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Interaction of Ag ions with a vanadium pentoxide
hydrate—Formation of silver vanadate at low
temperature
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Reactions between V,05-nH,0 sol and Ag* solution were investigated and new
conventional reaction processes to produce silver vanadate bronzes were found. Reactions
were surveyed as a function of the concentration ratios of Ag and V, and the reaction
regions were divided into 4 parts dependent upon the reaction products. System 1:
ion-exchanged sediment to produce 8-Agp.3sV20s5; System 2: needle-like a-AgVO3 and
hydrate to produce Ag,_»V4041 upon heating; System 3: new fine needle-like particle and
small proportions of various dendrite crystallites; System 4: hydrate to produce 8-AgVOs3
upon heating. The new needle-like particle of system 3 was analyzed by use of electron
diffraction and XRD and found to be monoclinic, a=32.96 A, b=2.60A, c=3.62A, and
B=91.88°. The material is named §-AgVOs. B-Ado35V205 and Ag,_,V4047 were reversibly
crystallized after melt. 8-AgV O3 was crystallized when the melt was cooled slowly, while
a-AgVO3 was crystallized when quenched rapidly. © 2000 Kluwer Academic Publishers

1. Introduction subject to be studied [9-11]. Most of the products were
Vanadium pentoxide hydrate ,®s-nH0, is an ionic  formed by heating the mixture of component metal ox-
layered compound [1, 2] and thus is a promising hostdes and/or salts. Although this method is convenient
for intercalation compounds which might carry new for us to adjust the composition of metal ions we want to
physico-chemical properties for dielectrics, catalystsproduce, it takes a long time to mix the component ions
adsorbents etc. Various metal ions and polar moleculesomogeneously, and oxygen content can not be con-
can be introduced between the layers through intertrolled definitely. Znaidiet al. reported a new method
calation and/or cation-exchange reactions [3, 4, 5]. Itstarting with \bOs-nH,O to form Agy 35V 205 in which
cation exchange capacities are about 0.32 : 0.16 : 0.a definite amount of Ag was intercalated [12]. In this
mol per 1 mol \bOs for the ions carrying the charges process, heat treatment of the material is required to
1, 2, and 3. The reactions involved in these systemseach the final product. However, an important benefit
were found to be reversible except for the following of this method is that mechanical mixing of the com-
cases [5]. Further reactions were observed after ionponent substances is not required.
exchange reaction with ions'K Rb*, and C$ when This report studies the formation of silver vanadates
these ions were introduced in excess, by which orangghrough the reactions of ds-nH,O with Agt in a
colored crystalline particles of £/5015, RpVeO16,  Wet system at room temperature. A formation phase
and CsVeO16 Were formed, respectively. Besides diagram with \4Os-nH,O sol and Ag was drawn.
these reactions, there have not been studies workinghe technigues used in the study were XRD, TG-DTA,
with the reactions between,®s-nH,O and metal ions TEM, SEM, and EPMA.
which produce new vanadium bronzes. The present
authors continue the study on the reactivity of the
V,05-nH,0 against various chemical species to find2. Experimental procedure
new reaction processes. 2.1. Chemical reactions

Many vanadium oxide bronzes including Ag have Raw material, ¥Os-nH,O, was prepared as a vana-
been produced by solid state reactions, which vary irdium pentoxide sol by conventional cation-exchange-
Ag, V, and O compositions [6—8]. However, the crystal polymerization of ammonium metha-vanadate solu-
structure analysis of this system is still an importanttion. The sol prepared was mixed with AgNO
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solutions at varying ratios and maintained in the darkThe XRD measurements of the sediments produced
at room temperature (25-28) and 50C. Here the in-  with Ag™ just above c.f.c. indicated that materials other
dicated ionic concentrations of the systems are all fothan the simple layered substance were formed; some
the systems after mixing. PH values of the mixturesAg-V compounds were formed in this mixed system.
studied were in rather narrow range around at 1.8—-3 However, according to Znaidet al. [12] and
and were not controlled to avoid contamination of ionsBouhaousst al. [13] Ag™ is intercalated simply be-
other than the reaction components. Atomic compositween the layers without reaction. Thus it is neces-
tions of the precipitates produced were determined bygary to note the stability of the layered structure of
EPMA (JEOL JXA-8900R). For comparison, the solid V,0s-nH,O against intercalation of Ag At first, as
reaction products between AQ and \bOs powders has been done conventionally in the intercalation ex-
were tested. periments of MOs5-nH,0, a film was formed on a glass
plate and dried in air. The sample plate was wetted with
AgNO3 solution so that reaction equilibrium was at-
2.2. Crystal structure and texture analyses tained. A marked difference was found in the chemical

The crystal structure of the formed materials were anbehavior from the solution systems. Interlayer distance
alyzed by powder X-ray diffraction (XRD); the appa- Was decreased as found in the intercalated substances,

ratus used was Rigaku RAD-2R equipped with a Cuand more than 8 mmol dni AgNOs were required to
X-ray tube ¢ =1.5418 ,Z\)_ For structure analysis of promote the chemical reaction to form the solid which
the crystals, reflection and transmission mode experi@s formed in the solution. This stable chemical prop-
ments were conducted on samples that oriented thefi'ty Of the film might be explained by the marked crys-
crystal plane parallel to the flat plate. For the lattertallinity of V20s-nH>O when dried slowly. The com-
mode experiment, a sample was spread over an exfolRarative transmission mode XRD measurements were
ated thin mica plate and the spacing of the divergencgone onintrinsic samples, one of which was _drled inair
slit used was 0.05 mm. For reflection mode measure@n @ micasurface and an other was freeze dried. Sharper
ments, it was 0.5 mm. The textures and crystal habitg#fracnon peaks_(smaller line broadening) were found
of the solids were studied by both a scanning electrof? the former. This kind of hard ¥Os-nH>O structure
microscope (SEM: JEOL JSM-5300LV) and a trans_was.also observed_ wherp@8 vapor was adsorbe_d in
mission electron microscope (TEM: HITACHI H8100). the interlayer spacings [14]. Interlayer space did not
Selected area electron diffraction was observed for th&XPand by more than double the®llayers even under
structure analysis of the samples. The electron microSaturated bHO vapor pressures, while wet gel is dried
scope was operated by using a 200 keV electron beargloWly on the glass plate, the interlayer distance de-
Samples were heat-treated in air and quenched in an icé€ased gradually from the larger one [15]. The present

water mixture. Significant differences were not foundStudy is on the reactions in solution systems and those
by changing the atmosphere with pure. O giving reaction products. It was found that the reaction

varies, dependent upon the ratio of A V,0s-nH-0,
so the whole the system was divided into 4 parts depen-

2.3. Thermal analysis of the materials dent upon the reaction products.

Thermal properties of the solids (100 mg) were studied
by TG-DTA measurements (ULVAC TGD-7000) in air

at the heating rate of & min™*. 3.1. Reactions of Ag* with V,0s-nH,0
System 1Mixing of V,0s-nH>0 sol with AgNG;

solution brought about sedimentation of the solid, but
3. Results and discussion the chemical reaction to produce the new phase was
Interaction of Ag” with V,0s-nH,O was started with  slow. In the system including a smaller amount of
the colloid chemical point of view. The critical floc- Ag*, 0.05mol(\**)dm~23/0.01 mol(Ag-)dm~3, forin-
culation concentration (c.f.c.) was determined specstance, structuring of the sediment required some time,
troscopically by measuring the turbidity of the sol as shown by the XRD pattern changes in Fig. 1a. This
with Ag*. The determined value of 1.7 mmol dfh  phase is named as System 1 whose concentration range
is much smaller than those for other monovalent iongs shown in the Fig. 3 phase diagram. The final product
like Li* (87 mmol dnt3), Nat (17 mmol dnt3), K*  is visualized in Fig. 2a with less well-defined texture.
(7.6 mmol dn73), Rb*(4.0 mmol dnt3), and Cg System 2Fig. 1b shows the crystal growth in
(4.5 mmol dn73). It has been understood that inter- System-2, in which a well-defined crystalline phase
calation of ions plays a crucial role in the flocculation (crystal-1) appeared from reddish brown precipi-
process of layered colloidal particles. The reason is thalate formed by mixing the component solutions,
interlayer spacing is decreased to give dense structu@05 mol(\*+)dm=3/0.1 mol(Ag)dm2. Needle-like
without changing the structure of tlaeb plane by in-  crystallites were grown radially at some parts of the sed-
tercalating the metal ions. However, the latter three iongments, suggesting that the reaction starts at the surface
gave their vanadates when the mixture was aged for af the hydrate and vanadate ions are supplied from the
long time, suggesting that intercalated ions react witHiquid phase. The reaction rate was increased at a higher
the host \AO5-nH,0. This fact leads us to expect that reaction temperature (3C), but the phase relation was
AgT reacts with \MOs-nH,O more strongly than with  unchanged: a tiny crystalline solid appeared one day af-
the above three alkaline ions, which was the case herger mixing the component solutions. Finally this system
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Figure 1 (a) XRD pattern changes of the system 1 with time: mixture of 0.05 \nol dm3/0.01 (Agt)mol dmi 3. 1. starting sample without
Agt; 2, 1 hwith Agh; 3, 1 day; 4, 2 weeks; 5, 1 month; (b) XRD pattern changes of the system 2 with time: mixture of 870591 dm—3/0.1
(Agt)mol dm3. 1, starting sample without Ag 2, 1 h with Ag'; 3, 3 days; 4, 1 week; 5, 1 month; (c) XRD pattern changes of the system 3 with
time: mixture of 0.01 (V) mol dm~3/0.1 (Ag")mol dm 3. 1, starting sample without Ag 2, 1 day with Ag; 3, 1 week; 4, 2 weeks; 5, 3 months;
(d) XRD pattern changes of the system 4 with time: mixture of 0.00% J\nol dmi~3/0.1 (Agt)mol dm 3. 1, starting sample without Ag 2, 1

day; 3, 2 weeks; 4, 1 month.

was equilibrated as including two solid phases as can beoncentrations of ions described are those included in
seen in Fig. 2b. The crystal structure of the needle-likghe systems and not the equilibrated ones.
solid was newly analyzed by 4 circle XRD@sAgVO3

[16].
System 3Fig. 1c shows the XRD patterns for the 3.2, Phase properties of the sediments and
sediment obtained in the system, 0.01 mét()dm—3 crystals

/0.1 mol(Agh)dm=3, in which an ambiguous reddish  System 1An atomic ratio of Ag to V in the hydrate-1
brown hydrate is transfered into a crystalline phase withwas determined to be 0.34 : 2, which is close to the
time (Fig. 2c). In this system, if the system is remainedmonovalent ion exchange capacity of®-nH,0 [5]
unstirred after mixing new bright orange-yellow crys- and similar to that reported by Znatial.[12]. Fig. 4-1
talline phase appeared over the sediments. In the finghows the DTA curve for the sample marked by the as-
state, all the hydrates disappeared and gave singly cryserisk in Fig. 3. After a small peak which originates
talline precipitate. Thus crystallization was conductedfrom dehydration, a sharp endothermic peak appeared
via solute species of vanadate ions. This is named temat 54FC. A second run of the 60C-heated sample did
porarily as crystal-2 in the System-3. not give an endothermic peak at the same temperature.

System 4Fig. 1d shows the rapid structuring of the This indicates that some irreversible phase change has
sediment after mixing. The product should be fite  taken place at 54C. The detailed analysis of XRD pat-
AgVOs3 particles as shown below. However, the sedi-terns of the sample heated at higher temperatures illus-
ment was apparently just precipitated hydrate (Fig. 2djrates the appearance of the two phage&go a5V 205
and could not be visualized by electron microscope. (probablys-Agoas5V20s.17) and Ag »_xV30s, the lat-

Fig. 3 is the phase diagram determined after equiter of which is noted with the markin Fig. 5a: the for-
libration in each system for more than 1 month. Themula employed for these substances are after Casalot
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Figure 3 Formation phase diagram of the®s-nH,O-AgNO; aqueous
systems as presenting the characteristic sediments or crystalline particles,
which is determined at room temperature. Numbers in the parenthesis
indicate pH values of the system.
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Figure 4 DTA curves of the sediments for the®@s-nH,O-AgNGO; sys-
tems. The number in the left end of each curve is given for the sample:

Figure 2 SEM photographs of the precipitates obtained by the reactionsl’ hydrate 1 (system 1); 2, hydrate-2 (system 2); 3, crystal-1 (system 2);

. . . 4 -2 ;5,h 4).
of varying ratios of \WOs-nH,O and AgNQ. Materials observed were » crystal-2 (system 3); 5, hydrate 3 (system 4)
taken from the samples marked with asterisks in Fig. 3 and analyzed in

all the experiments. (a) system 1; (b) system 2; (c) system 3; (d) system 4. . . . .
P (@) sy () sy ©sy (@) sy neous in Ag contentto give two kinds of silver vanadate

phases, although ion-exchangeable intercalation is the
and Pouchard [7]. As a matter of fact, however, somenain process. If we want to forfi-Ago.3sV205 con-
of them are overlapped with those for the former. Theventionally V,Os and AgO by solid reaction, the heat-
sample heated above 5@is simply 8-Ago35V20s.  ing temperature must be raised higher than&8Mot
These experimental facts signify that the endothermishown here). Even at such a high temperature many
peak at 541C is due to the melting of both phases. efforts such as repeated grinding are required to com-
We may say that the sediment is somewhat heterogeslete the solid reaction. We can then conclude that the
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homogeneous introduction of Agevenly, at least in
the main part of interlayer spaces of®5-nH,0O, pro-
vokes the chemical reaction to prodygeigo.35V20s5
at a lower temperature.

System 2This system is composed of two solid
phases, a less well defined sediment (hydrate-2) and
a needle-like crystal (crystal-1), as shown in Figs 1b
and 2b. The details of the structure and thermal prop-
erties of crystal-1 were reported in the previous work
[15]. Itwas defined ag-AgVOz; with monoclinic struc-
ture C2/c(#15) and was ascertained to be exothermally
transformed int@-AgVO3 at 249°C and molten at 475
°C.

DTA curve of the hydrate 2 is shown in Fig. 4. Clear
peaks appear at 290, 471, and 936and have been
analyzed in combination with the XRD data (Fig. 5b).
We can understand that the sediment is crystallized at
290°C from almost amorphous matter into crystalline
Ag>_xV40;11 and has improved continuously its crys-
tallinity up to 500C. This signifies that Ag should be
homogeneously dispersed in a®-nH,O phase. The
atomic composition of the hydrate was determined as
V:Ag =1:0.50 and supports the above crystallization
of crystalline Ag_xV 401, from the hydrate. Needle-
like crystal-1 ¢-AgVO3) was grown by consuming the
hydrate sediment and Agons in the solution. In other
words, hydrates are dissolved in the solution to react
with Ag™ ions and form a crystal in the solution. It is
interesting to find that after picking out all the crys-
tallites (crystal-1) from the system, crystal-1 was pro-
duced again by adding AgNGolution in the system.
We anticipate that there is a reaction from hydrate to
crystal-1 accompanied by Agand HO.

Ag,V 4011 + 2AgT + H0— 4a-AgVO5 + 2HT (1)

As can be anticipated by the DTA curve 3 for the crys-
tal-1 in Fig. 4, which shows that needle-like particles
are molten at 476, a rather clear endothermic peak
on curve 2 at 470C is ascribed to the melting of trace
contaminant of the former. The reason for this is that the
needle particles are too tiny to pick out by hand work.
The large endothermic peak at 3@6is due to melting

of the sample. The observed XRD pattern observed co-
incides completely with that of the phase, AgV 4011,
reported by Zandbergext al. who obtained this sample
by the solid reaction of AgD and \LOs5 [10]. Thus, the
presentwet method is convenientto produce this bronze
at a much lower temperature if one takes the sample in
the early stage of the reaction before the growth of the
crystal 1 (Fig. 1b).

System 3In this system the final solid product was
mainly composed of fine needle-like particles (crystal-
2) as seenin Figs 2c and 6a. However, fine dendrite type
crystal cannot be dismissed in this product (Fig. 6a).

Figure 5 XRD patterns of the samples heated atincreasing temperature$ € powder XRD pattern of this sample cannot be iden-
for 1 h. The number given for each peak at the left end of the curve indi-tified with any single or combination of Ag-V bronzes

cates the temperature. Heating temperatures: (a) hydrate-1 (system-3yhich have been reported so far. DTA and XRD mea-
1, 25°C; 2, 200C; 3, 250C; 4, 300C; 5, 400C; 6, 500C; 7, 550C.

A mark e is for Agy2—xV30Og; (b) hydrate-2 (system 2); 1, 26; 2,

250°C; 3, 300C; 4, 400C; 5, 500C; 6, 550C. (c) crystal-2 (system
3); 1, 25C; 2, 200C; 3, 450C; 4, 500C; (d) hydrate-3 (system 4); 1,

25°C; 2, 250C; 3, 300C,; 4, 400C.

surements indicated that this phase is kept up t6@71
which is somewhat lower than 475 observed forx-
AgVOs3. Judging from the much larger proportion of
the needle particles in the system, this thermal property
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Figure 6 TEM photograph (a) of the sediment for system 3, in which the white bar indicates a measure.nf 8rid electron diffraction patterns
of (b) a flat needle and (c) a dendrite particle, which were observed by introducing an electron beam normal to the particloptaned.

is due to the crystal-2. The chemical composition analcombinations of the other two miller indices if the
ysis indicates that this phase is one of the variables afnonoclinic crystal is placed on the substrate in par-
AgVO3 other tharw-AgVO3; and8-AgVO3. This was  allel with one of the planes (Fig. 7b). The electron
substantiated by finding that the melt was crystallizeddiffraction pattern of the crystal-2 shows the parallel-
into «-AgVO3 when guenched in an ice-water mixture ogram pattern for the monoclinic structure (apparently
(Fig. 5d) and intg3-AgVO3 when cooled slowly. This face centered) when the electron beam is introduced
is common behavior of AgV@which has been known normal to the flat particle plane (Fig. 6a). On the ba-
[16]. The crystal structure of the precipitates was examsis of these findings the least square fitting of XRD
ined by both XRD analyses in two modes (Fig. 7 (a) re-patterns from both reflection and transmission mode
flection and (b) transmission) and electron diffraction.experiments was tried and the crystal parameters were
Crystal-2 has a texture of flat needle-like particles ancda=3296 A, b=2.60A, c=3.62 A, andp =91.88".
thus should give diffraction peaks for sequential singleWe give the name&-AgVO3 for the monoclinic sil-
Miller indices changes in the reflection mode measurever vanadate (crystal 2). A density was determined by
ment. However, we can see two kinds of peaks in thepicnometry to be 4.22 g cni which is smaller than
pattern, i.e., small 3 sequential peaks at9.47,19.09, amti89 g cnv? for «-AgVO3 and 5.39 g cm® for 8-
28.79(d =9.34, 4.65, and 3.10A, respectively), and AgVOg3. The efforts to analyze the crystal structure
one strong peak at 30.07d =2.97 ,&). Then we can more definitely by using 4 circle XRD was not suc-
understand that there is another form of silver vanadateessful due to the small size of the specimen.
in the solid sample. The latter peak will be reasonably Electron diffraction patterns of the dendrite particles,
assigned to the diffraction by the main component bywhich are observed normal to the particle planes, are
its size, crystal-2. Thus, the former group of peaks isvaried from the particle to the particle of the sample.
due to the platelet fine dendrite particles shown in theHere one example is shown in Fig. 6b. This is not
left side of the picture (Fig. 6b). correspondent with the findir!g of the single sequen-
The transmission mode XRD pattern of a singletial diffraction peaksd =9.34 A) in Fig. 7a. Then we
crystal should give the diffraction peaks assigned bymay say here that chemical reaction is not equilibrated
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Figure 6 (Continued.

ble phase allowing for the largest density among three
AgVOj3 phases.

System 4The material obtained in this Agich sys-
temis ayellow sediment and its crystal structure may be
assigned ag-AgVOgs, as shown by the XRD patterns
which do not change up to the melting point (420 but

. . are sharpened their peaks with increasing temperatures,
. markedly between 300 and 4. This is supported by

the DTA curve of Fig. 4. Here again, when the melt is

quenched in an ice-water mixture, it is solidifiedoas
AgVOs3. Then, the sediment carries a characteristic state
different from the above crystal-1 and crystal-2, but
shows similar behavior to that of the former. The most
important finding in this system is concluded clearly
that theB-AgVO3; phase is quite easily formed at low
temperatures without paying special effort to mixing
the component metal oxides. This is compared with a

Figure 7 XRD patterns of the sediment for system 3 determined (a) ingglid state reaction at 42G in which AgO and V.05
the reflection mode in which peaks marked witlre for the dendrite are mixed and heated [11]
particles and (b) in the transmission mode. )

010

(@)

Intensity

20 /degree

after even more than one year, or a variety of phases a#k Conclusions

possible in this system. Thermal treatment of the sysA variety of reactions between, ®s-nH,O and Ag
tem, however, at 5@ did not affect the solid structure, were investigated in a wet system. The reactions pro-
while hydrothermal treatment at 20D for 24 h gave a ceed stepwise with increase in Agoncentration and
smallamount oB-AgVO3; which mightbe the moststa- gave a reaction phase diagram.
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(1) System 1. ¥Os+0.34Ag" +0.34H,0—
Ado.34V205(0OH)p.34 + 0.34H"

(2) System 2: 2yOs + 2Ag*T + H,O — AgoV4011
+2H*
AgoV4011+ 2Ag+ 4+ H,0 — 4a-AgVO3 + 2HT

(3) System 3: YOs +2Ag"T +H,O — 25-AgVOs3
+2H*

(4) System 4: YOs + 2Ag" +H,0 — 28-AgVOs3
+2H*

Three kinds of hydrates were precipitated in the
reactions (1), (2), and (4) which afford AgyV20s,
Ag>-xV4011, and B-AgVOs upon heating, respec-
tively. Two kinds of single crystalline needle-like par-
ticles were formedu-AgVO3 and a news-AgVOs. It

is proposed that reactions in the present systems are

invoked by the less well-defined crystal structure to-

09874148, are also thanked. Miss Y. Kawada is also
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