator
transition for the half-filled Na, ,C00,®).

The structure of all these materials can be described from a packing
of CoO, slabs, formed by edge-shared CoOg octahedra, between which
A" monovalent cations are intercalated in the interslab space. Depend-
ing on the nature of the A element, its content (x), and the synthesis
conditions, various intercalation sites are available: octahedral in O3-,
02, and 04-LiCo0,"** and 03-NaCoO,,"*** trigonal prismatic in
P2- and P3-Na,CoO, or -K,Co0,,"> '€ tetrahedral in deintercalated
bilayered Li,C00,,"” or linear dumbbell in the case of the delafossite
structure, where A is typica]lgr a d'° or d° monovalent cation like, for
instance, a noble metal.'® ** In order to standardize the descrip-
tion of the layered ACoO, oxides, we follow the nomenclature
proposed by Delmas et al.* using as a prefix of the chemical
formulas the combination of a letter that stands for the A cation
site symmetry (O for octahedron, P for trigonal prism, and D for
dumbbell coordination) and a figure indicating the number of
CoO, layers necessary to describe the structure.

Recently, we used the ordered OP4-Li_4,Na-3,C00, phase,
which was ori§inally reported for its promising thermoelectric
properties,”*”** as a precursor for ionic exchanges, and we first
reported on the two new layered polytypes obtained, O4-LiCoO,"
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and D4-AgCo00,,” which regularly alternates 02/03- and
D2/D3-type blocks, respectively. The structure of such polytypes
with new oxygen stacking is directly related to the original struc-
ture of the OP4-(Li/Na)CoO, precursor that alternates two dif-
ferent AO, blocks: a P2-type sodium block and an O3-type lithium
one (Figure 1a).*® While the site symmetry could change through
the ionic exchange, the layer organization remains the same as in
the OP4 precursor, leaving unchanged the number of CoO, slabs
necessary to describe the final hexagonal cell (i.e., four slabs). The
exchange process may induce or not a slab gliding in the a,b plane
but never a slab rotation, as such an operation would require a
Co—O bond breaking that only occurs at high temperature and
was never observed in the vicinity of room temperature.

During the OP4 — O4 transformation, which was also studied
by Komaba et al,*' only Na™ ions are exchanged and the OP4 pre-
cursor directly gives the O4 stacking without any intermediate step. In
the case of the OP4 — D4 transformation, however, both Na* and
Li" ions are exchanged for silver ones. During this process, we noticed
the presence of traces of an intermediate phase OD4-(Li/Ag) CoO,
combining rock salt and delafossite blocks (Figure 1b). This report
details the structure of this new OD4-(Li/Ag) CoO, intergrowth
layered cobalt oxide, explains its formation by the kinetics dif-
ference between Na ™/ AgJr and Li"/ AgJr exchanges, and pre-
sents preliminary measurements of physical properties.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Precursors. Several authors have reported
on the synthesis of the OP4-(Li/Na)CoO, precursor with some nuances
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Figure 1. Perspective representation of (a) the ordered OP4-(Li/Na)CoO, precursor and the three stacking that may theoretically be obtained from
(LiJr—Q—NaJr)/AgJr ionic exchanges: (b) the OD4-(Li/Ag)CoO, studied in this article; (c) the PD4-(Na/Ag)CoO,, which is not evidenced due to
difference in the Li* /Ag™ and Na*/Ag" exchange kinetics; and (d) the delafossite D4-AgCoO, obtained after the complete exchange of the alkali
ions.”” In these structures, lithium and sodium ions occupy respectively octahedral (in yellow) or trigonal prismatic sites (in light purple), while silver
ions are intercalated in a dumbbell configuration. Sodium ions accommodate two kinds of trigonal prismatic sites depending on whether they share face
(Nag in white) or edges (Na,, in purple) with surrounding CoOg octahedra. For convenience, only one intercalated site is sketched in each interslab

space. The oxygen stacking sequence is written next to each structure.

in the synthesis protocol and in the chemical composition, but most of
them agree on the difficulty to obtain a pure phase.** 2% We recently
deeply reinvestigated the synthesis path and proposed a more pertinent
protocol.32 In brief, the precursors O3-LiCoO, and P2-Na,,Co0O,
were first prepared from solid-state reactions using dry alkali carbonates
and cobalt oxide Co30, that were intimately ground. A stoichiometric
ratio was used for the preparation of O3-LiCoO,, while an excess of S wt %
of sodium carbonate was added for the preparation of P2-Na, ;C00, in
order to balance to sodium oxide volatility at high temperature. These
mixtures were heated at 850 and 900 °C for 24 h under oxygen flow
with heating and cooling rates set at +2 and —5 °C min ™, respectively.
Following our previous work,®* these two precursors were then inti-
mately mixed together in the nominal composition Lig 4,Na~g4;CoO,
in an argon-filled glovebox. The mixture was put into a gold tube that was
quickly sealed and then heated for at least 1 day at 920 °C in a preheated
furnace. The tube was finally quenched in a water bath. Such thermal treat-
ment avoids the decomposition of the OP4-(Li/Na)CoO, phase.32 All
the compounds being moisture sensitive, they were stored in a dry atmo-
sphere. Rietveld refinement on XRD pattern (not shown) confirmed the
synthesis of pure OP4-Li~( 4,Nag3,C0O, precursors with cell param-
eters in good agreement with the literature.*® The slight loss of sodium
may be explained by (i) the difficult control of the initial Na content in
the P2-Na_,,CoO, precursor or (ii) a weak Na departure (as oxide)
in the free void of the sealed gold tube (indeed some white deposits
were sometimes noticed in the gold tube after synthesis). However, the
calculated chemical formula totally agrees with the already published
compositions.zs‘30

2.2. lonic Exchanges. Following previous works dealing with
silver delafossites synthesis,*' ~>>**** jonic exchanges in molten salts
were performed by mixing the OP4-(Li/Na)CoO, precursor with silver
nitrate and potassium nitrate. In the case of the pure D4-AgCoO,
synthesis, a preliminary ball-milling of the powder precursor as well as a
large silver nitrate excess (S times compare to alkali nominal content), a
high temperature, and along dwell time (15 h at ~300 °C) were necessary
to complete the exchange.”” In this work, the goal was to only exchange
the Na™ ions with no departure of the Li™ ions from the O3-type blocks.

It was therefore necessary to increase the selectivity of the exchange, and
several kinetic and thermodynamic parameters were adjusted to maximize
the Na™/ AgJr exchange rate while the Li+/Ag+ exchange one was mini-
mized. Following our previous study on the D4-AgCoO, compound, for
which we noticed that the grain size reduction was an important parameter
since without ball-milling the obtaining of the pure D4 synthesis system-
atically failed (small amounts of OD4-(Li/Ag) CoO, remained, as seen in
XRD patterns), we fixed the grain size to that of the as-synthesized OP4
powder, ie., as large as possible. The other parameters were tuned as
follows: the temperature of the melt was varied from 300 °C down to
130 °C using a mixture of AgNO;/KNOj at the eutectic molar ratio 3/ 23%);
for lower temperature trials down to room temperature, the OP4 precursor
was immersed in a AgNO; aqueous solution; this approach assumes a
two-step reaction:

OP4-(Li/Na)CoO, + Ag® <> OD4-(Li/Ag)CoO, + Na™ (1)

OD4-(Li/Ag)CoO, + Ag" < D4-AgCoO, + Li* )

We also tuned the silver and lithium concentrations in the molten
salts in order to create supplementary driving forces to hinder the second
step (iie., the D4 formation): the nominal Na*/Ag™ ratio was tuned to 1,
while lithium nitrate was added up from 2 to 10 times excess (as com-
pared to the lithium amount in the OP4 precursor). Concerning the heat
treatment, the dwell time at high temperature was varied from 15 to 2 h.

2.3. Characterizations. XRD measurements were performed
using a PANalytical X’Pert Pro powder diffractometer in the Bragg—
Brentano geometry using either copper or cobalt Kot radiation. Data were
collected using an X'Celerator detector in the 10°—80° window in the 20
range. High-temperature experiments were performed in an Anton Paar
HTK 1200N oven chamber under dry oxygen flow (+1 °C min~ ' mean
rate until 700 °C and —10 °C min™ " to cool until room temperature).

The chemical composition was determined by inductively coupled
plasma absorption electron spectroscopy (ICP-AES) on a Varian 720-ES.
For alkali lamellar oxides, samples were dissolved in HCI solution heated
to ~70 °C For samples containing silver, HNOj3 solution was sometimes

6650 dx.doi.org/10.1021/ic200534x |Inorg. Chem. 2011, 50, 6649-6655



Inorganic Chemistry

additionally used as complement when the dissolution was difficult to
complete.

The average grain size of the powder samples was determined with a
Malvern Mastersizer 2000 particle size analyzer by immersing the powder
in ethanol bath, with a preliminary ultrasonic step to break up the biggest
aggregates.

Thermogravimetric analysis (TGA) were performed with an STD
Q600 apparatus under Ar flow (initial dwell of 2 h at 100 °C, heating rate
+5°Cmin ", final dwell of 30 min at 700 °C, cooling rate —5°C min~ ).

Transport properties were measured on nonsintered, compacted
pellets. Electrical dc resistivity was performed with the four-probe method
in the 4—300 K range, while thermoelectric power measurements were
collected with homemade equipment previously described.*®

3. ORDERED STACKING SIMULATION

Two different layered structures can be sketched assuming
different selective exchanges for the lithium or sodium cations:
either an OD4-(Li/Ag) CoO, phase that alternates O3-type lithium
layers and D2-type silver layers (Figure 1b, resulting from the selec-
tive exchange of only sodium ions) or a PD4-(Na/Ag)CoO,
phase that combines P2-type sodium layers and D3-type silver
layers (Figure lc, resulting from the selective exchange of only
lithium ions). Actually, there are several arguments in favor of a
preferential exchange of Na™ ions compared to Li* ones: (i) the
ions diffusion through face-sharing trigonal prisms is easier than
through octahedra, which requires the ions to pass through an
intermediate tetrahedral site; (ii) the interslab space AO, (A =Lj,
Na) increase that is necessary to accommodate the Ag” ions is
smaller for the Na™* /Ag+ exchange (~+16%) than for the Li" /Ag+
one (~-+56%) (these values are calculated by comparing the inter-
slab thicknesses in OP4-Li-_ 4,Nao3,C00,>* and in AgC00221’37) ;
and (jii) a slab gliding is required during the Li"/Ag™" exchange,
while no oxygen packing change is needed for the Na®/Ag"
exchange. As the Na™ ions should be removed more easily than
the Li" ions, the theoretical PD4 phase should not appear during
the OP4 — D4 process.

In our previous works, we simulated the O4-LiCoO, and the
D4-AgCoO, polytypes using as input parameters some previous
experimental crystallograghic data for 02-LiCo0Q,,'***!" 03-
LiCo0O,,” and AgCoOZ,1 2172337 Jike the cation—oxygen dis-
tances and the thicknesses of CoO, slabs and AQ, interslab
spaces, to build up the new blocks of the O4 and D4 polytypes,
respectively.'>*” This approach was also extended to the descrip-
tion of the ordered OPP9-(Li/Na/Na)CoO, packing that alter-
nates within the lamellar CoO, stacking two P2 sodium layers for
one O3 lithium layer.>* We applied this method in the present study
to sketch the OD4-(Li/Ag)CoO, and the PD4-(Na/Ag)CoO,
stacking.

The required input parameters needed are the thicknesses
of LiO,, NaO,, and AgO, interslabs.”'>*” These two stackings
are then built up by superimposing O3 and D2 blocks or P2 and
D3 blocks for respectively the OD4 and the PD4 compound. The
thicknesses of the CoO, slabs are averaged between the two parent
phases, as well as aj,., parameters (Table 1); the z positions of the
cations are adjusted at the center of the slabs and interslabs.

A crystallographic symmetry operator determination led to
the P63/mmc space group in both cases, with lattice parameters
Ghex. = 2.845 A and ¢, = 21.613 A for OD4 and ay,., = 2.853 A
and ¢y, = 23.126 A for PD4. For the OD4-(Li/Ag)CoO, phase,
the atomic positions are given in Table 2 and the corresponding
simulated XRD pattern is plotted in Figure 2d.

Table 1. Structural Data Used To Simulate the OD4 and PD4
sStacking

OD4-(Li/Ag)CoO, PD4-(Na/Ag)CoO,

space group P65/mmc

Ahex. (A) 2.845° 2.853"
Chex. (A) 21.613 23.126
Co0, slab thickness (A) 1.985° 1.944"

2.633 for A=Li 3.471 for A = Na
4.204 for A = Ag

? Obtained from P2-Na-,CoO, 1S and D3-AgCoO, 37 average. ¥ Obtained
from 03-LiCoO, ° and D2-AgCoO, 37 average.

AO, interslab thickness (A)

Table 2. Atomic Position of the OD4-(Li/Ag) CoO, from the
Stacking Simulation in the P6;/mmc Space Group”

atom site x y z occ
Ag 2b 0 0 Y4 1
Li 2a 0 0 ', 0.84
Co 4f /s A 0.393 1
o 4e 0 0 0.347 1
o) 4f A /s 0.439 1

“The lithium occupancy factor is set to 0.84 assuming a theoretical
composition OD4-Lig 4,Ago sCoO,.

4. RESULTS AND DISCUSSIONS

4.1. lonic Exchanges. Figure 2a presents the XRD pattern
obtained after a first ionic exchange with the OP4-(Li/Na)CoO,
precursor (experimental conditions: (Li™ + NaJr)/AgJr ratio close
to 1, thermal treatment of 15 h at ~300 °C, final washing step).
The profile matching refinement evidences two phases that both
crystallize in the P65/mmc space group: the D4-AgCoO, dela-
fossite according to our previous work’® and a new phase for
which the diffraction pattern nicely compares with the simulated
pattern of an OD4-(Li/Ag) CoO, (Figure 2d). Moreover, there is
not any trace of the OP4-(Li/Na)CoO, precursor. A possible
PD4-(Na/Ag)CoO, phase formation is totally discarded here.
The ICP-AES analysis realized after washing of the product re-
veals that the sodium content is insignificant, clearly confirming
that the Na™/Ag™ exchange is completely achieved.

In order to roughly quantify the phase proportions, Rietveld
refinement was performed using the simulated structural data of
the D4*” and the OD4 phases by only varying the cell parameters
as well as the profile parameters (the structural parameters were
fixed). The D4 delafossite appeared to be the majority phase
(~5/6). In addition, the refinement gives OD4 lattice parameters
[Ahex, = 2.848(3) A and ¢y, = 21.607(7) A, in rather good agree-
ment with our simulation work (Table 1).

The presence of this intermediate phase is related to the dif-
ferent mechanism implied for the lithium and sodium exchanges.
For these reasons, the lithium exchange requires high activation
energy and lower grain size as well as higher temperature, dwell
time and silver concentration are at the same time necessary to
make the exchange complete.

Decreasing the temperature to ~130 °C while the dwell time
is shortened to only 2 h and the (Li* + Na™)/Ag ratio is lowered
to ~2 (i, Na/Ag ~1) significantly improves the results, as the
OD4-(Li/Ag) CoO, phase becomes the majority: the intensity of
the (004) diffraction peak of the D4-AgCoO, delafossite clearly
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Figure 2. (a—c) Experimental XRD data obtained after different ionic
exchanges from the OP4-(Li/Na)CoO, raw material. For comparison,
the calculated XRD pattern obtained from the simulation of (d) OD4-(Li/
Ag)Co0O, (from Table 2) and (e) D4-AgCoO, (from ref 29) are shown.

decreases while the (006) and (008) diffraction peak intensities
of the OD4-(Li/Ag)CoO, phase increase (Figure 2b). Quanti-
tatively, a Rietveld refinement gives approximately half of the
OD#4 phase in the final product.

The addition of lithium nitrate in the salt (in 2 times molar
excess as compared to the initial lithium amount in the precursor
powder) significantly hinders the lithium exchange and finally
stabilizes the OD4 phase up to about 80% (Figure 2c); how-
ever, tuning further this parameter no longer improves the results,
and we could not get a complete elimination of the D4-AgCoO,
phase. In order to further decrease the reaction temperature sev-
eral exchange reactions in water solution were tested from boiling
point to room temperature, using equivalent [Ag*] and [Li*]
concentrations as above. The OD4 formation is evidenced in all
cases, but OP4-(Li/Na)CoO, still remains present in majority
while the D4-AgCoO, delafossite diffraction peaks are clearly
appearing in all XRD patterns (not shown), even for stirring times
as short as 2 h, at room temperature. To conclude, we managed
to increase the proportion of the obtained OD4 phase by tuning
some reaction parameters; however, we did not succeed to
completely avoid the Li"/Ag™" ionic exchange.

The broadening of the diffraction lines of both OD4 and D4
phases might be attributed to stacking defects that occur during the
ionic exchange process. For example, one can reasonably assume
the presence of sporadic D4 blocks in the overall OD4 structure.

Note also that for all the ionic exchanges that use a high [Lif]
concentration in the solution, a competition between silver and
lithium to replace sodium can be expected. In the latter case, the
04-LiCoO, polytype could be formed.'*' The XRD patterns,
however, never showed any presence of this compound, whatever

the magnitude of the other parameters; this confirms that the
slab gliding (necessary in the Na™/Li" exchange) is more energy
consuming than the increase of the interslab thickness and that it
is the limiting factor for the exchange.

ICP-AES analyses were not appropriate to determine the pre-
cise composition of the OD4 phase, mainly because powders were
difficult to dissolve. However, one can notice that (i) the OP4
precursor is characterized by lithium vacancies®®***® and (ii)
previous reports on silver delafossites obtained by ionic exchanges
from P2-Na_,,C00, conclude the stoichiometric composition
Ag;C00,."** According to these results and assuming that (i) the
lithium layers remain unchanged during the ionic exchange pro-
cess, (ii) silver ions cannot enter into lithium interslab space as
the oxygen stacking is not suitable for accommodating the dumb-
bell coordination, and (iii) silver ions completely fill the sodium
interslab space, the chemical composition of the OD4 phase
should be close to Lig.4,Agp5C00,.

In conclusion of this experimental section, the OD4-(Li/
Ag)Co0, formation is clearly evidenced to be an intermediate
step in the global OP4 — D4 ionic exchange. All our attempts to
isolate this phase pure were unsuccessful and it appeared impos-
sible from this method to replace all the sodium ions before
starting the exchange of lithium ions.

4.2. Thermal Stability. Ionic exchange reactions often lead to
metastable phases, such as the O4- and the O2-LiCoO, poly-
types, which turn into the thermodynamically stable O3 polytype
when they are heated.""'>*® Silver delafossites are also sensitive
to temperature as they decompose into metallic silver and cobalt
oxide Co30, below 600 °C.* According to these remarks, we first
performed an in situ XRD experiment on an initial mixture of the
OD4 and the D4 phases obtained with the best above-mentioned
conditions (corresponding XRD in Figure 2c). Figure 3 shows the
XRD pattern evolution vs temperature in the 6.5°—60° 20 range.
Up to 400 °C, the temperature increase causes a narrowing of
diffraction peaks [highlighted in the inset of Figure 3 focusing on
the (006) peak of the OD4 phase], which can be explained by an
enhancement of the crystallinity of each phase.

In the same temperature range, however, characteristic diffrac-
tion peaks of O3-LiCoO,, Co30,, and metallic silver already
begin to grow. At ~550 °C, all the (00!) diffraction peaks of the
OD4 phase have vanished. This experiment clearly demonstrates
the instability of the OD4 phase, which decomposes according to
the eq 3 (with the assumption of the initial chemical composition
Lig 42A80.5C005).

A
Li0.42Ago,5 Co00, —~0.42LiCo0O, + 0.5Ag .1

N (1—0.42)

(C0304 + 02) (3)

The D4 delafossite also decomposes just after the OD4 by
giving additional Co30,4 and metallic silver, in agreement with
our previous results.””

4.3. Morphology Characterization. The grain morphology
of a sample containing the OD4 and the D4 phases (correspond-
ing XRD in Figure 2c) are shown in Figure 4. The micrograph
analysis cannot distinguish the different phases, as the grain size
and morphology appear very homogeneous. The large grain size
(>10 um) results from the absence of a preliminary milling step
before the ionic exchange. The lamellar shape is clearly visible,
especially with micrographs focused on the edges of the particles.
Despite some sporadic particles that keep the hexagonal shape
(highlighted by white dot lines), most of the particles are
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Figure 3. Temperature influence on the XRD powder pattern of a initial
mixture of OD4-(Li/Ag)CoO, and D4-AgCoO, phases in a 4:1 ratio
(corresponding to sample c in Figure 2). The O3-LiCoO,, Co304, and
metallic silver diffraction peaks begin to grow in the 350—450 °C tem-
perature range, reflecting the decomposition of the OD4-(Li/Ag) CoO,
phase. The delafossite D4-AgCoO, decomposition occurs from 500 °C.
The inset focuses on the evolution of the (006) diffraction peak of the
OD4 phase and highlights the crystallinity enhancement at the begin-
ning of the heating sequence. The symbol (x) marks the peak of the
polymer window of the airtight in situ cell.

characterized by a more rounded contour. A similar morphology
characterizes the OP4 precursor (Figure 4), but it is more stressed
after the ionic exchange that alters the shape of the grains.

4.4. Electrical Properties. Depending on the A element,
lamellar oxides ACoO, exhibit different kinds of transport
properties: an insulator behavior is obtained in ACoO, delafos-
sites with A = Cu, Ag, while a metallic one is obtained for A = Pd,
Pt; O3-LiCoO, is insulating, but Li,.;CoO, materials become
more and more conductive and even metallic as Li" is further
deintercalated;* the OP4-(Li/Na)CoO, precursor exhibits in-
teresting thermoelectric properties with a large Seebeck coeffi-
cient coexisting with a relatively good electrical conductivity.”**”

The study of the electrical properties of OD4-(Li/Ag) CoO, is
complicated because of (i) its poor thermal stability that prevent
any sintering, (ii) the presence of the secondary D4 phase that
could not be fully eliminated, and (iii) the anisotropy of the struc-
ture that could lead to a strong anisotroggf of the electrical prop-
erties as in the case of delafossite oxides.” The physical measure-
ments were finally performed on nonsintered compacted pellets
(bulk density close to 70%) containing a mixture of roughly 4:1
OD4:D4 (i.e., with the sample characterized by the XRD pattern
of Figure 2c). Figure S displays the temperature dependence of
the electrical resistivity and of the thermopower in the tempera-
ture range 5—300 K and compares them with the behavior of
pure D4-AgCo0,.”” Regarding the above three limitations, the
transport measurements are not expected to give access to
intrinsic properties but only to reflect some trends in the global
behavior of the new phase. The OD4/D4 sample displays a global
insulator behavior with a resistivity decreasing with temperature.

Figure 4. SEM micrographs of powder sample of the 4:1 mixture of the
OD4 and the D4 phases at three different magnifications and of the
OP4-(Li/Na)CoO, for comparison. The white dotted lines highlight
the particle hexagonal shape.

The Seebeck coeflicient is positive and its temperature depen-
dence follows a monotonous and roughly linear increase up to
room temperature. Such a behavior shows that charge carriers are
holes diffusing through a hopping mechanism. In comparison
with pure D4-AgCo0O,, the OD4/D4 mixture sample exhibits a
lower resistivity and a lower thermopower, which is in agreement
with a larger charge-carrier concentration, as expected from the
nominal compositions. Determining whether holes are moving
within silver layers, like in most delafossite oxides,? or in cobalt
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Figure S. Evolution vs temperature of the resistivity (triangles) and of
the Seebeck coefficient (circles) measured on nonsintered, compacted
pellets of the 4:1 mixture of OD4 and D4 phases (white marks) and of a
pure D4-AgCoO, (black marks, from ref 29). (Inset) Evidence, with the
dashed line, of the variable range hopping conduction behavior in the
~50—300 K temperature range.

layers is out of the scope of the present paper in view of the ex-
perimental limitations above-mentioned. In the second hypoth-
esis, the thermopower value at room temperature would be far
below the asymptotic value expected from the Heikes formula
(~260 4V K ") for the given sample composition and assuming
the usual electronic configuration for cobalt(Ill) and -(IV)
located in the relevant site symmetry.”*

As shown in the inset of Figure 5 and as already observed for
pure D4-AgCo0, delafossite,” the resistivity data obey a Mott’s
law of the form p = A exp[(To/ T)"*1.* However, below ca.
50 K, Mott’s law is no longer obeyed, and, below 15 K| the elec-
trical resistivity no longer decreases as the temperature is further
decreased. Such a behavior is rarely observed in experimental
studies of semiconducting oxides, but it was predicted as a pos-
sible transport mechanism at low temperature (T < @p/2, where
Op is the Debye temperature) when the zero point energy 1/2hv
associated with quantum fluctuations can take the place of thermal
vibrations.*

5. CONCLUSION

A new lamellar phase alternating rock salt and delafossite
type layers is evidenced as an intermediate step during the global
OP4-(Li/Na)CoO, — D4-AgCoO, ionic exchange. The easier

exchange of Na™ ions (as compared to Li" ions) for Ag* explains
the existence of this OD4-(Li/Ag)CoO, phase, which is the
second example of a mixed ordered (A/A’)CoO, packing after
the OP4-(Li/Na)CoO, and the first case of a intergrowth of rock
salt and delafossite layers. The space group is P6;/mmc and the
cell parameters are ., = 2.848(3) A and ¢, = 21.607(7) A, in
perfect agreement with simulation studies. Tuning different
thermodynamic and kinetic parameters enables one to impede
the D4 delafossite formation, but within our experimental setup
we could not avoid any Li* /Ag ™" ionic exchange; the best result is
amixture of ~80% of the OD4 phase and ~20% of the D4 phase.

As other ionic exchange products, the OD4-(Li/Ag) CoO, phase
is not stable and tends to decompose above 400—450 °C, giving
03-LiCo0,, Co304, and metallic silver. Electrical measurements
performed on a nonsintered, compacted pellet of a 4:1 mixture of
OD4 and D4 reveal a semiconductor behavior.
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