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During the synthesis of the compound with nominal compositig€&i:W,307.¢Cl, a new family of
compounds, which can be described as ordered intergrowth of ohe Biitlek [Bi,O,ClI] andn oxygen
deficient blocks [BiCuuent1)Wawent1)Os-s]n With 6 = 0.18, was produced. Transmission electron
microscopy and associated techniques were used to determine the composition, unit-cell symmetry, and
space group of the main phase corresponding tathel member BiCuysWo30s-sCl. Structural models
for both compounds = 1 andn = 2 were deduced by exit wave reconstruction in a crystal where these
phases were intergrown. The existence of the highest member8 and 4 was confirmed by HREM
in several crystallites, in which we have found the compounds mith1—4 as disordered intergrowths.
Moreover, some crystals with cationic ordering in the octahedral layer were also found. Oxygen atoms
and vacancies were imaged using the exit wave reconstruction technique in the structure determination
of the first Sillen-BICUWOX intergrowth. The average structure of the main phag€BikW,305-sCl
was refined from X-ray powder diffraction data using the Rietveld method, yielding a tetragonal unit
cell with lattice parametera = 3.845(9) A,c = 14.188(7) A (space group4/mmmNo. 123), which
could be described as a SilteAurivillius oxygen deficient intergrowth.

Introduction The oxygen-deficient compounds with Aurvillius related
) ) ) structures have led to intense research after the ion-conduct-
‘The layered bismuth oxides with general formula j,q properties were determined for the8iOy; phasé. This
Bi>An-1BnOznt3 Were first described by Aurivillivsand are compound presents three phase transitions 8 — y, with
structurally related to RuddlesdeRoppe? and Dion- the y polymorph showing the largest ionic conductivify.
Jacobsehphases. Their structure is composed ob(B]*" In this sense, many synthetic efforts have been carried out
sheets in which the oxygens form the basal square plane ofihat are mainly devoted to stabilizing thephase by
chessboard-like pattern square pyramids, with Bi in the apexjsomorphic substitution of V or Bi. As result, many different
pointing above and below the layer, interleaved with per- compounds generally called BIMEVOX (&f1_yMOr1_s,
ovskite layers [A-1BnOsn+3]?” (n denotes the octahedral ), — Cw?*, Niz*, Fé*, Mn3*...) have been characterized,
thickness). Up to now, comp_ounds4\iv(arnh= 1-5have been  4nq their ionic conductivity properties have been analyzéd.
synthesized, €.g., BN, BiaTisOso... ™ These layered two- The bismuth oxyhalides, prepared by Silleconsist of
dimensional perovskites have attracted much attention be'alternating [BiO,]?+ sheets, described above, amd1, 2
cause of their interesting ferroelectric properties with high or rarely 3) halogen Iayeﬁé’. ' B

Curie temperatures in the development of technological 5  the similarities i h fth

applications such as FRAM devicéBesides, the new phases Bi Ce)cilrjse_o the simi anuei,]lnfitru_c t.ILI'.re (t zpér;a;eﬂceo the

of Bi-based high-temperature superconductors closely relateo{ 1202] un|t),t € intergrowth of Aurivillius and Siltephases
can be easily envisagétl. The general formula of this

to Aurivillius family® enhanced the research devoted to . ) )
finding new superconductors structurally related to these intergrowth can be wnttep as [B][A 1B Oannal[Bi Z.OZ][X”‘]’ .
wheren denotes the thickness of the perovskite layers in

hases.
P terms of BQ octahedra anch the number of halogen (¢
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Cl, Br) slabs. To date, several compounds within this family
have been synthesized, e.g.4sMBDgX (M = Nb°*, TePt and * B
X = Cl, Br),6718 BisPhTkO14Cl.2° The ideal space group of . o 1007/1100
those compounds B4/mmm although refinements carried . /£
out mainly by means of neutron diffraction have shown lower .
symmetries, leading to orthorhombic space groups. On the ' 11077200,
other hand, the study of the symmetry, the local structure, e
and the presence of defects using transmission electron [001], [001],, | [0-31],
microscopy and associated techniques has been performed
recently over the series of compounds\8iM;_xOgX (M
= W6 M’ = Ti*", Mn3"; X = ClI, Br).2021 :
If these results are taken into account, the intergrowth AR TV RIS
between the Sille and the oxygen deficient compounds i 2
(BIMEVOX) could be possible and a large number of y
compounds with interesting properties could be synthesized.
This work deals with the synthesis, structure determination, [100], [1-10], [o10],
and microstructural characterization of the first Silte Figure 1, SAED patterns along the zone axes [0800Ljo, [031}1/[332%0,

B_ICUWOX intergrowth with  nominal composition [100}+/[110Jo and [LD}1/[010]o of the BiCuyaW2:0s_sCl crystals.
BisCuy/zW2307.6Cl.

C013,/1-13,

100,/110,

o G ¢

0067,

and oxygen atoms were all fixed at a reasonable value of &.8 A.

Experimental Section Because of the oxygen vacancies, the ADPs 6f Ahd Cd™ were
) ) ) not refined and were fixed at a value of 0.2A.
Preparation of the Samples.A polycrystalline sample with EPR measurements were carried out at 77 K with a Bruker

nominal composition BCu3W2507.4Cl, has been prepared by  groooD spectrometer provided with a T-type double cavity and
heating the stoichiometric amounts of the oxidegBi(4N), WO, operating in the X-band (9.55 GHz). Frequency calibration was
(4N), CuO (4N), and BiOCI (4N) at 993 K in air for 48 h and  herformed using a 2,2-diphenyl-1-picrylhydrazine (DPPH) standard

quenching to room temperature. (g = 2.0036). All of the spectra were recorded at 77 K using a
Characterization of the Samples.Samples for TEM were microwave power of 19 mW.

prepared by ultrasonic dispersion of the powder-butanol. Drops Magnetic susceptibility measurements were performed on poly-

of this dispersion were deposited on a holey carbon-coated COPPelerystalline sample between 2 and 300 K, using a Quantum Design
grid. A JEOL 2000FX equipped with a LINK ISIS 300 analyzer  goyip MPMS-X.

has been used for XEDS analysis, microdiffraction, and SAED.
EELS spectra were acquired using a Philips CM200 FEG TEM
equipped with a Gatan image filter (GIF) 200 with 0.95 eV energy
resolution. HRTEM was performed using a JEOL 3000F TEM, The SAED (selected area electron diffraction) study of

yielding an information limit of 1.1 A. The exit wave has been the reciprocal space shows that the reflection conditions are

reconstructed from the focal series using the IWFR software. consistent either with a primitive P tetragonal unit cell (
HRTEM images simulations were performed with the WinHREM _ b, = 3.8 A andc, = 14.1 A) or a pseudotetragonal one

software?® ~h— — — ; ;
X-ray powder diffraction patterns were recorded on a Siemens Eﬁk’r E+ ;/ia%n) 5(;5;5:?;: 14.1 A) with C centering

D-501 (CukK,; radiationd = 1.5406 A) over the angular range-0 . s . .
100, with a step scan of 0.04 Rietveld full-profile refinement The semiquantitative XEDS (X-ray energy dispersive

was done with the FULLPROF prograithA pseudo-Voigt function ~ SPeCtroscopy) analysis of the composition over 10 crystals
was chosen to generate the line shape of the diffraction peaks. InYi€lds an average composition of 3BfCUo.s0\Wo.eaer

the final runs, the following parameters were refined: scale factor, Cli.034) close to the nominal composition. However, because
background point to point, unit-cell parameters, asymmetry param- of the overlapping between the-BM, and the C+K,, peaks,
eters, positional coordinates, and isotropic thermal parameters.the presence of Cl cannot be asserted and some EELS
Because of the stronger X-ray scattering of'BICU**, and W+, (electron energy loss spectroscopy) experiments were per-
the isotropic atomic displacement parameters (ADPs) of chlorine formed, where the broad,ls absorption edge at 200 eV

proves the presence of the chlorine in the structure (Figure
(16) Ackerman, J. FJ. Solid State Chen1.986 62, 92. 2)
(17) Kusainova, A. M.; Stefanovich, S. Y.; Dolgikh, V. A.; Mosunov, A. ) . L.
V.; Hervoches, C. H.; Lightfoot PJ. Mater. Chem2001, 11, 1141. Choosing between a primitive cella,( b, c) and a
(18) Kusainova, A. M.; Zhou, W.; Irvine, J. T. S.; Lightfoot, B. Solid C-centered one witla = +/2a,, b = +/2a,, andc unit-cell

State Chem2002 166, 148. . . .
(19) Kusainova, A. M.; Stefanovich, S. Y.; Irvine, J. T. S.; Lightfoot,JP. parameters is actually just a convention, because both cells

Results and Discussion

20 Matler. Ch%mzoozG 12, 3413. § are equivalent. SAED would never distinguish between both
20) Avila-Brande, D.; Gmez-Herrero, A.; Landa-@@vas, A. R.; Otero- : ;
Diaz, L. C.Solid State Sci2005 7, 486. cases, becausg the same_reflecuons would be present with
(21) Avila-Brande; D.; Landa-Gwmvas, A. R.; Otero-Iaz, L. C.; Bals, S.; the same spacings changing only the nomenclature of the
Van Tendeloo, GEur. J. Inorg. Chem2006 9, 1853. hkl indi he 11 rimitiv Il reflection woul
(22) IWFR version 1.0; HREM Research Inc.: Higashimastuyama, Japan, . dices, e.g., the 110 p tive cell re .eCtO ould be
Feb 2005. equivalent to the 200 centered cell reflection.

(23) Win-HREM version 2.5; HREM Research Inc.: Higashimastuyama,  The point group of a crystal system can be determined by

Japan, 1998. : “ " :
(24) Rodriguez Carvajal, Fullprof.2k version 1.9c; Laboratoire ‘log observing the “ideal” symmetries of CBED (convergent beam

Brillouin: Gif-sur-Yvette, France, May 2001. electron diffraction) zone axes pattefig® The zero-order
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Figure 2. EELS spectrum showing the chlorine 4 absorption edge at
200 eV.
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Figure 3. (a) BF (bright field) and (b) WP (whole pattern) CBED patterns
taken along the [001] zone axis. (c) BF and (d) WP CBED patterns taken
along the [03] zone axis.

Laue zone (ZOLZ) ideal symmetry of the [001] zone axis
pattern (Figure 3a) isMm indicating that the crystal system

Chem. Mater., Vol. 19, No. 2, 2207

Figure 4. HRTEM image along [100] where the basic structure (area marked
by A) intergrows with the superstructure with= 45.3 A (area marked by

B). The simulated images from the models determined after exit wave
reconstruction at defocus value &f = —200 A and a thickness= 80 A

are shown as inset. Notice the stacking fault marked with a white line.

we can see extended defects locally ordered in the matrix of
the majority phase yielding a new superstructure with
45.3 A. Those defects are responsible for the streaking
observed along* in the fast Fourier transform (FFT) pattern.
To obtain information about the Cu:W ratio in these
ordered defects, we performed XEDS analysis on the zones
labeled as A and B in Figure 4 with a 10 nm electron probe,
which can only be achieved in a FEG (field emission gun)
microscope. The W:Cu ratio in the A zone, where the
structure is free of defects, is 2:1 according to the nominal
composition, whereas the cation ratio increases to 4:1 when
the analysis probe is located in zone B, where two cells
belonging to the superstructure with= 45.3 A are observed.
Considering our previous HRTEM and microanalysis results,

must present tetragonal symmetry; the whole pattern (WP) the origin of this new superstructure is the stacking faults

ideal symmetry (Figure 3b) is alsomdn The observed
symmetries along [001] are in agreement with theshim
and 4mmpoint groups. In order to distinguish between them
a CBED pattern was taken along [J3 Figure 3c shows
the ideal ZOLZ symmetry to beni2m whereas the ideal WP
symmetry observed in Figure 1dnis The ideal symmetry
is in agreement only with the point grouprdhm(see the
Supporting Information). A primitive tetragonal unit cell
presenting the point group mmmwithout any systematic
extinction allows us to choose ti4/mmmspace groug’

Although HRTEM (high-resolution transmission electron

microscopy) shows in most of the crystals a well-ordered struc-

(see one of them marked with a line in Figure 4) due to the
substitution of chlorine layers [Cl]by perovskite blocks
[W/CuO4-4]%, thus increasing the negative charge. Hence,
to make an electroneutral compound, the positive charge must
increase, reducing the amount of €iin favor of We*,

To obtain a complete structural model, we performed an
exit wave reconstruction (EWR) experiméhfThe goal of
EWR is to achieve directly from the images a better
resolution limit rather than the point resolution of the
microscope. A great advantage of this technique is that the
amplitude as well as the phase of the exit wave are restored.
Because light atoms can be imaged in the phase of the exit

ture, it is remarkable that in some interesting cases, it revealswave, the phase can thus be used as starting point to
the presence of defects (see Figure 4). The contrast on thaletermine the structural model of new compouffds.
right corresponds to a well-ordered crystal with an average We have applied EWR to determine not only the structural

period of 14.1 A along (marked with white arrows), which
is composed of the periodic simple intergrowth of one’8ille
layer [Bi,O.Cl] with one oxygen deficient Aurivillius block
[Bi,W/CuGs-s]. Otherwise, on the left part of the image,

(25) Morniroli, J. P.; Steeds, J. Wltramicroscopy1992 45, 219.

(26) Corvergent-Beam Electron DiffractionTanaka, M., Terauchi, M.,
Eds.; JEOL-Maruzen: Tokyo, 1985.

International Tables for Crystallography Vol.; Aahn, T., Ed,;
International Union of Crystallography: Chester, U.K., 1983.

@7

model of the compound BCu;;sW,30s-sCl but also to
obtain an ideal model for the superstructure detected in the
HREM image of Figure 4, where the EWR was performed.
A focal series of 20 images with an equidistant focal decrease
is recorded along the [100] zone axis using a slow-scan CCD

(28) Coene, W. M. J.; Thust, A.; Op de Beek, M.; Van Dyck, D.
Ultramicroscopy1996 64, 109. .

(29) Bals, S.; Van Aert, S.; Van Tendeloo, G.vifa Brande, D.Phys.
Rev. Lett. 2006 96, 096106.
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Figure 5. (a) Micrograph of the reconstructed phase obtained from a series of 20 images at different values of defocus of the same crystal displayed in
Figure 4 (rotated 90. The atomic columns for all the atoms (including oxygens) are represented by colored circles that correspond to the legends displayed
in the bottom of the figure. (b) Enlargement of the squared blue section in (a) showing the perovskite layer JWJON@iice the fainter white dots
corresponding to the oxygens surrounding the W/Cu atomic column and as elongations of the Bi dots. (c) Profile intensity variation along thuelthe depi

in (b) from O(1) (represented by *) to O(2) (represented®yand again to O(1), indicating the location of oxygen vacancies in apical oxygens.

Table 1. Measured Coordinates from the EWR Phase Image Along On the other hand, we can see in the bottom right part of
[100] for the BiaCuysW250s-4Cl Phase the phase image the sequence of the superstructureawith

atom Wyckoff X y z = 3.8 A andc-axis of 45.3 A, which can be interpreted by
Wi/Cu 1‘;1 /o /0 0 the following layer stacking sequence:
Bi1 2 12 1/2 0.21 . .
3:2 2g 0 0 0.37 - [CI]—[Bi Zog] —[W/CuOq-s] —[Bi 2_02] —[WICUOs-s] —
Cl 1d 1/2 1/2 [Bi20O7] —[CI] —[Bi 0] —[W/CUQOy—s] —[Bi 0] —[W/CUO,—s] —
o1 x 1/2 0 0 [Bi 02—
02 X 0 0 0.10 o ) .
03 4 1/2 0 0.06 We can simplify this long sequence with the short notation

[Bi2O.Cl|[Bi ;W/CuQs-s] 2. Written in this way, it enables us
camera. The reconstruction and numerical correction for theto describe this defect as the intergrowth betweenmre
aberrations were performed using the IWFR software basedl Sillen block and two consecutive members of the= 1
in the algorithm developed by Allen et®IThe reconstructed  Aurivillius family. The projected coordinates for this ideal
phase image is presented in Figure 5a, where the overlaysnodel can be measured from the reconstructed phase of
indicate the position of the different type of atomic columns, Figure 5a (see the Supporting Information), yielding the
which appear as bright dots. It is very important to note that corresponding structure model superimposed in the image.
the light oxygen atoms are also imaged as fainter white dots. Such a kind of intergrowth has never been observed, although

With this direct structural information and taking into It Was postulated by Ackermafi.
account the®4/mmmspace group previously determined for ~ In this family of compounds [BO,CI]p[BiW/CuGs-s]q,
Bi,CuyaW20s_sCl, we can build up its ideal structural 3p + 3g must be even to have a repetition unit, so for a
model, overlapped in the phase image on the upper left partcomposition [BiO-Cl][Bi .W/CuGs-s]2, the cell content must
of the image, by measuring the projected coordinates directly b€ [BOzCl]2[BiW/CuGs -s]4, in good agreement with the
in the image (see Table 1). sequence determined from the EWR study.
In these compounds, the deficiency in oxygen could be

(30) Allen, L. J.; McBride, W. Oleary, N. L.. Oxley, M. Riltramicroscopy accommodated either in the equatorial or the apical site of

2004 100, 91. the perovskite layer, as was previously determined from high-
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Table 2. New Family of Oxyhalides Determined from HRTEM

Observations
n  (Bi202Cl)(Bi2Cuyen+1yWann+1)Os-s)n ~ W:Curatio  c-axis A
1 (BizOzCD(Bi2CU1/3W2/30575)a 2:1 14.1
2 (BizOzCl)(Bi2(2U]_/5W4/5057(5)2a 4:1 45.3
3 (BizOzCl)(Bi2CU1/7W6/7057§)3D 6:1 31.2
4 (BizOzCD(Bi2CU1/9W8/905—(§)4b 8:1 78.0

a Experimental composition obtained from XEDS analysis in the areas
marked by A and B in Figure 4.Chemical composition extrapolated from
the experimental ratio determined from the members 1 and 2, taking
into account that the W:Cu ratio increases with thealue.

[100]

Figure 7. Filtered HRTEM image along [1] showing an intergrowth
between phases = 1 andn = 2. The calculated images for the= 2
phase with cation disorder and cation order are labeled as 1 and 2,
respectively. The white arrows show the cation arrangement along the
perovskite layers.

members belonging to the family described before. In this
crystal, we observe half unit cells corresponding to the
members withn = 2 andn = 4, because their unit cells
involve the stacking of six [BO,CI]2[Bi,W/CuQ;-s]4 and

ten [BLO.Cl],[Bi W/CuGs-s]s blocks, respectively. However,
the complete unit cell of the odd members composed of two
[BioO:Cl][Bi ;W/CuGs —s] or three [BpO.CI][Bi ;W/CuQs-s]2

— 4 S blocks is observed, because of their easier stacking.

Figure 6. HRTEM image along [100] of a crystal showing the members Figure 7 shows the presence of disordered intergrowths
n = 1-4 of the family with general composition (E.Cl)(Bi2Cuy/an+ay between the phases [B.LCI][Bi,W/CuGs ;] and [Bi,O--
Wan(an+1)O6-0)n- Cl[Bi ;W/CuQs_s]2, clearly observed and evidenced as
intensity streaking along* in the [110] FFT pattern of the

resolution dgle ;_th]ron clilffractlon te??he riments I|<nt BIIMEVfOX HRTEM image. In this pattern, we also observe weak discon-
compounds.” Ine eniargement ot In€ PETOvSKIte 1ayer oM 1, ,5ys streak lines marked with white arrows alongtthe

the recovered phase image (Figure Sb) provides a local dIreCth = 1/2 reflection rows. These lines indicate the presence of

\?v\gsgrilge roof t:r(taio\g;ﬁgctﬁes Icr’git'cc:ga EIfct?S;Z?icOf (t)rt]eenfigllt extra order, because they double k@ reflections. In some
prop Proj P areas of the image, marked with a white circle, this extra

) o ! )
of the structuré: .The I|_ne intensity profile alon_g the oxygen ordering can be observed as alternating big and small white
atoms O(1) (apical site) and O(2) (equatorial), performed dots. In the right part of Figure 7, two calculated images

on this ;nlarggmenrt] of ﬂ;f ':u”.v't”'us.tbl]?Ckomthﬁ phgsle from [Bi,O.CI|[Bi ;\W/CuQs-;), are displayed. The simulated
me;ae( \gure ©). s ows hlg Izr l')n e|n5|)t/ gr. ih) an I( )t image labeled 1 was calculated with Cu and W indistinctly
?)cz 1) eTﬁzKr)er}a\;s/?iz(tzleissifieguchane eoglil) r? tlr?e irr?aag(;gr fﬁfoccupying the two octahedral sites, whereas the simulated
differ.ent 0(1)-0(2)-O(1) triads bgut withglittle vari?ition image 2 was calculated with Cu e_md W located i_n consecutive
as shown in Figure 5b. Nevertheless, in all the cases’ theOCtah(;"dra along (110), according to the projected model
L ' T '~ “drawn in Figure 8. The image simulations confirm the cation
vacancies in higher or lower proportion were always located ordering between Cu and W as the origin of regions with

n _trr;]i ag:»ﬁﬂaci?égmz C()a(sl).obtaine d with the two models contrast variation along the perovskite layer. Moreover, the
ges, excellent fit with the experimental image enables us to

determined from' the EWR study for a defocus vale validate the structural models deduced after EWR.
—200 A and a thickness= 80 A (Figure 4), were found to .
be in agreement with the experimental ones. Once the unit cell, the space group, the structural model,

From these structural determinations and chemical results and the nature of defects are determined from electron micro-

we can postulate the existence of a new family of compoundssc,:Opy data, the reflnemeqt of the average structur.e of
formed by one Sille block anch [BiW/CuQs_s] blocks with ~ B14CtaW2i0s-,Cl was carried out by X-ray powder dif-
general composition as displayed in Table 2. The existenceTaction (Figure 9). The Rietveld refinement was performed
of the members = 14 is clearly evidenced by the HRTEM using the structural data obtained from the phase of the recon-
image of Figure 6. In this image, we can see four different structed exit wave (see Table 1). Table 3 summarizes the re-
fined structural parameters; tRefactors of weighted pattern

(31) Abrahams, I.; Krok, FJ. Mater. Chem2002 12, 3351. (RWP)' pattern RP)’ Bragg Re), and the Val_ue Oiz converge
(32) Houben, L., Thust, A.; Urban KJltramicroscopy2006 106, 200. t017.4,15.2,and 6.84% and 4.57, respectively (see the Support-
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Table 3. Refined Structural Parameters and Main Interatomic Distances for the BiCu/3W230s-sCl Phase

atom site X y z B(A2) bond distance (A) frequency
Bi(1) 29 0 0 0.367(2) 2.47(5) Bi(50O(3) 2.17(8) x4
Bi(2) 2h 12 172 0.187(2) 1.37(5) Bi(O(3) 2.46(9) x4

w la 0 0 0 0.5 Bi(1)-Cl 3.30(2) x4

Cu 1a 0 0 0 0.5 W/Cu-O(1) 1.72(4) x4

cl 1d 1/2 1/2 0.8 W/Ct-0(2) 1.92(3) x2

o) 29 0 0 0.121(6) 0.8 Bi(2}O(1) 2.87(4) x4

0(2) 2f 1/2 0 0 0.8

o@3) 4 1/2 0 0.296(1) 0.8

aSpace grouP/4mmm; a= 3.846(3) A,c = 14.190(1) A;R,= 15.2%,Rup= 17.4%,R,= 6.84%;y?= 4.57.
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worth mentioning that the high B value obtained for Bi(2)
in the refinement agrees with our previous work on the
related BiTiyW1,20sCl and BiiMn;,3W230sCl compound$®2t
This high value is due to an asymmetric surrounding around
the BO; layer, Bi(1) is close to the Cl sheet, whereas Bi-
(2) is much closer to th¢BOg} octahedral layer and can
establish short contacts to the apex oxygen atoms O(1) (see
Table 3), changing its coordination from 4 to 5. On the other
hand, the high B value of Bi(1) (see Table 3) can be
explained by the presence of the defects analyzed because
the substitution of one Cl sheet by a perovskite blocks
[W/CuQO,—)® induces the same effect discussed for Bi(2).
From EPR (electron paramagnetic resonance) spectra, we
have calculated an effective moment of 1.8%or the C#*
inthecompound. However,themagneticsusceptibilitymeasure-
ments (see the Supporting Information) yield a moment of
1.88us above the previous one obtained forPCurhis differ-
ence could be due either to an spirbit coupling or the
presence of 5% in content of paramagnetié'Guo a high spin
configuration. The fact that this phase does not synthesize in
sealed quartz tubes but in open air supports the hypothesis

Figure 8. Schematic model of the intergrowth between the phases observed of the partial oxidation of 5% of Ct to CUi**, leading to an

in Figure 7 showing the cation ordering. In the upper part of the drawing,

then = 2 member is depicted, whereas the- 1 member is in the bottom.

The order between W and Cu is indicated in both structures by different

hues of the blue octahedra.
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Figure 9. Experimental (circles), calculated, and difference (solid lines)
powder X-ray diffraction patterns of the phasa®in3W30s-sCl. Vertical
bars indicate the calculated Bragg angle positions.

experimental composition of BCuysW230s-sCl (0 = 0.18).

Conclusions

The use of TEM, exit wave reconstruction, and electron
and X-ray diffraction allow us to determine the structure of
[Bi2O.CI][Bi 2Chsn+1)Wazn+1)Os-s]n, @nd this procedure is
largely extendible to the structure determination of other un-
known materials. In particular, using EWR, we were able to
view the oxygen atoms which, because of their low scattering
power, were not previously accessible; this allowed us to
locate the position of the oxygen vacancies. Further work is
needed to statistically quantify the vacancies concentration
from the whole image and requires us to develop a computer
routine capable of estimating the average intensity change
of the oxygen maxima from the whole image and relating
the intensity change to the vacancies concentration.
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