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Abstract. High product yield of highly crystalline layered M, V3Os compounds was obtained
under hydrothermal conditions from the V,Os5—Zn(OAc)2-2H>O-alkali metal salt—H>O system
at significantly lower reaction temperature than previously reported in neutral media for x =1
and M = K*, Rb*, and Cs*, and in basic media for x = 2 and M = K*. Unreacted Zn(OAc)2
may act as a catalyst and/or HOAc/OAc acts as a buffer in obtaining monopotassium salts
while enMe used to adjust pH can also act as a reducing agent in producing the dipotassium
salt. A new layered dipotassium zinc pyrovanadate compound, K>ZnV2O7, was formed when
twice the stoichiometric ratio of the zinc salt was used. Single crystal X-ray diffraction shows
the zinc compound to crystallize in the tetragonal space group P4o/mmm (No. 136) with a =
8.3478(16) A, ¢ = 11.297(3) A, V = 787.2(3) A3, and thus to be isomorphous with
KoMgV,07. The pentagonal-motif layer structure of KoZnV»O7 is similar to that of
Ko(VO)V:0y, but the unit cell parameters differ with approximate doubling of the ¢ axial
length when replacing the square-pyramidal VOs units of the [(V4O)(V>107)],#+ layer with
distorted ZnOy tetrahedra.
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1. Introduction

The layered main group trivanadates (MxV30Ogs) are of current interest due to potential applications in Li-ion
batteries [1, 2] and low-temperature magnetic devices [3]. Vanadium exhibits complex structural chemistry,
associated with the different valence states (+3, +4, +5), coordination numbers, and geometries (tetrahedral,
trigonal bipyramidal, square pyramidal, and octahedral) available to vanadium, that allows layers to be built
up from different polyhedral connections and orientations. As a result, several different varieties of layered
types have been reported [4-0].

Monopotassium trivanadate (KV;Ogor K(VO)2VOg) is a member of the MV;Og (M = K*, Rb*, Cs*)
family [7, 8]. Dipotassium trivanadate (K>V3Og) is a member of the mixed-valance fresnoite-type structure,
M2(V#*O)V>+,07; M = K*, Rb*, NH4™), of interest due to their low-temperature magnetic properties [3-4,
9]. This vanadate family crystallizes in the polar tetragonal space group, P4bwz, and contains polymeric
[(VHO)(V>H07)],# layers composed of equal numbers of building units of V4*Os square pyramids and
V5,07 pyrovanadates. The building units combine by corner-sharing basal O atoms such that all V=0
groups of the plane (and of the crystal) are oriented in the same direction parallel to the ¢ axis. Basal po-O
connections form a 2-D network of pentagonal motifs. The potassium coordination environment consists
of the pentagonal p»-O atoms of one layer and the five associated apical V=0 O atoms of the adjacent
layer giving a distorted pentagonal antiprismatic KO1o coordination environment as shown in Fig. 1.

— mirror plane,
----- glide plane

©

Fig. 1. Crystal structure of K,V3Os (a) projected onto the ab plane showing the [(VO)(V207]% layer and (b)
projected onto the ar plane with K* ions lying between layers, and (c) a perspective view of the
pentagonal antiprismatic KOjo coordination surrounded by tetrahedral and square-pyramidal
vanadium containing polyhedra [4]. (a) and (c) are in approximately the same otientation.

The melilite-type, A2*B2*CyO7 (A = alkali metal; B = divalent metal or similar charge, and C = pyro-
groups), layered vanadate structures are of interest for luminescence applications [10, 11]. They ate related
to the fresnoite-type structure except that the B>* dication site forms distorted tetrahedra as compared to
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the square pyramids of the fresnoite-type structure. The V=0 groups of each V207 pyrovavadate group
are otiented in opposite directions. Thete are two related space groups, P-4217 and P42/ mnm, in which all
B?+C,07 layers have the same vanadium polyhedra orientations and the A* monocations lie between the
layers in square antiprismatic coordination environment, but the two B2*CO7 layer types are related by
mirror planes and two crystallographically independent A* form a distorted square prism, respectively. If
the B?* dication site is an alkaline earth metal, the compounds crystallize in the monoclinic space group
P2, /n with BOg octahedra shating corners with pyrovanadates forming 2-D sheets of hexagonal motifs [10].

Various synthetic conditions, including reaction temperature and pH, and chemical sources affect the
structure type of the products and thus, the intrinsic structure inside the crystal. Most trivanadates have
been prepared at high temperature by ceramic synthesis routes [3-4,7-9,12-14] with difficulty in controlling
the composition of the mixed-valence vanadium compounds as in the synthesis of Ko(V#O)V>H07. Galy
and Carpy [4] obtained the single crystal product from solid state reaction of the KoxO—V>05—VO; system.
Twenty years later, the same compound was produced from the solid state reaction of KVOs3, V203, and
V205 in a sealed tube at 550 °C [3]. Finally, single crystals were prepared by cooling of VO3 in molten
KVO; flux in a platinum crucible sealed inside a silica container [9]. The mixed-cation pyrovanadate,
K2ZnV,07, was made by heating a 1:1:1 molar mixture of K>COs, ZnO, and V05 at 550 °C overnight,
regrinding and heating again at 550 °C for 2 days [12].

The methods are complicated and expensive with difficulties in controlling the homogeneity, particle
size, and morphology of the products. KV3Os was synthesized by acidification of the corresponding
metavanadate solution at near ambient temperatures of about 60-80 °C, but the quality of the single crystals
was not good enough [7]. Good single crystals of KV3Og were synthesized in low yield by hydrothermal
reaction at 250 °C of V205 powder with alkali metal nitrate, chloride, and sulfate solution [8], later K;V3Os
nanorods were prepared in low yield under solvothermal conditions at 200 °C employing a reducing agent
and ethanol as a solvent [13], and still later tubular-windows on sheet-like K>V3Os single crystals were
prepared in pure phase under hydrothermal conditions from KVO3;-KOH-apidic acid as a mild reducing
agent, buffer, and a potentially morphological directing agent at 180 °C for 2 days [14].

This work follows up on our previous report from a similar reaction system [15] where the diamines
incorporate into hybrid zinc-vanadium products. Herein we report a high yield hydrothermal synthesis of
highly crystalline M. V3Os. Reaction conditions were varied and enMe was used to adjust reaction pH and
as a reducing agent. Zn(OAc), employed as a potential catalyst in the formation of M\V3Og also became a
Zn?* source to replace VO?* ions forming K>ZnV>O7 as a product.

2. Experimental
2.1. Chemicals and Instrumentation

All reagents were used as received. All syntheses were carried out in PTFE-lined stainless steel reactors
under autogenous pressure. The 23 mL reaction vessels were filled to approximately 40% volume capacity.
Powder X-ray diffraction patterns were recorded on a Philips PW1830 diffractometer equipped with a Cu
Ka X-ray source (A = 1.54062 A) in the angular range 20 = 5-50°, with 0.05° step size and 3 s per step
counting time. XRD pattern analyses were carried out by the Traces program version 3. Single crystal X-ray
diffraction characterization utilized a Bruker Smart Apex CCD diffractometer equipped with a graphite-
monochromated Mo Ka X-radiation source (4 = 0.71073 A) and standard Bruker software [16]. Infrared
spectra of the samples were recorded using pressed KBr pellets on a Perkin-Elmer Spectrum GX FTIR
spectrophotometer in the range of 650-1100 cm! (5 scans, resolution 4 cm1).

2.2. Synthesis of Monopotassium (or Rubidium or Cesium) Trivanadates, MV3O0s

V205 (181 mg), Zn(OAc)2:2H>0O (220 mg), KOH (56 mg) or RbCl (121 mg) or CsCl (168 mg), and water
(2.0 mL), mole ratio 1:1:1:111 were heated at 110, 160, and 200 °C for 2 days. Initial and final reaction pH
was ~7 without adjustment. Orange plates of AV3Og were isolated with product yields as in Table 1.
Selected FT-IR bands (cm™): KV30s, 990 (w), 959 (s) and 737 (br); RbV30s, 1005 (m), 967 (s, sh) and 780
(sh), and 737 (br); and CsV30s, 1000 (m), 963 (s), 783 (sh), and 741 (br).
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Table 1. Product Yields of M(V3Os (Based on V2Os) as a Function of Temperature.

Reaction Temperature

Compound

110 °C 160 °C 200 °C
KV30s4 66 % 87 % 90 %
RbV30s 86 % 88 % 90 %
CsV303 91 % 94 % 100 %
KyV30s 60 % 80 %2 40 %»P
I(zZﬂVzO7 5%

a Reaction temperature for K217305 of 140 °C.
b The yield of K21750s for reaction temperature of 180 °C was 50 %.

2.3. Synthesis of Dipotassium Trivanadate, K;V30s

V205 (181 mg), Zn(OAc)22H20 (220 mg), KOH (56 mg), and water (2.0 mL), mole ratio 1:1:1:111 were
heated at 110 °C for 2 days. Initial reaction pH was adjusted to ~11 with enMe. Final reaction pH was ~9.
Black plates of KuoV30s (yield ~60%, based on V2Os) were obtained as the major product with a small
amount of black powder, (HenMe)>ZnVsOaz [15], as a minor product. The highest product yield (~80 %,
based on V20s) was obtained by increasing reaction temperature to 140 °C. The yield decreased with
increasing reaction temperature above 140 °C (yield ~40 % at 200 °C). Selected FT-IR bands (cm™'): 991
(m), 940 (w), 926 (vw), 817 (br) and 740 (bt).

2.4. Synthesis of Dipotassium Zinc Pyrovanadate, K»ZnV,0-

Procedure similar to that for K;V3Os except twice the stoichiometric amount of Zn(OAc)2-2H>O (2.0

mmol) was used. Heating at 110 °C for 2 days gave a mixture of black plates of K>V3Os, black blocks of
Zn(HenMe)2VsOgzo, and colotless needles of KoZnV;0O; with yields of ~60 %, ~35%, and ~5%,
respectively, based on V20s. Selected FT-IR bands (cm1): 936 (br), 896 (br), 851 (br) and 691 (br).

2.5. X-ray Crystallography
A single crystal of KoZnV,07 suitable for single-crystal X-ray diffraction with size 0.01 x 0.01 x 0.30 mm
was used. Unit cell parameters and space group were determined by standard procedures [16] from data

collected on a Bruker Smart Apex CCD diffractometer at 100£2 K. Crystal data are given in Table 2. The
new compound is isomorphous with KoMgV»Or7 [17].

Table 2. Crystal Data for KoZnV,0s.

Crystal Data for K»ZnV,09

Chemical formula KoO7VaZn
M; (Daltons) 178.72
Temperature (K) 10042
Crystal system, space group Tetragonal, P4»/ nnm
Unit cell parameters: a, (A) 8.3478(16)
6 (A) 11.297(3)
17, (A%) 787.2(3)
Z 2
Deae Mg m—) 1.508
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3. Results and Discussion
3.1. Hydrothermal Synthesis

Four M\V30s compounds were synthesized using water as an environmentally friendly solvent in the
hydrothermal reaction of V2Os and Zn(OAc)2-2H>O with alkali metal sources (KOH, RbCl, CsCl) in the
mole ratio of 1:1:1 in 2-day reactions. Previous work had found that both reaction pH and temperature play
crucial roles in determining the isolated solid product [18], and that the nature of organic sources and
solvent could lead to reduction of oxidation state of the transition metal and/or control of size and
morphology of the crystal products [13, 14]. With x = 1 and M = K*, Rb*, Cs*, orange plates were formed
in neutral media at 110 °C without an organic source, whereas for x = 2 and M = K*, phase-pure black
plates, similar to those of [14], were isolated from basic media at 140 °C, using an organic base (enMe) to
adjust pH and act as a reducing agent. Acetic acid/acetate in this work may be similar to apidic acid/apidate
in [14] which is suggested to act as a buffer. The acidic aqueous solvent gives plate morphology, compared
to the nanorods obtained under solvothermal reaction conditions employing ethanol as solvent and
reducing agent [13]. While the organic reactants and solvent are crucial factors, vanadium oxide sources
seem to have no effect on the size and morphology of the product (including acidity with V>Os observed
herein and previously [13] and basicity with KVOs; [14]). Zinc acetate acts as a good catalyst in the
formation of KoV3Og with relatively higher yield than previously obtained, but with the yield limited due to
Zn?* competing with VO?* ions forming KoZnV,07 with increasing amounts of Zn(OAc)2-2H20.

3.2. XRD patterns

Experimental XRD patterns of bulk samples of all compounds are compared to the simulated XRD
patterns calculated from previously reported single crystal X-ray structural results [8] in Fig. 2. The patterns
indicate highly crystalline pure phase products at all reaction temperatures with increasing crystallinity,
as shown by increasing intensity and sharpening of the XRD peaks [2], as reaction temperature increases.

(1) 200°C
(K) 160°C
(j) 110°C
(i) Simulated
CsV30q
’:’:\ VA "J‘A“MWMW« (h) 200°C
8
>
2 bt sl o \V4
o birfonsf (9) 160°C ¥ KaVsOs
0]
E e " N (f) 110°C O (HenMe),ZnVgO2
LUM\_J ”I ;i i i | (e) Simulated \v4
RbV;04 g
> %
W»\.,.L 4 I )L«-\A.L,_A h et () 200°C g
(V]
c
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S, ¥ P (b) 110°C (b) 140°C
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Fig. 2. Simulated and experimental XRD patterns for MV3;Og and K, V;3Os.
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The XRD patterns of MV;Os (Fig. 2(a)) also show highest crystallity for the MV30s phase at 200 °C. Fewer
diffraction peaks are observed for RbV;Os and CsV;Os relative to KV30s, indicating lower crystallity in
spite of the higher yields of 86 % and 91 %, respectively, even at 110 °C. Unreacted zinc acetate may
possibly act as a catalyst [19], significantly reducing reaction temperatute to near 100 °C for obtaining
MV;0s compounds as reported herein compared to 250 °C reported previously [8].

The XRD patterns of K>V3;O0s (Fig. 2(b)) also show highly crystalline phase K>V3Os at the optimum
reaction temperature of 140 °C (~80 % yield), significantly lower by 40 °C compated to the previous
hydrothermal reaction in slightly acidic (pH 4.5-6) solution [14] and by 60 °C compared to the solvothermal
reaction [13]. Unreacted zinc acetate is presumed to act as a catalyst [19] as noted above. At lower or higher
reaction temperatures than at 140 °C, black crystals of the 3-D nanoporous material (HenMe)>ZnVsOa
[15], were also formed.

3.3. The Crystal Structure of K»ZnV,0-

Single crystal X-ray diffraction shows KoZnV>07 to be isomorphous to KoMgV20O7 [17] with tetragonal
space group P4s/mnm (No. 136). The ¢ axis length is double that of K»V3Os, space group P4bm, consistent
with the existence of the mirror plane perpendicular to the [001] direction between two [BV207],>- layers
(B = Mg in [17] and Zn herein). The structure contains [ZnV,0O7],# layers with K* positioned between the
layers forming two unique distorted square-prismatic KOs coordination environments as can be seen in Fig.

3.

03xi

(b) ©)

Fig. 3. (a) Perspective view of the distorted square prismatic environments of the K* ions and projection
views of (b) K(1) and (c) K(2) in the centers of the pentagonal channels in KoZnV,07.

The layer consists of equal numbers of the two building units; the tetrahedral ZnOy units lying on —4
sites at 0,1/2,z and 1/2,0,z (z = /4 and 3/4) and V207 units positioned on 2.z sites similar to those
observed in KoV3Os (Fig. 4(d)) except the V=0 groups of pyrovanadate units are otriented in opposite
directions while they are oriented in the same direction in K,V3Os. The interlayer spacing is 3.230 A and
similar to that observed in KoMgV,07 [17], but larger than the 3.055 A in K(VO)V,07 [20] and smaller
than the 3.477 A in Rbo_MnV>O7 and the 3.444 A in KRbMnV,O7 [21]. The O—Zn—O angles of 114.25(13)°
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show smaller deviation from normal tetrahedral geometry compared to the O—Mn—O angles, 121.05(7),
117.42)°, 115.63(19)°, and 115(1)°, in KoMnV20O7; RbMnV,0; KRbMnV;O7, and KMnV,0O,
respectively. The V—O bond distances and the O—V-0O angles are in the normal range, similar to those
observed in RboMnV>0O7 and KRbMnV,05.
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L} A\ ol

K1l
@ @
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(]

/\

(b)

(d)
Fig. 4. Comparing the [ZnV>O7]* layer (a) projected onto the ab plane and (b) on the ar plane, with the
[(VHO)V207]% layer (c) projected onto the a4 plane and (d) on the ac plane; after [20].

3.4 Infrared Spectroscopy

Figure 5 shows FT-IR spectra of the vanadates. The spectrum of CsV3Og has medium and strong
absorption peaks at 1000 and 963 cm! due to the vibration modes of two distinct V=0 units. While the
shorter V=0 bond, at axial position of V3*Oy octahedra has d[V=0(1)] = 1.599(9) A and the longer bonds
at apical positions of V5*Os square pyramids have d[V=0()] = 1.602(7) A, this slight difference in
distance, 0.003 A, is not statistically significant. The significantly different distances involve V=0 O atoms
connecting to the MOjg coordination motif where d[IK—O(1)] = 3.093(9) A, with a shorter distance of 0.006
and 0.105 A compared to other d[K—O(4)] = 3.098(6) and 3.197(6) A, respectively. Comparing these IR
peaks with those of isostructural compounds; 1005 and 967 cm=' for Rb, and 990 and 959 cm-! for K,
suggest the V=0 bond distance of CsV3Ogsis shorter than in KV3;0s and longer than RbV;0s, not in
agreement with those observed by Oka e a/ [8]. The broad absorption peak near 740 cm-l, and the
shoulders near 780 cm~" are assigned to the antisymmetric stretching and bending modes of the V-Oy, bond
and V-O-V bridges, however, it is very difficult to correlate and classify the Oy bond, where b are bridging
O atoms, with bending modes from infrared spectroscopy.

For KoV;Os, the strong and very weak absorption peaks at 991 and 940 cm! are assigned to the
vibrational modes of two V=0 bonds at apical positions of V#*Os square pyramid and V>*Oy tetrahedra
along the ¢ axis, d[V=0,] = 1.582(6) and 1.628(11) A, respectively, due to the five associated apical V=0 O
atoms of pentagonal antiprismatic KO1o coordination environment. There are three shorter bonds, d[K-O)]
= 2.769(11) and 2.904(11) A and one longer bond, d[K-O] = 3.512(6) A, related to apical positions of
square pyramids and tetrahedra, respectively. Three absorption peaks at 926, 817, and 740 cm-! are assigned
to the antisymmetric stretching and bending modes of bridging V—O,—V units related to the 2-D vanadium
and basal-plane oxygen atoms in the @b plane [4, 9, 14, 20].
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The broad bands at 936, 896 and 851 cm'in the IR spectrum of K;ZnV>0O7 correspond to the

vanadate bonds with distances of 1.643(3), 1.707(2) and 1.806(2) A [22], and the broad peak at 691 cm- is
assigned to the bending mode of the bridging V-Op—V units.

%T

_ K,ZnV,0;

K,(VO)V,0;

896 601

KV;0g 926 ' 740

1100.0 1050 1000 950 900 850 800 750 700 650.0

cm-1

Fig. 5. FT-IR spectra of alkali metal vanadates.

4.

Conclusions

Four layered trivanadate compounds have been prepared in high yield by hydrothermal synthesis from
V205 and KOH in mole ratio 1:1 (MV30s, M = K, Rb, and Cs, in neutral media, and mixed valence
K>V30s in basic media) with reaction temperature lower than previous reports due to zinc acetate possibly
acting as catalyst and enMe, in the latter case, as a reductant to reduce V>* to V4 as well as in ethanol. The
new mixed cation pyrovanadate, KoZnV>O5, formed as a competing product when the quantity of zinc
acetate catalyst was increased. This simple, inexpensive, and environmentally friendly hydrothermal
preparation route can be developed to prepare other layered vanadates systems.
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