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High resolution electron microscopy and X-ray powder diffrac-
tion have been applied to determine the structure and microstruc-
ture of Ag, ,V,0y;. This compound adopts two structures. Both
structures consist of V,0,, slabs, but they differ in the way these
slabs are stacked. Ome stacking leads to a C-centered monoclinic
unit cell (C2/m) with dimensions ¢ = 1.451(1), b = 0.35766(3),
¢ = 0.9564(8) nm, 8 = 128.74(1)° (Phase I} which is dominant
and the other stacking to a C-centered monoclinic unit cell with
dimensions g = 1.53, b = 0.360, ¢ = 0.76 nm, 8 = 102° (Phase
IN). Ion milling leads to a change in the ¢ axis and 8, which is
suggested to be caused by a loss of Ag. Frequent stacking defects
occur in the c* direction due to switching from the Phase I to the

Phase II structure and due to (001) twinning.  © 1994 Academic Press, Inc.

INTRODUCTION

Silver vanadium oxide has been reported as a cathode
material for lithium batteries (1). Takeuchi et ¢l. (2} have
reported that the composition is Ag,V,0,,. Recently we
have performed a study on the unit cell of this material
(3) and found the unit cell to be C-centered monoclinic
with cell dimensions g = 1.533(1), b = 0.3587(2), ¢ =
0.9526(9) nm, g = 127.9°. Based on high resolution elec-
tron microscopy, a structure for Ag,V,0,, is proposed.
In this paper we report a more detailed analysis of the
high resolution electron microscopy data and a refinement
of X-ray powder diffraction data. This research is part of
a more extensive study, which aims at the determination
of the structures of the compounds occurring in the system
Li-Ag,V,0,, to obtain a better understanding of the dis-
charge reactions and the crystal chemistry.

EXPERIMENTAL

Silver vanadium oxide was prepared by solid state reac-
tion of Ag,0 and V,0; in the ratio 1: 2 at 500°C in oxygen
for 6 hr. Electron transparent specimens for electron mi-
croscopy were prepared (i) by grinding and dispersing a

few droplets of a suspension of the ground material in
ethanol on a carbon coated heley film supported by a Cu
grid or (ii) by ion milling of an approximately 20-um-thick
disk, obtained by pressing some ground material with a
pressure of 10° kg/cm?. Electron microscopy was per-
formed with a Philips CM30ST electron microscope op-
erating at 300 kV and equipped with side-entry 25°/25°
tilt specimen holder.

Ag,_ . V,0,, is rather sensitive to the electron beam,
resulting in amorphization. This hampers the determina-
tion of the structure, However, because for a structure
determination one is only interested in the average struc-
ture, the experimental image can be averaged, thus reduc-
ing the noise due to the image recording and the partial
amorphization. Selected images were digitized with about
50 pixels per nm. These images were noise reduced by
averaging each pixel over itself and its eight neighbors.
Next, the image was averaged over a number of unit cells.

Image calculations were carried out using a MacTempas
software program (4). For the calculations, the following
instrument parameters were used: spherical aberration is
1.2 mm, defocus spread is 9 nm, beam convergence is 1.2
mrad, objective aperture size is 6.5 nm™! and instrument
vibration is 0.05 nm.

X-ray powder diffraction was performed at room tem-
perature using a Philips PW 1050 X-ray diffractometer
using monochromated CuKa radiation. The data were
collected digitally in steps of 0.02° 20 and 10 sec counting
time in the range: 10° < 28 = 90°. The slit width used was
{.1° 2. The X-ray diffraction pattern was analyzed using
the method described by Rietveld (5). For this purpose
the GSAS (version 6.1) computer program developed by
Larson and Von Dreele (6) was used. The unit cell parame-
ters, the atomic fractional coordinates, four isotropic ther-
mal parameters (one overall Uy, for all oxygen), six back-
ground parameters, four profile coefficients (pseudo-
Voigt shape), a zero point correction, and a scale factor
were refined. No peaks due to Ag or one of the starting
materials could be detected.
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FIG. 1.
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HREM image of Ag particles on the surface of a Ag, VO, crystal in [110] orientation. (a) The image taken immediately after

orientation of the crystal and (b) taken from the same area after irradiation with the electron beam for 2 min, which resulted in a considerable
amorphization. Neither the number of Ag particles nor their size was increased.

EXPERIMENTAL RESULTS

Low resolution transmission electron microscopy
shows that Ag,_ . V,0,; has a needle-like morphology. Be-
cause of this morphology it was not possible to obtain
diffraction patterns along the needle direction, because
the crystals were too thick in this direction.

By means of electron diffraction the reciprocal space
was constructed. This was done by tilting a crystal about a
chosen reciprocal lattice vector. With certain tilt intervals
electron diffraction patterns were recorded, as well as for
intermediate tilts if a symmetric diffraction pattern was
obtained. By combination of these electron diffraction
patterns and the tilt angles, the reciprocal lattice could
be constructed, indicating a C-centered monoclinic unit
cell with @ = 1.53, b = 0.360, ¢ = 0.95 nm, 8 = 128°. The
electron diffraction experiments on the crushed sample
showed the presence of twinning. Rietveld refinement
of the X-ray powder diffraction data resuited in the cell

dimensions a = 1.5452(1), b = 0.35766(3), ¢ = 0.9564(8)
nm, 8 = 128.744(3)°,

High resolution electron microscopy was performed on
the as-synthesized material with only minor crushing to
obtain isolated crystals or small agglomerates of crystals.
Ag,_ V0, was found to be rather sensitive to the electron
beam, resulting in a rapid amorphization when electron
doses were used which are normal for recording of high
resolution images. All crystal surfaces showed the pres-
ence of small Ag particles (see Fig, 1). Longer exposure
to the electron beam (see Fig. [) did not result in the
increase of the number of Ag particles or their size. This
indicates that the Ag particles are not formed due to the
electron beam, but were either already present on the as-
prepared material or are formed due to a loss of silver
during the sample preparation. The amount of Ag particles
was found to vary from crystal to c¢rystal, but all crystal
surfaces contained Ag particles, ranging in size from 1 to
5 nm. Figure 1 gives an example of the average Ag loading
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FIG. 1—Continued

of the surface. The size and the volume fraction of the
Ag particles are so small that they are not revealed by
X-ray powder diffraction.

The presence of Ag on the surfaces indicates that the
compound may not have the composition Ag,V,0,, but
Ag, . V,0,,. It is difficult to determine the value of x in
Ag, V0, from the volume fraction of the Ag particles
on the surface, because the average thickness is difficult
to measure and other Ag-rich phases {e.g., Ag or Ag,Q)
might be present as well as large particles. A rough esti-
mate assuming an average thickness of the Ag layer on
the surface of 2 nm and a particle size of 0.4 X 0.4 X 5
um gives x as about 0.1. However, refinement of the
X-ray data (see below) indicates that the Ag is (almost)
fully occupied.

From the electron diffraction experiments it was clear
that the best viewing direction to obtain interpretable high
resolution images is the [010] direction. In this direction,
the unit cell is so short that no or only a few atoms wiil
overlap in projection. Since the b axis coincides with the
needie direction, it is rather unlikely that one can obtain by

crushing crystal fragments which are sufficiently electron
transparent in this direction. Therefore, electron transpar-
ent specimens were also prepared by ion milling. This
method was found to result in enough thin crystals along
[010], but it resulted in an amorphous layer on the speci-
men surface.

In the ion milled specimens, each crystal contains
mainly plate-like Ag particles, which range in size from
5 to 50 nm, and the grain boundaries contain a 10-50-nm-
thick layer of Ag (See Fig. 2a). The Ag particles inside
the crystat extend far along the a axis, an example of
which is given in Fig. 2b. Such kinds of particles were
not observed in the specimen obtained by crushing. Inves-
tigation of crushed pellets obtained by pressing some
ground material with a pressure of 10° kg/cm? (used as
starting material for ion milling) showed the absence of
these large Ag particles, and also when the pellet was
cooled down to liquid nitrogen temperature. This indi-
cates that the large Ag particles observed in the ion milled
specimens are not formed during the preparation of the
pellets by pressing with 10° kg/cm?. From these observa-
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FIG. 2.

(a) Low resolution micrograph, showing the presence of a Ag coating of the grain boundaries, and some randomly oriented Ag particies

and thin plate-like (001) oriented Ag particles in the grains. {b) [010] HREM image showing the presence of Ag precipitates in a Ag,_ V,0, crystal.

tions it can be concluded that these Ag particles are
formed during the ion milling process. One possible mech-
anism is the recrystallization of the Ag atoms of the ion
sputtered Ag,_,V,0,,. A second mechanism involves the
recrystallization of Ag obtained by a loss of Ag from the
lattice of the Ag,_,V,0,, crystals. The latter mechanism
could be caused by the current which passes through the
crystals, due to the ion milling processes.

[010] electron diffraction of the ion milled specimen
showed that the crystal is not a single crystal but contains
a number of defects. Streaking along the ¢* direction
indicated stacking defects in that direction. The presence
of a set of extra reflection spots indicated that the crystal
is (001) twinned.

HREM imaging of the [010] oriented crystals from
which electron diffraction suggested streaking and twin-
ning showed the presence of planar (001} defects and
twinning, whereby the (001) plane is the twin plane. An
example is presented in Fig. 3.

The HREM image shown in Fig. 4 shows the existence
of two structures. For the first structure, Phase I, being
the majority phase, a two-dimensional unit cell a = 0.77,
¢ = 0.90 nm, 8 = 125°is observed; this would correspond
with a C-centered monoclinic unit cell with @ = 1.53,
b = 0.360, ¢ = 0.90 nm, 8 = 125°, Note that the ¢ axis
is much smaller than the ¢ axis of the unit cell of the non-
ion milled specimen: ¢ = 0.95 nm and the difference in
B (125° versus 128°). Also a variation of several de-
grees in § is observed, even in one crystal. The structure
image of Phase II deviates from that of Phase [ only
by a different stacking along the ¢* axis. The Phase 11
structure has a two-dimensional unit cell of a = 0.77,
c = 0.72 nm, g = 102°. The structural similarities between
Phase I and II suggest the unit cell of Phase II to be C-
centered monoclinic with ¢ = 1.53, b = (.36, ¢ =
0.72 nm, £ = 102°. Assuming the same relative de-
crease in the ¢ axis due to the ion milling procedure as
for Phase I, the cell dimensions of the as-synthesized
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[010] HREM image of Ag,_,V,0,; showing the presence of stacking defects and (001) twins. The stacking is indicated by a line.

Defects occur (indicated by white arrows) when different stackings within one (001) plane meet.

Phase II material would be a =
0.76 nm, 8 = 102°.

Further enlargements of averaged HREM images of
Phase [ and Phase II are shown in Fig. 5. The imaging
conditions are chosen such that the heavy scattering
atoms (the cations) are imaged as black dots. This can be
done because (i) the axis in the viewing direction is small
(0.36 nm), (1) the defocus of the microscope can be esti-
mated with an accuracy of less than 10 nm from the image
of the amorphous edge of the specimen, and (iii) from the
change in image going from the edge to thicker arcas one
can determine the area in which the phase contrast is domi-
nating. This makes it relatively easy to determine the basic
structure for the two phases. Taking into account the struc-
ture of a number of vanadates and the composition, one
can interpret the groups of four dark dots as groups of four
V ions and the two more separated dots as the Ag ions.
With this assumption, a structure is obtained for the Phase
II which is closely related to that reported for Cu, V,0,,

(7), whereas the structure for Phase 1 is one which has not
yet been reported for any compound.

The HREM images of Phase I and Phase 1I are very
similar. Both contain slices of groups of four V atoms
along the ¢ axis, whereas the Ag atoms are situated be-
tween these slices. There are several good reasons to
assume that the proposed structures are right: (i} the im-
aging conditions are chosen such that the cations are im-
aged as dark dots, thus allowing determination of the
positions of these ions, (ii) in many vanadates similar
blocks of four V atoms occur (7-10), and (iii) the proposed
positions for Phase II are in good agreement with the
positions reported for Cu, ;V,0,, (7), which were deter-
mined from single crystal X-ray diffraction data.

Image calculations were carried out with a model (see
Fig. 6b) for the Phase Il structure with the atomic coordi-
nates reported for Cu, ;V,0,, (7), taking into account the
reduction of the ¢ axis by assuming rigid V,0,, slabs. A
calculated image for a crystal thickness of 3 nm and a
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FIG. 4.

defocus of —40 nm is given in Fig. 5. A good agreement
between the experimental and calculated image is ob-
tained,

Image calculations were also carried out with a model
(see Fig. 6a)for the Phase [ structure. For this model, rigid
V,0,, ribbons occurring in the structure of Cu,_,V,0,, and
Phase 1l Ag, ,V,0,, were shifted with respect to each
other such that an angle 8 of 125° was obtained; the posi-
tions of the Ag atoms were determined from the experi-
mental HREM images. This resulted in the monoclinic
space group C2/m. A good match was obtained between
the experimental and calculated images, as can be seen
in Fig. 5.

Using this model, a structure refinement in space group
C2/m using X-ray powder diffraction data was performed.
The refinement converged to a structure very similar to
the one suggested by high resolution electron diffraction.
Figure 7 shows the agreement between the calculated and
measured intensities of Ag,V,0,,. For the final residuals
these values were found: R,, = 204, R, = 15.6,
DW-d = 0.33, x? (red) = 7.06. The DW-d value is smaller
than the lower extreme of the 90% confidence interval;
the estimated standard deviations are thus underestimated
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[010] HREM image, averaged over 16 unit cells along the c axis. Two different structures can be observed: Phase I and Phase I1, as
is indicated in the text. The unit cells are given as black on white lines.

due to serial correlation (11). The presence of Phase II
material is not taken into account in the refinement. Table
1 gives the fractional atomic coordinates and the thermal
parameter. Selected atomic distances and angles are given
in Table 2. Refinement of the occupancy of Ag (using one
overall U,) resulted in a parameter of 0.96(1), indicating
no significant vacancies at this site,

The spots on the Ag sites in the experimental HREM
images are less dark than in any of the calculated images
of the models with composition Ag,V,0,,, which indicates
that the Ag positions are not fully occupied. The actual
occupancy was estimated by comparison of the gray val-
ues of the Ag and V sites, using line scans in the experi-
mental and calculated images, resulting in occupancies of
about 0.9 for both the Phase I and Phase II structures.

DISCUSSION

Ag,_.V,0,, can adopt two crystal structures, as given
in Fig. 6. Both structures were determined with HREM.
The still unknown structure of Phase I is further refined
by a Rietveld refinement of X-ray powder diffraction data.
The interatomic distances in the model for Phase I are
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FIG. 5. Experimental and calculated [010) HREM images. (a) An experimental HREM image of Phase I averaged over 16 unit cells along the
a axis. (b) The corresponding calculated image. (c) An experimental HREM image of Phase Il averaged over 16 unit cells. (d) The corresponding
calculated image. A group of four V atoms is indicated in (b). The unit cells are given as black on white lines in (b) and (d).

in good agreement with the Ag-O and V-0 distances
observed in Cu, ¢V,0,, (7) and Ag,_,V,0,, (12). Also the
geometry of the oxygen atoms around Ag (5-fold symme-
try) and V (distorted octahedron) agrees well with litera-
ture. In the X-ray refinement the {002} and {003} reflections
show the largest difference between calculated and exper-

imental intensities. The intensity of these reflections as
all other {001} reflections are expected to be increased
most by the presence of twins and Phase 11.

A large difference is observed for the length of the ¢
axis in as-synthesized material and the material prepared
by ion milling. Probably the decrease in the ¢ axis is not

Type | OAg

® Vay=0 S Oay-o
O Vatygs O Oa y=0.5

FIG. 6. Schematic representations of the structures for (a) Phase 1 Ag; V,0y; and (b) Phase II Ag,_.V.0,,.

Type Il
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FIG. 7. Observed (dots) and calculated (full line) X-ray diffraction pattern of Ag,V,0,; at room temperature. The difference (Z,,, — f.a.) Curve
appears at the bottom of the figure. Tick marks below the profile indicate the position of the Bragg reflections included in the calculation. The
{002} and {003} reflections are indicated by arrows.

due to compression of the V,0,, slabs but mainly due allowing the reduction of the distance between the V,0,,
to the reduction of the distance between the slabs, and  slabs and some rotation of the V,0; units. This suggestion
possibly also due to some rotation of the V,(,, units in is in accordance with the presence of Ag precipitates in
the V,0,, slabs. We suggest that the decrease in the length  the Ag, ,V,0,, crystals, as shown in Fig. 3.

in the ¢ axis is due to a loss of Ag. This will create space The structure model for Phase I, suggested by the
HREM images, was found to be easily refined with Riet-
TABLE 1 veld analysis of the X-ray diffraction data. Since the
Fractional Atomic Coordinates® and Thermal HREM images of both phases are very similar, the X-ray
Parameters of Phase 1 Ag,V,0,, result also indicates that the structure proposed for Phase
11 Ag,_,V,0, is right. Moreover, the positions of the Ag
Atom x z Ui® and V atoms in Phase 1l Ag,.,V,0,, determined directly
Ag 0.1197(3) 0.5093(6) 0.027(1)
V(1) 0.1469(5) 0.1425(11) 0.017(3)
V(2) 0.3654(6) 0.1472(11) 0.014(2) TABLE 2
0(1) 0 0 0.021(3) I d Dist Ph IA
o) 0.646(2) 0.085(3) 0.02109) Selected Distances (A) for Phase I Ag,V,0,,
(61§ 0.845(2) 0.091(2) 0.021(3) Ag distances V(1) distances V(2) distances
O4) 0.188(2) 0.347(3) 0.021(3)
o5 0.321(2) 0.273(3 0.021(3} Ag-O(4) 234 V(1)-0(1) LTI V(-0 2.132)
OB} 0.518(2) 0.325(3) 0.021(3) Ag-O(5) 2% 2.44(2) VID-02) 2% 1.86(1) V(2)-0(3) 2.55(2)
Ag-O(6) 2x  2.30@)  V(1)-0(3) 2312} V@-003) 2% 1.84(1)
- V(1)-0(4) 1.632)  V(@)-0(5) L7122
2 All atoms at 4(i): x,0,z; except O(1) at 2(a): 0,0,0. V(1)-0(5) 2.15(2} V(2)-0(6) 1.85(2)

b One overall U, for all O.
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FIG. 8. Schematic representations of the structures which can be obtained by shifting V,0,, along the a axis; {a) and (b) are realized as

structures of Ag, V,0,;; (¢} and (d} have not been cbserved yet.

from the experimental images already fit quite well with
the positions of Cu and V atoms reported for Ag,_.V,0,;.
Also, the V0, slabs occur in a rather rigid way as well
in a number of vanadates like Cu, V,0,, (7), K,5V,0;5
(8), Cug V105 (9), and Nag (V50,5 (10).

Phase I and Phase II Ag,_ V,0,, consist of V,0,, slabs
along the (001) plane. The V atoms in these slabs have a
distorted 6 coordination. Similar slabs and coordinations
occur for a number of vanadates. The structures of Phase
I and Phase I1 differ only in the way these slabs are stacked
along the c* direction, as can be seen from Fig. 6. In
Phase 11 Ag,_,V,0,, the Ag ions adopt two positions (see
Fig. 6), both with rather irregular oxygen coordination.
Phase 1 Ag,_,V,O,; has only one Ag position, due to
the higher symmetry of the structure. The Ag position
occurring in Phase I resembles one of the two Ag positions
(Cu(l) in Cu, ¢V,0;; (7)) in the Phase II structure. The
Cu(2) position in Cu,¢V,0,, (7) is only 84% occupied.
Possibly the occurrence of both structure types is related
to the Ag content, although considering the close resem-
blance of the two structures, it would not be surprising
that both structures are adopted, even if there is no com-
position difference.

New structures, which are not yet realized, can be
constructed by different shifts of neighboring V,0,, slabs.
One could move one slab with respect to the other and
take those orientations in which well-defined spaces for
the additional cations are formed. Several structures are

given in Fig. 8. Two of these structure models seem to
have even better positions for the large cations like Ag*
than the observed structures: the models in Figs. 8¢ and 8d
have one and two 9-coordinated positions, respectively,
in which the Ag™ ion would fit nicely. Possibly these
structures can be realized if one takes larger cations
than Ag™.
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