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Reactions between the three components Ag,0, V,0s, and HF g were investigated under hydrothermal conditions,

and the recovered phases were, in increasing Ag:V content,

A92V4011, ﬂ-AgVO;ﬁ,, Ag4V206F2, Ag4V207, and (l-Agg-

VO,. A higher ratio of Ag,0 to V,0s, as compared to a stoichiometric ratio, was required to synthesize AgsV,0gF»,
AgsV207, and o-AgsVO,. Owing to their solubility differences, the crystallization regions are not centered around
the respective 2:1 and 3:1 Ag,O/V,0s tie-lines but rather are centered along the 4:1 and 8:1 Ag,O/V,0s tie-lines.

Reactions with a 4:1 Ag/V ratio either resulted in AgsV-0
recovered in between 80% and 100% yield based on V,Os.

¢F2 at 150 °C or Ag,V,0; at 200 °C. Products were
Red transparent crystals of a-AgsVO, crystallize in the

monoclinic space group C2/c, with cell parameters a = 10.1885(16) A, b = 4.9751(8) A, ¢ = 10.2014(17) A, B

= 115.754(3)°.

Introduction

Mixed metal oxide fluoride species can be generated in
direct hydrothermal reactions of early and late transition

metal oxide precursors in the presence of hydrogen fluoride

(e.g., (HF)-pyridine or HRaq).>» Whereas numerous inor-

ganic—organic hybrid materials have been made, the use of

HF ) has led to purely inorganic oxide fluorides, e.g.6Ag
Mo,0O;FsCl and AgV,0sF>.57° In these reactions, aqueous
HF acts as a mineralizer and provides a source of fluoride,
which may be incorporated into the product.

Owing to their application as primary battery materials,
the silver vanadium oxides have been studied interfsély.
While various silver vanadates are known, )XgOsF2
represents the first phase reported in the@gV ,05—HF )
system. This work focuses on the A¥-V,05—HFy)

*To whom correspondence should be addressed. E-mail:

northwestern.edu.

(1) Norquist, A. J.; Heier, K. R.; Stern, C. L.; Poeppelmeier, Klrrg.
Chem.1998 37, 6495-6501.

(2) Norquist, A. J.; Heier, K. R.; Halasyamani, P. S.; Stern, C. L.;
Poeppelmeier, K. Rinorg. Chem.2001, 40, 2015-2019.

(3) Maggard, P. A.; Nault, T. S.; Stern, C. L.; Poeppelmeier, KJR.
Solid State Chen2003 175, 27—33.

(4) Sorensen, E. M.; lzumi, H. K.; Vaughey, J. T.; Stern, C. L,
Poeppelmeier, K. RJ. Am. Chem. SoQ005 127, 6347-6352.

(5) lzumi, H. K.; Sorensen, E. M.; Vaughey, J. T.; Poeppelmeier, K. R.
U.S. Provisional Patent 60,606,475, September 1, 2004.

(6) Liang, C. C.; Bolster, M. E.; Murphy, R. M. U.S. Patent 4,310,609,
January 12, 1982.

(7) Liang, C. C.; Bolster, M. E.; Murphy, R. M. U.S. Patent 4,391,729,
July 5, 1983.

(8) Takeuchi, K. J.; Marschilok, A. C.; Davis, S. M.; Leising, R. A;;
Takeuchi, E. SCoord. Chem. Re 2001, 219 283-310.

krp@

1704 Inorganic Chemistry, Vol. 46, No. 5, 2007

system to search for additional silver vanadium oxide fluoride
phases and to elucidate the relationships between the other
majority all-oxide phases formed. During this investigation,
the well-known silver vanadium oxides Ag;011, 3-AgVOs,
Ag4V,0;, ando-AgsVO, were generated in addition to the
aforementioned Ag/,OgF,, of which only AgV,0:; and
B-AgVOs previously had been made hydrothermaiyThe
versatility of aqueous hydrofluoric acid to form a wide
variety of silver vanadium oxides is noteworthy and ap-
preciable compared to other techniques.

In the 1930’s, Britton and Robinson more thoroughly
investigated solutions of silver and vanadium salts first
studied in the late 1800%.0f interest were the ionic species
remaining in the solutions upon precipitation of AgyO
Ag4V,0;, and AgVO,. For example, in solutions targeting
a Ag:VO, precipitate, the ions present were not*Agnd
VO~ but rather Ag, HVO4?~, and OH . Konta et al. also
studied solution chemistry of silver vanadium oxides by
varying the pH between 7 and 14 and the temperature
between 273 and 298 K, and various oxides such as
o-AgVOs, -AgVOs, AgsV207, and AgVO, were synthe-
sized from aqueous solutions of Agh@nd either NEVO;
or NaVO,.*2 Moreover, solid-state reactions between®@g
and V,Os have been used to form the aforementioned silver

(9) Mao, C.; Wu, X.; Pan, H.; Zhu, J.; Chen, Nanotechnology005
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vanadates and two others, Ag¥g and AgV,O;:.12 Included
in these reports were the transition temperatures beteeen formula

f-, andy-AgVO; phases. Since then, crystal structures for fw

Ag,V 4011, a- andB-AgVOsz, and AgV,0; have been solved space group

Table 1. Crystallographic Data for AfyO,

AgVO4
438.55
C2/c (No. 15)

T A 10.1885(16
and phases such asAgVOs, $-AgsVO,, and nonstoichio- §§A§ 4.9751@&) )
metric compounds, such as A§Os and Ag.+«V30g, have c(A) 10.2014(17)
been observed~8 During review of this manuscript, the B (deg) 115.754(3)

. V (A3) 465.73(13)

authors became aware of an independent study on the z 4
structures of- and 8-AgsVO, from refinement of powder I ((/Z\():) o_%igézg)

- I I 9 :
X-ray diffraction patterngs _ e (glor?) 6.254

Recently, other processes have been reported to synthesize u (mmY) 14.266

i i i i R1(F)? 0.0295
silver vanadium oxides. For example, sglel techniques WR2E2)P 00771

have been used for the synthesis of,Y&g0:;. The process
involves a \l0s-nH,O gel combined with a silver-containing
salt, which is then heated at up to 430 for up to 24 h. )
Another method investigated by Kittaka et al. utilized [OF A920—V:0s—HFqg was constructed by varying the
mechanical ball milling of different ratios of A@ and \6Os molar ratio of reagentls Wh|le mamtammg_ a constanF total
to produce amorphoua-AgVOs, crystalline AgV,O, or number_of moles. Reglons in the cpmpqsmon space diagram
AgaVO, with additional phase®. are outlined on the basis of the identity of the recovered

Very few reports exist in the literature discussing the products as determined by powder X-ray diffraction. Though

synthesis of silver vanadium oxides using hydrothermal a mlxtur_e_ of prOdUCtS Is recovered from reactions Wh?n a
) . . composition lies on or near a boundary between regions,
techniques. Liu et al. produced small microcrystals-480 ) . . . .
nm wide and lengths of up to tens of micrometers (nanow- single phases were formed in the middle of a defined region.
ires) of 3-AgVOs; from solutions of NHVO3 and either Ag-
CQOs; or AgGH30; heated under hydrothermal conditiofis.
Additional phases were also recovered, suclwasgVOs, Caution. Hydrofluoric acid is toxic and corrose and must be
upon variation of temperature, pH, and reagents. Takeuchihandled with extreme caution and the appropriate protecgear!
et al. proposed the use of hydrothermal methods in the If contact with the liquid orvapor occurs, proper treatment
. : . . .
synthesis of the cathode material AgO;1 (SVO)2! The procedures should be followed immediatély:
desired small particle size<L um in diameter) has potential Materials. Agz0 (99.5%, DFG), YOs (99.6%, Alfa-Aesar), and
to improve the modern high-rate SVO batteries by providing 2dueous hydrofluoric acid (480% HF by weight, Fisher) were
higher current pulses more rapidly. Experimental details usgini;;:izecl:\sgt.als of-AgsVO, were prepared from a reaction
. i . A OL- 3 4
remain to be specified. However, Mao et al. synthesized 10 of 0.5675 g (2.449% 102 mol) of Ag,O, 0.0557 g (3.06¢ 104
30 nm thick, 76-200 nm wide, and 25 mm long crystallites

. mol) of V,0s, and 0.2522 g of Hq (6.179x 1073 mol HF) in a
(nanobelts) of Agv4Oy; from an aqueous solution of®@s, heat-sealed Teflon [fluoro(ethylen@ropylene)] pouch® The

AgNOs, and 1,6-hexanediamine heated under hydrothermal yo,ch was placed in a 125 mL, poly(tetrafluoroethylene) (PTFE)
conditions at 180C for 2 days’ Teflon-lined Parr autoclave, backfilled with 42 mL of deionized

From the hydrothermal reactions and conditions reported H2O. Up to seven pouches of varied compositions were simulta-
herein, four silver vanadium oxides and one silver vanadium neously placed in the autoclave to complete a greater quantity of
oxide fluoride were observed. Polycrystalline g0, and reactions while using one pressure vessel. The autoclave was heated
B-AgVOs and single crystals of Al ,06F» AgaV,0;, and at 150°Q for_24 h and cooled at a rate of°€/h. The pouch was
a-AgaVO,—the structure of the latter is reported here aiso opened in air, and the contentg Wer% vaguum-flltered to retrieve
were synthesized by reaction of the binary oxides@gnd bright red crystals ob-AgsVOs in 78% yield based on X0s.

? . . . Identical reaction conditions, other than reagent ratios, were used

V05 with HF 5 as a mineralizer in a pressure vessgl_at—150 to make AgV4Ou1, B-AgVOs, and AgV OgF,. Products were
200 °C under autogenous pressure. The composition SPaC&nalyzed by powder X-ray diffraction.

Ag,V 4011 was made using 0.2678 g (1.155102 mol) of Ag,0,
0.4198 g (2.308< 102 mol) of V,0s, and 0.2328 g of H (5.703
x 1072 mol HF). The product was recovered in 98% vyield based

3R1= 3 ||Fo| — IF|l/ZIFol. PWR2 = [FW(Fo? — FA)ZFw(Fe?)? Y2

Experimental Section
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I AgsVO,

[ AgsV,04F;
W AgVO,

M Ag;V40y

0.6 V,0, A HF

Figure 2. Composition space for the hydrothermal system ob@g
V205—HF@aq). Formation regions for the silver vanadates and the silver
vanadium oxide fluoride are outlined. Line A represents a constapyHF
quantity while varying AgO/V,0Os ratio, increasing toward a higher silver
fraction. Line B represents a constant 4:1,8¢V,Os ratio, increasing
toward a higher HEq) fraction.

Figure 1. Thermal ellipsoid plot (showing 50% probability) of-Ags-
VO4. Vanadium is tetrahedrally coordinated to four oxide ions. Each oxide
ion is tetrahedrally coordinated to one vanadium and three silver ions.

AgsV-0; was made using 0.3970 g (1.7%310-3 mol) of Ag,O,
0.0777 g (4.272 104 mol) of V05, and 0.2561 g of Hf (6.274 Table 2. Products of the Hydrothermal AQ—V;0s—HF(q) System
x 1073 mol HF). However, the system was heated for 24 h at 200 Are Dependent on the Molar Concentration of jdfat Varying Ag:V

°C instead of 150C. The product was recovered in 100% yield Ratios
based on YOs. X
Crystallographic Determination. Single-crystal X-ray diffrac- AgVIHF@g)  AgaVaOn  AgVOs  AgQaVoOsF2  AgsVO4
tion data were collected on a Bruker SMART-1000 diffractometer 11 P 2
equipped with Mo K« radiation § = 0.71073 A). Reflections were 2:1x 15 7
integrated with the SAINT-Plus progra#hThe structure was solved 4:1x 15 4
in space group o€2/c by direct methods and refined agairst 8:1x 20
using full-matrix least-squares technig@é3he a-AgsVO, crystal 2t should be noted that the values foare not accounting for the moles

was twinned, and absorption correction on one twinned data setof water in HRaq)

was applied using Twinabs, a part of the SAINT integration . . . .
program. That set of diffraction points was used to solve the a constant overall metal oxide/kdf; ratio (Figure 2, Line

structure including anisotropic displacement parameters before a”), @nd second, keeping the Ag/V0; ratio fixed while
final refinement with all reflections. See Table 1 for crystallographic Varying the amount of Hg, in the system (Figure 2, Line
data, Figure 1 for a thermal ellipsoid plot, and the Supporting B).

Information for the crystallographic information file. Constant HFq). In the first trend, reactions with an
Powder X-ray Diffraction. Powder X-ray diffraction patterns  increasing AgO/V,Os ratio yield products with higher silver
were collected on a Rigaku XDS 2000 with Ni-filtered CwtK  contents. However, there is no direct stoichiometric relation-

radiation ¢ = 1.5418 A) and compared with patterns recorded in ship between the A@/V,0s starting ratio and the silver-
the JCPDS (Joint Committee of Powder Diffraction Standards) tg_yanadium ratio in the product. For example, 1:1,@4
database. V05 in a hydrothermal reaction (this work), in a typical
Results and Discussion solid-state reaction, or in a mechanochemical reaction yields
) ) _ B-AgV03.132028 However, at 2:1 AgO/V,0s the reported
At different mole ratios of AgO, V>0s, and Hk,q in the system (with an appropriate quantity of jff mentioned

hydrothermal system at 150C, Ag,V4Ou, f-AgVOs later) yieldsp-AgVOs, whereas in solid state and mechan-
AgaV206F, anda-AgsVO, are observed (Figure 2). Unlike  ochemical reactions AY.0; forms. For hydrothermal

the solid-state reaction products, Ag¥s and AgV.0; were reactions, AgV-OsF» is phase pure at 4:1 AG/V-0s, and

not observed? Particularly noteworthy is the presence of a similarly a-AgaVOy, is only obtained phase-pure at ratios of
single oxyfluoride AgV>OsF, and the absence of the oxide  g.1 Ag,0/\/,0s. The silver not incorporated in the final solid
AgaV,0O (at 150°C), both which have the same Ag/V ratio.  proquct for the reported system remains in solution, rather
However, at 200°C, AgiVO; is observed instead of  than forming an amorphous phase, as evidenced by precipi-
AgaV206F2, which will be addressed later. The composition  (ation of AgCI with hydrochloric acid. Other hydrothermal
space focused on the kdfyrich region because experiments - gyniheses of silver-containing compounds have also been
with insufficient HR.g under any of the aforementioned  mgre successful (higher yield) upon an excess addition of
conditions resulted in incomplete solubilization and only ¢ silver-containing reage?t3° Indeed, as early as 1930,

partial reaction of the reactants. In addition, in order t0 j; \as noted that precipitation of AYO, from 3:1 sodium
optimize the synthesis (in particular the yield) ofAGOsF2,  yanadate and AgNQoccurred more readily with excess
the composition space diagram was studied in two different AgNO, 11

ways. First, varying the Ag/V,0s ratio while maintaining

(28) Kittaka, S.; Nishida, S.; lwashita, T.; Ohtani,J..Solid State Chem.

(26) SAINT-Plus version 6.02A; Bruker Analytical X-ray Instruments, 2002 164, 144-149.
Inc.: Madison, WI, 2000. (29) Barthelet, K.; Riou, D.; Ferey, Golid State Sci2001, 3, 203-2009.
(27) Sheldrick, G. MSHELXTL, version 5.10; Bruker Analytical X-Ray (30) Hu, J. Q.; Deng, B.; Zhang, W. X.; Tang, K. B.; Qian, Y.Imt. J.
Instruments, Inc.: Madison, WI, 1997. Inorg. Mater.2001, 3, 639-642.
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JEQL 7000F 30KV X20,000 WD 6.0mm
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Figure 3. SEM of (a) AgV4011 and (b) AgV20eF, particles from
hydrothermal synthesis.

Constant AgO/V,0s. The second trend in the AQ—
V205—HFaq composition space shows that product forma-
tion depends on the quantity of Kk added, while main-
taining a constant A®/V,0s ratio. The mineralizer in the
hydrothermal reactions plays an important role in determining

the speciation and solubilities of reactants. Reactions are

more favorable when the mineralizer initially helps solubilize

the reactants, but if the mineralizer prevents any product from

Figure 5. Primitive cells ina-Ag3VO,4 have a distorted “anti” sphalerite-
type structure of face-centered Ag and V cations with @nions in either
T+ or T- holes. Blue= Ag, orange=V, red = O.

in the composition space. Originally with the intent of
growing larger crystals of A ,0sF., hydrothermal reactions
were carried out at higher temperatures (Z@) where
larger, red-orange crystals of AgO; were recovered. To
study the differences between the two systems producing
Ag4V 062 and AgV,0;, a series of reactions was performed
using alternate heating temperatures and durations (equal
amounts of reactants were loaded into the reaction pouches
to form the two different products). Similar heating profiles
were used, as described previously, with holding the

forming by either dissolving it or stabilizing the reactant Maximum temperature between 150 and 2@0at 10°C

species in solution, no reaction occttdn the aforemen-
tioned system, the higher mole ratio of @} solubilizes
some of the silver well enough to prevent it from combining
with vanadium into a precipitate (Table 2). At a 1:1 849
V05 ratio, B-AgVO; was obtained at a low Hig) quantity
and AgV.0.; was made by increasing the Hiy content.
At a 2:1 AgO/V,0s ratio, AgV.06F, formed with a low
HF concentration, and increasing the @&J quantity
yielded AgVG;. Finally, at a 4:1 AgO/V,0s ratio, o-Ags-
VO, formed with a low Hizg concentration while Ag/,OgF>
formed at a higher Hi, concentration.

The two tendencies above, however, do not address

completely the formation of Agy,07 in lieu of Ag,V.0g6F

(31) Sheets, W. C.; Mugnier, E.; Barnabe, A.; Marks, T. J.; Poeppelmeier,
K. R. Chem. Mater2006 18, 7—20.

increments. Whereas Ag.0O; was observed at temperatures
as low as 170°C, it was the dominant phase replacing
Ag4V,06F, above 190°C. The silver vanadium oxide phases
observed from reactions at 183G were also observed from
reactions at 200C. Because reactions heated to a maximum
temperature of 200C were cooled slowly, such reactions
would be at temperature above 1350 for 500 min longer
than those where the maximum temperature was initially 150
°C. Adjustments to the heating duration such that the total
reaction time (heating and cooling) were the same at any
given maximum temperature yielded no difference.

In regard to the earlier discussion on small particle sizes
of the battery material Ay 4014, the particle sizes the battery
materials made in the reported system were considered.
Synthesis of AgV 401, yielded particles that are on the order

Inorganic Chemistry, Vol. 46, No. 5, 2007 1707



Albrecht et al.

(a) o1 (b) edge in the UV~visible light spectrum and electrical and
ionic conductivity are common to materials withCailver
cations. Indeedp-AgsVO, is bright red and was reported

, o1 02 to increase the ionic conductivity of silver at ambient
o1 Ag1 Ag2 . 5
temperature when added to either Cul or Ag®
02 or K3VO,4 and KCr(0Oy)4 are two compounds with structures
02 similar to that ofa-AgsV0,.3738 Both structures are “anti”
sphalerite-type with cations in a cubic close-packed arrange-
02 ment and the oxide or peroxide anions, unlikeAgsVO.,
Figure 6. Coordination environment of silver atoms AgsVO,. (a) i -
Pseudo-see-saw with bond angles of-@31—-01 = 98.13(9), O1—-Agl— occgpy n Only.the T holes. Th(? reason why. Ag.3\./o4
02 = 100.73(14), 01-Agl—02 = 176.47(15), OT—Agl—02 = 91.11- exhibits alternating 96||S of OIDDOSIte tetrahedral p(?SItIOhS may
(13, 01—Ag1—02 = 84.40(13}, ?\nd 02-Agl-02= 81.24(147 and be because of the interactions between silver ions. Jansen
bond lengths AgtO1 = 2.164(4) A, AgE-01 = 2.444(4) A, Agt02 i di
2 2.505(2) A, and AgLOZ — 2196(4) A. (b) Distorted square planer notes that there are fre_quently o!rastlc dlfferences l?etween
with linear O1-Ag2—01 and 02 Ag2—02 bond angles and GAg2— structures of ternary silver(l) oxides and their _sodmm or
02 = 97.57(14) and bond lengths Ag201/01 = 2.364(4) A and Ag2 potassium analogues, where the monovalent cation is present
02/02 = 2.374(4) A. in a high ratio, such as the tendency for the silver cations to

aggregate to form two-dimensional ribbons or layers with

of 1 um in dimensions (Figure 3&}.In contrast, the particle the silversilver distances less than 3.30°4.

sizes of as-prepared Ag,OgsF, are more widely dispersed

from Iarge crystals to _sub-micromett_ar particlt_as (Figure 3b). ~gnclusions

Synthesis of more uniformly small sized particles may also

improve the performance of batteries incorporating\A®sF> The Ag@O—V,0s—HFq system produces a variety of

as the active cathode material. silver vanadium oxides and one silver vanadium oxide
Structure of a-AgsVO, The structure ofa-AgsVO, fluoride under the hydrothermal conditions at 18Q.

consists of a cubic close-packed arrangement of metal ionsElevating the temperature, Ag,0; is formed instead of

(silver and vanadium) with the oxide anions occupying half Ag,V.0sF, at 200°C. The versatility of this system was

of the tetrahedral positions, roughly creating an “anti” shown in producing four stoichiometrically different silver

sphalerite-type (ZnS) structure (Figure 4). However, sphaler- vanadium oxides, as well as forming particles of,¥gO11

ite-type does not adequately describe the extended structurgotentially small enough for improving specific applications

for a number of reasons. First, the cations occupy the close-and excellent crystals ak-Ags:VO, large enough for the

packed positions rather than anions (ergo the “anti” modifier). single-crystal X-ray diffraction study.

Second, the oxide anions are split betweeraid T- holes
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