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The crystal structures of new NasAg,Fe;(As,05)4 and Na,AgsFes(P,0O7)4 compounds, prepared
through ion exchange from Na,Fe;(X,07)4 (X = P, As) are reported. They crystallize in the
monoclinic C2/c space group and exhibit a Na/Ag ordering on cooling. Crystal structures were
determined from single crystal X-ray diffraction at 100 and 298 K for each composition. The
structure consists of FeOg octahedra sharing their corners with X,07 dimers (X = P, As) to form

a three-dimensional framework [Fe;(X,07)4]’~ into which the sodium/silver ions are located.
The differences between the four structures lie on the distribution of the sodium/silver ions within
this framework giving a developed insight of the ionic diffusion paths.

Introduction

Phosphate compositions and structures have been widely
investigated recently for their high silver ionic conduction.
These include open structures of “NASICON”-type such
as Agi.. Zrr_ M (PO,); M = Sc, Fe,! AgTaMP;0,,’
(M = Al Ga, In, Cr, Fe and Y), AgSbMP;0;, (M = Al,
Ga, Fe and Cr)® and of other structural families such as
(Agi_Na,)FeMny(POy),* AgVP,05° and AgRus(P,07),.°
The high ionic conductivity of these ceramics can be used in
devices such as membranes, fuel cells and gas sensors.” The
other potential applications include low thermal expansion
behavior,' hosts for radioactive waste,!" catalyst supports,'?
ion exchangers'>!'* and insertion/extraction reactions.'> !’
Recently, we reported the crystal structure of two new
silver ion conductors, Ag;Fe3(X,07)4 (X = P, As),'® parents
of the sodium analogs published several years ago.'®™!
Ag;Fey(X,07)4 crystals were obtained by complete Na™/Ag™
exchange reactions between Na;Fe3(X,07)4 and molten
AgNOs at 600 K. Both AgsFe3(X,0,)4 (X = P, As) compositions
undergo a reversible o <> 3 phase transition associated with a
loss of silver ion ordering upon heating, associated with
an increase of the crystal symmetry, from primitive P to
C-centered lattice.'® Refinements of thermal displacement
parameters reveal the strong anisotropy of Ag” motion
(mostly bi-dimensional) with favored diffusion paths, based
on bond valence sum (BVS) calculations. As proposed
earlier,"! the [Fe;(X,07)4]., framework is indeed built on
“A” and “B” layered subunits parallel to (001), delimiting &
conduction planes (Fig. 1). Proposed silver diffusion paths
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indicate easy motion inside and between neighboring © planes
of the A layers. On the other hand, diffusion across the “B”
layer parallel to [001]* appears rather unlikely.

This family of phosphate and arsenate ‘‘bidimensional”
frameworks exhibits a very high affinity towards silver cations
which allows a monitoring of the Ag® < Na' cation
exchange ratio through the respective amounts of Na™ in
the solid and Ag™ in aqueous solution of AgNO;. In other
words, the number, x, of Ag™ cations that can be incorporated
in the structure according to Na;_ Ag Fe3(X,07), is governed
by the amount of Ag™ in the AgNOj5 solution into which the
powder is immersed. This compositional monitoring is of
course reminiscent of strong cationic mobility in the frame-
work; the basis of our prior and present investigations.'®!

The seven sodium atoms in NasFe;(X>05)4 are distributed
on various crystallographic sites, as follows: five sodium ions
are located within the A layers into mostly partially occupied
sites; two sodium ions are located within the B layers, into the
fully-occupied Na(1) site (Fig. 1). Within the whole series of
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A= Fey(X,0), B
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Fig. 1 Projection along [010] of the idealized structure of
A Fe3(X,07)4 (A = Ag, Na; X = P, As). The A sites are numbered.
The picture indicates the location of the A and B layers and the ©
planes at z ~ 0.15 and 0.35.
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Fig. 2 DSC plots of Na;_ Ag,Fe;(P,07), (0 < x < 7, except for
x = 6) exhibiting reversible phase transition temperatures.

compositions, Na;_ Ag, Fe;(P,O7); (x = 0 to 7), the temperature
at which the o < B transition occurs depends strongly on x, as
demonstrated in Fig. 2. It decreases in a regular manner as x
increases from 0 to 5, as a result of the substitution of Na™ by
Ag™ which shows intrinsically better diffusion properties into
this kind of framework. Hence, at 298 K, sodium-rich
Na;_,Ag.Fe3(P,0,)4 compositions show a long-range ordering
of Na"/Ag" cations at room temperature (o form) while
silver-rich ones are disordered (§ form).

In this paper, we focus on the single crystal structure
study, at various temperatures, of two members of the
Na;_ Ag.Fe;(X,07)4 family, ie. NasAg,Fe;(As,07); and
Na,AgsFe;(P,O7), in order to get a deeper insight on the
mechanism of ionic conduction of these compounds via
a precise analysis of preferential ion exchange reactions
(favored crystallographic sites) and anisotropic thermal
motion within the possible conduction paths.

Experimental

Single crystals of the parent compositions, Na;Fe;(X>07)4
(X = P, As), were preliminary grown by slow cooling
(~2° h™" from ~750 to 500 °C and then faster down to
room temperature, within a flux of sodium phosphates or
arsenates in excess, as indicated in detail in ref. 19 and 20.
Single crystals of Na;_,Ag.Fe3;(P,O7)s (0 < x < 7) and
NasAg,Fe;(As,07)4 were then prepared by ion exchange using
AgNO; solutions with appropriate concentrations and
volumes, followed by potentiometry: the remaining Ag”
concentration was tracked by an Ag/Hg,SO, blended
electrode. In less than ~1/2 h of stirring, the number of moles
of silver remaining in solution was close to ~0 with a
Na™*/Ag"® exchange percentages varying from 97 to 99%,
depending on the value of x. The nitrate solution was then
eliminated and another rinsing with H,O was performed.

Finally, the single crystals were dried in an oven. Some of
the exchanged crystals were selected for structural studies,
some were ground to fine powders so as to perform differential
scanning calorimetry (DSC) and powder X-ray diffraction
(XRD) experiments.

DSC measurements were carried out on ~20 mg of powder
using a NETZSCH DSC 204 F1 analyzer at temperatures
varying from 173 to 773 K with heating and cooling rates of
10 °C min~'. For phosphates, almost all compounds undergo
a reversible phase transition in the temperature range —50 to
185 °C (Fig. 2 and Table 1). From x = 0 to 5, the transition
temperature goes down gradually from 178 to —46 °C. For
x = 7, the transition temperature goes above 0 °C at 2.9 °C.
For x = 6 phosphate and x = 2 arsenate, DSC measurements
did not reveal any significant thermal effect in the temperature
range. As for Ag;Fe;(As,07)4,'® this suggests that the p — o
transition takes place below —100 °C.

Powder XRD patterns were collected at 298 K on a 6—0
Bruker D8 diffractometer using the Co Kal,2 radiation
(Gobel mirror, radial slits and PSD counter) between 26 =
10 and 60° at 8 s per step of 0.02°. Temperature-controlled
X-ray diffraction under flowing N, was also performed using
an Anton Parr Chamber HTK 1200 °C. X-ray diffraction
patterns were recorded at 40 and 90 °C. Between each fixed
temperature, the powder was heated at a rate of 6 °C min~".
The same conditions were used on cooling and a diffraction
pattern was recorded at 50 °C.

The XRD patterns of Na;_ Ag.Fe;(P,O7), (0 < x < 7)
recorded at 298 K were analyzed by using the pattern
matching mode of the Fullprof suite.’? All members adopt
the monoclinic space group C2/c with refined lattice para-
meters and volumes indicated in Table 1. Compositions with
0 < x < 2 are isostructural with the o form of Na;Fe;(P>,O7)4,
i.e. indexed in a supercell (~6600 A3) due to long range
ordering of “mobile” cations. At room temperature, for
3 < x < 7, the B-form is adopted at 298 K. This is clearly
illustrated in Fig. 3 which, in particular, shows the very high
number of diffraction peaks of NasAg,Fe3(P,0O;)4 that cannot
be indexed in the “average” B-form unit cell. As proposed in
ref. 19-21, the structural relationships between the o form
(d, b, ¢) and the B form (dj, bo, Co) are given by: d = 3 dp,
b= 1;0; and ¢ = —dy + Cp. Interestingly, the intensities of the
diffraction lines characterizing the superstructure grow
progressively from x = 0 to 2, i.e. as the amount of Ag™"
increases (dominant vs. Na™ for scattering factors). Fig. 4
shows the nice reversibility of the o <> B transition through
XRD patterns recorded successively at 40, 90 and 50 °C. This
is in full agreement with the transition temperature (77 °C)
determined by DSC (Fig. 2). For the members x = 3 to 6,
the patterns were indexed in the disordered form of
B-AgrFes3(P,O7)4 (x = 7).

Single crystal analysis: energy-dispersive spectroscopy
(EDS) analysis performed on the single crystals selected for
the structural studies were consistent with the formula of
NasAg,Fe;(As;07), and NajAgsFe;(P,05),. The diffraction
intensities were collected at low temperature (~ 100 K) using a
Bruker SMART CCD 1 K diffractometer, Mo Ko radiation,
equipped with an OXFORD cryostream 700 for data
collection. At 298 K, a Bruker X8 diffractometer was used.
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Table 1 Phase transition temperature 7o, cell parameters, volume and number of formula units in unit cell (Z) in C2/c space group at 298 K

(powder data) for Na,_.AgFe;(P,07); (0 < x < 7) compounds

X 0 1 2 3 4 5 6 7
To/°C 178.5 122.7 75.0 23.2 —21.6 —46.0 — 2.9
Ref. 20 This work This work This work ~ This work  This work  This work 18
a/A 28.519(3) 28.537(4) 28.5485(1) 9.527(2) 9.530(2) 9.535(2) 9.547(3) 9.5561(5)
b/A 8.333(2) 8.353(1) 8.3585(1) 8.364(1) 8.370(1) 8.387(1) 8.398(3) 8.4417(4)
/A 29.834(5) 29.912(4) 29.9870(3) 27.944(4) 28.014(5) 28.099(3) 28.182(9) 28.226(1)
BI°. 111.88(1) 111.95(1) 112.028(1) 93.65(1) 93.66(1) 93.64(1) 93.64(1) 93.465(2)
VA3 Z 6579(4)/12  6613.4(2)/12  6633.2(3)/12  2222(1)/4  2229(1)/4  2242(1)/4  2255(2)/4  2272.8(3)/4
Volume average structure/A2 2193(1) 2204(1) 2211(1)
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Fig. 3 Observed (red markers) and calculated (black solid line)
powder X-ray diffraction patterns and their difference (blue line) at
298 K for a-NasAg,Fes;(P,07), (a) and B-Na,AgsFes(P,O)4 (b) hkl
indexes are given for the observed lines. In the inset of graph a, the
indexes of the average structure unit cell are indicated highlighting the
superstructure lines.

The global experimental parameters for the four crystal
structures determined are gathered in Table 2. The SMART
software® was used for the data acquisition and SAINT?* for
data extraction and reduction. An absorption correction based
on face indexation was then applied using the program Xprep
of the SHELXTL package.>> An additional correction for
absorption based on symmetry equivalent reflections was
subsequently applied with the program SADABS.?® The
crystal structure solution and refinement processes were
carried out with SHELXS?* and JANA2006,?” respectively.

fu uw@bm

10 15 20 30 SIS
20/”

Fig. 4 Powder XRD patterns for NasAg,Fe;(P,05), on temperature
cycling. The reversible o — B phase transition is exhibited by the
disappearance of the supercell lines on heating at 90 °C and their
subsequent reappearance on cooling at 50 °C. The green markers
indicate the Bragg positions of the o and B forms. The geometric
relationship between the average structure unit cell (aq, bg, ¢o) and the
superstructure unit cell (a, b, ¢) is shown. The refined cell parameters in
the space group C2/c for the data collected at 40, 90 and 50 °C are,
respectively: ¢ = 28.5494(2) A, b = 8.3598(1) A, ¢ = 29.995(1) A, § =
112.072(3)% a = 9.517(1) A, b = 8.3609(3) A, ¢ = 27.865(2) A, § =
93.645(1)° and @ = 28.5501(2) A, b = 8.3600(1) A, ¢ = 29.9981(1) A,
p = 112.075(2)°.

Four data sets were recorded from two single crystals
of NasAnge3(ASQO7)4 and NazAg5Fe3(P207)4, at 100
and 298 K.

(A) Crystal structure refinements

The refinements at room temperature were done by considering
a split distribution of Ag/Na sites (vs. an anharmonic model)
for the same reasons as those explained in detail in ref. 18:
comparable R values for a lower number of refined parameters,
no correlation between parameters and stable refinement
with easy convergence for the split model. For example:
Na,AgsFe;(P,O7),—split (Ag3’'-Ag3’’-Ag3"", Agd-Agd'-Agd’"):
R = 2.62%, npyram. = 255 —harmonic: (Ag3: 4th order, Ag4:
4th order) R = 2.64%, nparam. = 269.

(A1) NasAg,Fe;(As,07)4 (x = 2): analysis of the p/ — B
transition. At 298 K, the crystal structure of
NasAg-,Fes(As,07); (B form) has been successfully refined
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Table 2 Crystal data, data collection and structure refinement parameters for Ag,NasFe3;(As,O7), and AgsNa,Fe;(P,07)4 at 100 and 298 K

Ag;NasFes3(As;07)4 (x = 2)

AgsNasFes3(P,07)4 (x = 5)

T/K 100

M.,/g mol ™! 1545.58
Crystal symmetry Monoclinic
Space group C2/c (n° 15)

alA 9.973(2)
b/A 8.549(2)
¢/A 28.664(6)
BI° 94.152(3)
VA3 2437.6(8)
VA 4
Number of measured reflections 9766
Number of independent reflections [/ > 3a(/)] 2522

R merging factor (%) 3.58

Ry (F) [I > 3o(I)] (%) 2.64

WRy (F?) [I > 3a(D)] (%)" 2.73

298 100 298
1545.58 1448.63 1448.63
Monoclinic Monoclinic Monoclinic
C2/c (n° 15) C2/c (n° 15) C2/c (n° 15)
9.9512(3) 28.551(5) 9.5375(3)
8.5741(2) 8.363(1) 8.3886(3)
28.8231(8) 30.064(6) 28.0971(9)
93.910(1) 111.890(3) 93.623(2)
2453.5(1) 6661(2) 2243.4(3)

4 12 4

54142 21371 54056

7600 2803 4784

3.40 7.10 3.32

3.11 5.45 2.62

3.20 5.66 2.64

CRI(F) = SSNF| = [Fll [SIFol. P WR(F) = [Sw(F,” — FA S w(FE].

in the C2/c space group in the same unit cell as for
B-Na;Fe3(As,07)4.'? Interestingly, the substitution of Na™
by Ag" occurs (at this level of substitution) only within the
Na2 and Na4 sites, i.e. within the crystallographic sites which
are located on the nt diffusion planes. Sodium in the Nal site,
previously expected'® 2! to be the least mobile of the structure,
stays more or less as a spectator of the ionic exchange, as its
occupancy remains 1 and no silver appears to be located in
that site. Interestingly, Fourier maps reveal a strong splitting
of the Na3’ and M4 sites into Na3’-Na3’’ and M4/ M4/
positions. Equivalent isotropic displacement parameters,
BVS and selected interatomic distances for sodium/silver
atoms are reported in Table 3.

At 100 K, the crystal structure of NasAg,Fe3(As,O)4 has
also been successfully refined in the C2/c space group, in the
same unit-cell as for B-NasAg,Fes;(As,07)4. The absence of
any supercell tripling down to 100 K corroborates the DSC
measurements which reveal no significant thermal effect
for this composition in the investigated thermal domain.
Consequently, the initial atomic coordinates of Fe, As and
O were taken as those of the “‘standard” P-phases. The

Table 3 Wyckoff positions, site occupation factors (SOF), bond
valence sums, equivalent isotropic displacement parameters and
selected interatomic distances for sodium/silver atoms in
B-AgoNasFe;(As;O7)4 (x = 2) at 298 K. * refined close to unity

Atom Wyck. SOF BVS U.q"|A?
Nal 8f 1* 1.082(3) 0.0150(3)
Ag2/Na2 8f 0.35(1)/0.65 0.943(2)/0.849(2)  0.0266(2)
Na3 de 0.48(1) 1.127(4) 0.035(2)
Na3'’ 8f 0.36(2) 0.625(9) 0.050(4)
Na3”’ 8f 0.16(2) 0.58(1) 0.040(5)
Ag4/Na4 8f 0.42(1)/0.09  0.927(3)/0.834(2) 0.0398(3)
Agd/ 8f 0.23(1) 0.819(9) 0.123(3)
Atoms Distance/A

Na3-Na3'’ x2 1.84(2)

Na3-Na3"’ x2 2.49(2)

Na3'-Na3"’ 0.75(3)

Agd/Nad-Agd' 0.50(1)

“Ueq=1/3 (Zi/ U,-,-a;‘bja,-a_/).

heaviest electron density peaks calculated by Fourier
difference allowed the silver ions to be located. Their
occupancies were refined and found to be located on Na2/Ag2
and Na4/Ag4 mixed sites. Subsequent Fourier difference
calculations allowed to locate the sodium ions on the Nal
(8g) site in the B layer and on the Na3 (4e) site in the A layer
between two m planes. Both sodium occupancies on Nal and
Na3 sites were set at 1 before refinement which led to values of
0.99 and 0.98 respectively, hence fixed at 1 in the end. As the
formula is sodium-deficient, restriction of the Na/Ag compo-
sition was considered according to the NasAg,Fe;(As,O7)4
formula. It is noteworthy that, compared with the structure of
the B form determined at 298 K, the so-called M3’ and M3"/
sites at the apex of Na3 in m-planes are empty at 100 K, as well
as the M4’ site. Therefore, although no new superstructure
reflections were found at 100 K, we can propose labelling
(NasAg,Fes(As>07)4)100 k as B, characterized by an ordered
distribution of vacancies on the M(3’-3"’) site. In the last
cycles of refinement, anisotropic atomic displacement para-
meters were applied to all atoms while isotropic secondary
extinction was considered. The crystal, collection and refine-
ment data are listed in Table 2. Equivalent isotropic displace-
ment parameters and BVS for Ag" and Na™ calculated from
Brown and Altermatt data® are tabulated in Table 4. The
distribution of the cationic sites in the m-planes is shown on
Fig. 5 with probable diffusion paths contouring the AsOg4
groups. At this point, one should distinguish between
crossroad-like M4 positions and midpath-like M2 and M3’
positions.

A brief summary of the cationic distribution arising from
the B’ — P transition can be announced from these results but
will be more detailed in the discussion. The Ag for Na
substitution first concerns both midpath-like M2 and cross-
road-like M4 while M3’/M3’" remains empty, these latter
being at the apex of fully-occupied Na3 particular sites.
On heating, Na3’/Na3’’ is progressively occupied from the
Na3 — Na3’ and Na4 — Na3’ diffusions. This is accompanied
by the site splitting of M4 into M4 and M4’ positions. At 298 K,
the relative occupancy of each site suggests a preferential
location of sodium in midpath sites while the 2 silver content
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Fig. 5 Sodium/silver diffusion paths in the n2 plane of f at 298 K (a)

and B’ at 100 K (b) of NasAg,Fe;(As,07), (projection along [001]*).
The occupancies are indicated in brackets.

Table 4 Wyckoff positions, site occupation factors, bond valence
sums and equivalent isotropic displacement parameters for sodium/
silver atoms in B’-Ag,NasFes;(As,O7)4 (x = 2) at 100 K. * refined close
to unity

Atom Wyck.  SOF BVS U.q"|A?

Nal 8f 1* 1.128(5) 0.0042(5)
Ag2/Na2  8f 0.32(1)/0.68  0.951(4)/0.856(4)  0.0116(3)
Na3 4e 1% 1.180(6) 0.0185(9)
Agd/Nad 8 0.68(1)/0.32  0.925(4)/0.832(4)  0.0168(2)

a Ueq = 1/3 (ZU Ui,afb;aiqj).

is distributed in a strongly disordered manner in both kinds of
sites except the “‘tunneling” M3’/M3’-M3. Here, the sodium
appears as the most mobile species across this transition.

(2) Na,AgsFe3(P,07)4 (x = 5) analysis of the o — P
transition. At 298 K, the unit-cell of Na,AgsFez(P,O7)4 (x = 5)
is reminiscent of the standard B-form (Fig. 6a) i.e. characterized
by disorder in the Na/Ag sites. The refinement started by using
the coordinates of the known structure of B-Na;Fe3(As,07)4
for the [Fe;(P>07)4] framework. Fourier difference calculations
allowed Agl and Ag2 silver sites to be located with partial
occupancy and several sites too close to be simultaneously
occupied: Ag3’, Ag3’’, Ag3""’ and Ag4, Agd’, Agd". At this

stage of refinement, with SOF of all silver sites unconstrained,
the obtained formulas were very close to AgsFe;(P,O7)4.
Additional Fourier difference syntheses allowed sodium Na3
atoms to be located, introduced with partial occupancies at the
apex of split sites Ag3’, Ag3’’ and Ag3’"'. As the formula
was deficient in sodium, mixed sites Ag/Na (Agl/Nal and
Ag2/Na2) were introduced by restraining the sum of SOF. to
be equal to 1, leading to the correct formula. The refinement of
the anisotropic atomic displacement parameters for all atoms,
a secondary extinction and unit weighting scheme led to
reliability factors given in Table 2. Equivalent isotropic
displacement parameters, BVS and selected interatomic
distances for sodium/silver atoms for low and room tempera-
ture forms are reported in the Table 5. The important point
here is that in this silver-rich composition, most of the
remaining Na ™ ions of the structure remain within the M1
site, located in the B layer and not directly “‘connected’ within
the = diffusion planes.

The low temperature (100 K) form of a-Na,AgsFe3;(P,07)4
(Fig. 6b) is a tripled-cell superstructure of B (see above for
relations) isostructural with o-Na,Fe;(P»0,),.° As in the B
form, mixed sites M1 and M2 were considered as fully
occupied. It is noteworthy that between two n-planes, on the

Agar(.20)

aga'(.24) Fn o3t 52) Ag2/Naz

Ag2biNazb
(.94/.06)

\A{Zamaza
(:951.05)

o - NayAgsFes(P;07)4 (x = 5) 100 K

Fig. 6 Sodium/silver diffusion paths in the n2 plane of f at 298 K
(a) and o at 100 K (b) of Na,AgsFe;(P,07)4 (projection along [001]*).
The occupancies are indicated in brackets. For the o form, the half-
filled silver sites are shown in black. Ag3 sites with an asterisk are
those at the apex of Na3 sites in (4e) position.
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Table 5 Wyckoff positions, site occupation factors, bond valence
sums, equivalent isotropic displacement parameters and selected inter-
atomic distances for sodium/silver atoms in B-AgsNa,Fe;(P,05),
(x = 5)at 298 K

Atom Wyck. SOF BVS Uy |A
Agl/Nal 8f 0.26(1)/0.74  1.264(2)/1.138(2)  0.0247(1)
Ag2/Na2 8f 0.82(1)/0.18  0.918(2)/0.826(1)  0.02877(7)
Na3 4e 0.16(1) 1.23(1) 0.050(5)
Ag3' 8f 0.240(8) 0.811(3) 0.0469(8)
Ag3"’ 8f 0.202) 0.847(7) 0.046(1)
Ag3'" 8f 0.32(2) 0.827(3) 0.0314(6)
Agd 8f 0.21(1) 0.867(6) 0.085(1)
Agd' 8f 0.290(7) 0.950(3) 0.0353(4)
Agd” 8f 0.16(1) 0.824(7) 0.054(1)
Atoms Distance/A

Na3-Ag3/ x2 2.291(3)

Na3-Ag3’  x2 1.750(8)

Na3-Ag3"”"  x2 1.875(4)

Ag3'-Ag3"’ 0.694(3)

Ag3'-Ag3'" 0.462(4)

Ag3/-Ag3'"’ 0.256(7)

Agd-Agd’ 0.339(7)

Agd-Agd” 0.281(7)

Agd'—Agd"’ 0.544(6)

“Ug = 1/3 ( >, U,-,-a;b;a,-a,,).

three possible midpath-like positions originating from Na3,
only one at x = 1/2, y = 0.248(3), z = 1/4, is 55% occupied
while the two remaining ones are empty. At their apex in the
n-planes, we found almost fully occupied Ag3b and Ag3c sites
while at the apex of Na3 (occ. = 0.55(1)) is located the
half-filled Ag3a site (occ. = 0.45(1)). Finally, the sum of
mixed Na/Ag sites were constrained according to the formula
Na,AgsFe;(P,O7);. A simple observation of the Na/Ag
distribution shows an ordering with respect to homogenization
of the electron density within m-planes. Thus, half-filled
crossroads Agdb are surrounded by squares of silver-rich
M2b-M2c-Ag3b-Ag3c. Similarly half-filled midpath Ag3a
are between two silver-rich crossroad-like Ag4a and Agéc. It
is also noticeable that the ellipsoids of Aglb/Nalb, Ag3c and
Agdc are already strongly elongated at low temperature.

(B) Discussion and conclusion

The o« —» B’— P transitions in silver/sodium ion conductors
Na;_,Ag.Fe;(X;07)4ie. (x = 0to 7; X = P, As) are clearly
related to an order — disorder transition, accompanied by a
reduction of the cell volume and an homogenization of the
cationic density in m-planes. The present structural determina-
tions provide very useful information on the mechanisms of
2D ionic diffusion and on the respective roles of each crystallo-
graphic site in the overall cation transport within the structure.

2D Ionic diffusion. The ionic transport properties of the limit
compositions of the solid solutions Na,_,Ag.Fe;(X,07)4 i.e.
(x = 0to7; X = P, As) were also investigated and show
trends generally observed for Ag”/Na™ phosphate/arsenate
ionic conductors. They are indicative of an Arrhenius-type
behavior in the temperature range 25-300 °C with conducti-
vities around 107°-1072 S em ™! at 300 °C. For compositions
x # 0 and 7, no extra measurements were carried out,
assuming a performance close to those already measured.'$?!

It has already been stated for the limit compositions of the
solid solutions Na;_,Ag, Fe3(X,07)4 (x = 0and 7; X = P, As)
that the most mobile Na ¥ /Ag™ cations are located in A layer
within parallel planes, so-called 7.'®*! The ionic diffusion
paths were described as circumventing the XO, tetrahedra
obstacles and following two possible directions ~a + b and
a— Z;, then involving both midpath and crossroad sites. Thus,
the Nal/Agl cations which are located within the B layer
appear less involved in the overall ionic diffusion. Keeping in
mind that the mixed compounds are prepared from Ag — Na
exchanges, the four reported crystal structures clearly evidence
that this site remains systematically filled by a majority of
sodium cations. Even for x 5, M1 contains ~75%
of sodium. By itself, this result corroborates the veracity
of the proposed conductivity mechanism preferentially in the
n-planes.

Also, the Na2/Ag2 mixed site within the A layer is the least
influenced by the variation of temperature evidenced by the
same configuration (one mixed site) and a SOF almost the
same (.68/.32 at 100 K vs. .65/.35 at 298 K for the arsenate and
.93/.07 at 100 K vs. .82/.18 at 298 K for the phosphate). This
could illustrate that M2 positions are mobile and thus
contribute less to the overall conductivity leading to a @ + b
path favored over @ — l?path.

The interplanar mobility is mediated by Na3 between two
planes. This site is empty in silver-only phases'® and, according
to the present results, it is only partially Na-occupied in mixed
compounds. At its apex within the planes (z = %), the M3’
satellites distribution is modified as a function of the
composition and the temperature. In the arsenate, for
x = 2, they are empty in the B’ form while Na3’ and Na3"’
are progressively filled from the Na3 tank in the B form on
heating. In the same manner, in the phosphate for x = 5,
we already discussed the Ag3a—c — Ag3’-'-/"/ strong
redistribution accompanying the o — [ transition. This
pictures the crucial roles of these midpath like positions in
the inter-planar diffusion.

Table 6 Wyckoff positions, site occupation factors, bond valence
sums, equivalent isotropic displacement parameters and selected inter-
atomic distances for sodium/silver atoms in o-AgsNa,Fe3(P,O5),
(x = 5)at 100 K

Atom Wyck. SOF BVS Uy /A
Agla/Nala  8f 0.18(1)/0.82 1.343)/1.20(3)  0.009(1)°
Aglb/Nalb  8f 0.185(13)/0.815  1.35(3)/1.22(3)  0.012(2)
Aglc/Nale  8f 0.13(1)/0.87 1.34(3)/1.21(3)  0.003(1)"
Agla/Na2a  8f 0.95(1)/0.05 0.97(2)/0.88(2)  0.013(1)
Ag2b/Na2b  8f 0.94(1)/0.06 0.98(2)/0.88(2)  0.011(1)
Ag2c/Na2e  8f 0.89(1)/0.11 1.00(2)/0.90(2)  0.013(1)
Na3 e 0.55(1) 1.193) 0.003(1)°
Ag3a 8f 0.45(1) 0.72(2) 0.077(4)
Ag3b 8f 0.88(1) 0.85(2) 0.024(1)
Ag3c 8f 0.85(1) 0.84(2) 0.028(1)
Agda 8f 0.78(1) 0.89(2) 0.011(1)
Agdb 8f 0.44(1) 0.92(2) 0.094(6)
Agdc 8f 0.83(1) 0.94(2) 0.024(1)
Atoms Distance/;\

Na3-Agda  x2 2.02(1)

“Usq = 1/3(, Usaibjaia;). " Ui
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The analysis of thermal ellipsoids (Ueq & Uaniso) correlated
to the BVS calculations (Table 3—6) gives a good picture of this
deduced cationic mobility for each silver/sodium site from
which several interesting trends may be highlighted confirming
the previous statements:

The Nal/Agl and Na3 (4e) type sites systematically appear
“overbonded” (BVS > 1) associated with the smallest thermal
ellipsoid while all other splitted silver type atoms appear
consistently “underbonded” (BVS < 1).

Na2/Ag2, Na3/Ag3 (excluded Na3 in (4e) site) and Ag4 type
sites show ellipsoids lying in the in m-planes with vibrational
elongations along the paths shown on Fig. 5 and Fig. 6. This
“vibration” would represent the most probable silver/sodium
diffusion paths. It is noticeable that BVS of Na2/Ag?2 type sites
appear systematically between BVS of Nal/Agl/Na3(4e) and
BVS of Ag3/Na3(not in 4e)/Agd/Na4 type atoms validating
our previous statement that the 4 + b path seems to be
favored over d — l;paths.

At 298 K, Ag3” for the phosphate phase and Na3’ for the
arsenate phase show an anisotropic ellipsoid oriented towards
the parallel n-plane (along the [001] direction), suggesting a
favorable m1 to w2 bridge.

Ag” versus Na*t and influence of the size of framework. As
showed by DSC data (Fig. 2), the transition temperature
between the disordered B form and the ordered o form of
Na,_,Ag.Fe;(P,0O,)4 decreases for x = 0 to 5, i.e. the diffusion
of mobiles species needs to be less thermally activated with
higher amounts of silver. This leads to the conclusion that
silver cations have a better mobility than sodium cations. On
going from the phosphate to the arsenate, the framework is
expanded, which also has an impact on the order—disorder
transition temperature: Na,Fe;(P,O;), adopts the o form at
298 K; Na;Fe;3(As,07)4 adopts the B form at 298 K.

For x = 0 and x = 7 compounds, at room temperature,
X-O distances in XOy4 tetrahedra are in agreement with
data from literature, varying from 1.494(2) to 1.629(3) A
(X = P)'** and from 1.647(5) to 1.762(2) A (X = As).'>"
For Na,AgsFe3(P,07)4 and NasAg,Fe;(As,O7)y4, the X-O
distances are very similar to those previously mentioned for
a given X compound: from 1.497(2) to 1.628(2) (x = 5, X =
P) and from 1.641(2) to 1.770(2) (x = 2, X = As). In silver
compounds, we showed that the size of the Fe;(X,07)"
framework induced a more voluminous paths in the arsenates
in good concordance with the biggest silver site splitting.'®
Interestingly, here, the site splitting is more important in the
silver-rich (x = 5, X = P) than in the silver poor (x = 2, X = As)
regardless of the nature of the X cations, confirming, despite
the more voluminous path in the arsenate than in the
phosphate compound, the predominant ability for mobility
of the silver over the sodium atoms.
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