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Abstract. A new zinc vanadate Zn2(OH)VO4 has been
synthesized by an electrochemical-hydrothermal method and
characterized by single crystal X-ray diffraction. The com-
pound crystallizes in the orthorhombic system, space group
Pnma, a = 14.645(1) AÊ , b = 6.0215(5) AÊ , c = 8.8757(8) AÊ , V =
782.7(1) AÊ 3, Z = 4, measured at 223 K. In the structure, ru-
tile-type [ZnO6] octahedral chains are interconnected by
[VO4] tetrahedra to form a framework of composition

[Zn(OH)VO4], the voids of which are filled by Zn cations
with trigonal bipyramidal and octahedral coordination. The
structure is closely related to that of the adamite-type phases
and the minerals descloizite PbZn(OH)VO4 and tsumcorite
Pb0.5Zn(H2O)AsO4.
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Elektrochemisch-hydrothermale Synthese und strukturelle Charakterisierung
von Zn2(OH)VO4

InhaltsuÈ bersicht. Ein neues Zinkvanadat Zn2(OH)VO4

wurde durch elektrochemisch-hydrothermale Synthese dar-
gestellt und durch Einkristall-RoÈ ntgenstrukturanalyse cha-
rakterisiert. Die Verbindung kristallisiert orthorhombisch,
Raumgruppe Pnma, a = 14,645(1) AÊ , b = 6,0215(5) AÊ , c =
8,8757(8) AÊ , V = 782,7(1) AÊ 3, Z = 4, bei 223 K. In der Struk-
tur sind rutilartige oktaedrische Ketten von [ZnO6] durch

[VO4]-Tetraeder zu einem Gitter aus [Zn(OH)VO4] verbun-
den. Die ZwischenraÈume sind durch Zn-Kationen mit trigo-
nal-bipyramidaler und oktaedrischer Koordination gefuÈ llt.
Die Struktur ist eng verwandt zu Phasen vom Adamit-Typ
sowie zu den Mineralen Descloizit PbZn(OH)VO4 und
Tsumcorit Pb0,5Zn(H2O)AsO4.

Introduction

Many zinc vanadates synthesized by high temperature
solid state reactions have been reported [1±8]. More
recently, hydrothermal methods are proved to be ef-
fective for the synthesis of new vanadium compounds
[9], including zinc vanadates such as Zn0.25V2O5 ´ H2O
[10], Zn0.4V2O5 ´ 0.5(CH3)4N [11] and Zn3(OH)2V2O7 ´
2 H2O [12]. In the compounds with high Zn : V ratios,
the vanadate anions are usually isolated VO4 tetra-
hedra while in compounds with low Zn : V ratios ex-
tended structures containing VO6 octahedra are
formed. These compounds are of interest because of

their potential application as cathode materials in
lithium batteries and electrochromic devices [13]. The
control of products from hydrothermal reactions is of-
ten difficult because of the high sensitivity to the spe-
cific reaction conditions. However, hydrothermal
syntheses often result in well developed single crys-
tals. Recently we have investigated hydrothermal
syntheses in which one of the metal ion reactants is
electrochemically introduced in order to obtain better
control over product formation. We have reported
previously a new barium vanadate, BaV7O16 ´ n H2O,
synthesized using this method [14]. Here we report on
the new zinc vanadate Zn2(OH)VO4 prepared by
electrochemical hydrothermal synthesis.

Experimental

The synthesis experiments were performed using a Teflon-
lined autoclave (inner volume: 100 ml) fitted with feed-
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throughs for electrical connections between the electrodes
inside the reaction chamber and the external circuit. In a ty-
pical experiment, 1.5 g Zn(NO3)2 ´ 6 H2O (Aldrich) and 0.98 g
CsNO3 (Aldrich) were dissolved in 40 ml deionized water.
The solution (pH = 6.2) was sealed in the autoclave in air.
The anode (working electrode) was a vanadium metal plate
(20 × 10 × 0.254 mm). A gold foil was used as cathode (coun-
ter electrode) and a Pt wire as a pseudoreference electrode.
The experiment was conducted with a current density of ca.
1 mA generated by a commercial power source (MacPile,
Biologic Scientific Instruments) at 170 ± 2 °C for 115 hours.
Pale brown needles of Zn2(OH)VO4 were formed as a layer
of thickness 0.05±0.15 mm on the vanadium electrode. Dark
blue lamellae of an unknown phase were found between this
layer and the vanadium metal electrode plate. Some orange
crystals of the known compound CsV3O8 [15] were recov-
ered from the solution.

The composition of the crystals was analyzed with a
JEOL JXA-8600 electron microprobe operating at 15 KeV
with a 10 lm beam diameter and a beam current of 30 nA.
Counting times in the range of 40±100 sec were used for
both peaks and background. The measured atomic ratio of
Zn : V = 1.98 : 1.00 is consistent with the formula derived
from the structure refinement. The infrared spectrum was
measured with a Galaxy FTIR 5000 spectrometer using the
KBr pellet method. Two sharp peaks were observed at
3464 cm±1 and 3198 cm±1 respectively, corresponding to the
stretching vibration of the hydroxyl groups. Other peaks ob-
served: 1116, w; 1012, w; 984, s; 926, s; 850, s; 791, s; 716, vs,
667 cm±1, s.

For single crystal X-ray data collection, a prismatic crystal
with approximate dimensions 0.11 × 0.02 × 0.02 mm was
mounted on a glass fiber using silicon sealant. Intensities
were measured on a SMART platform diffractometer
equipped with a 1 K CCD area detector using graphite-
monochromatized MoKα radiation at ±50 °C. A hemisphere
of data (1271 frames at 5 cm detector distance) was collected
using a narrow-frame method with scan widths of 0.30° in x
and an exposure time of 30 s/frame. The first 50 frames were
remeasured at the end of data collection to monitor instru-

ment and crystal stability, and the maximum correction ap-
plied on the intensities was <1%. The data were integrated
using the Siemens SAINT program [16], with the intensities
corrected for Lorentz factor, polarization, air absorption, and
absorption due to variation in the path length through the de-
tector faceplate. Final cell constants were refined using
2502 reflections having I > 10r(I). An empirical absorption
correction was made using the program SADABS [17].

The structure was solved by direct methods and refined
using SHELXTL [18]. All non-hydrogen positions were
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Table 1 Crystal data and structure refinement for
Zn2(OH)(VO4)

Temperature 223(2) K
Crystal System Orthorhombic
Space group Pnma
Unit cell parameters a = 14.645(1) AÊ , b = 6.0215(5) AÊ ,

c = 8.8757(8) AÊ , V = 782.7(1) AÊ 3, Z = 4
Density (calculated) 4.459 Mg/m3

Absorption coefficient 14.4 mm±1

Crystal size 0.11 × 0.02 ×0.02 mm
Radiation/Wavelength MoKα /0.71073 AÊ

h range for data collection 2.7 to 28.5°
Limiting indices ±18 ≤ h ≤ 17, ±4 ≤ k ≤ 8, ±11 ≤ l ≤ 10
Reflections collected 4398
Independent reflections 997 [R(int) = 0.0416]
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 997/2/95
Goodness-of-fit on F2 1.175
Final R indices [I > 2r(I)] R1 = 0.0339, wR2 = 0.0650
R indices (all data) R1 = 0.0482, wR2 = 0.0691
Extinction coefficient 0.0010(3)
Largest diff. peak and hole 0.962 and ±1.018 e AÊ ±3

R1 = R||Fo| ± |Fc||/R|Fo|. wR2 = [R(w(F2
o ± F2

c)2)/R(wF2
o)2]1/2,

w = 1/[r2(F2
o) + (0.0279 P)2 + 1.6853 P] where P = (F2

o + 2 F2
c)/3

Table 2 Atomic coordinates ( × 104) and equivalent isotro-
pic displacement parameters (AÊ 2 × 103) for Zn2(OH)(VO4).
Ueq is defined as one third of the trace of the orthogonalized
Uij tensor

x y z Ueq

Zn(1) 4267(1) 2500 4097(1) 11(1)
Zn(2) 2903(1) 7500 8446(1) 9(1)
Zn(3) 3601(1) 9967(1) 1252(1) 9(1)
V(1) 4256(1) 2500 8110(1) 5(1)
V(2) 3383(1) 7500 4798(1) 5(1)
O(1) 2533(3) 7500 6252(5) 7(1)
O(2) 4031(3) 2500 6251(5) 10(1)
O(3) 4601(3) 7500 1543(6) 11(1)
O(4) 3783(2) 140(6) 8884(4) 11(1)
O(5) 4384(3) 7500 5637(6) 13(1)
O(6) 3312(2) 9891(5) 3688(4) 8(1)
O(7) 4396(3) 2500 1837(6) 9(1)
O(8) 2779(3) 7500 735(5) 6(1)
H(1) 5066(34) 2500 1744(147) 79(45)
H(2) 2141(36) 7500 645(203) 140(72)

Table 3 Selected Bond lengths(AÊ ) and angles(°) for
Zn2(OH)(VO4)

V1± Distances Angles

O2 1.683(5)
O3 1.701(5) 111.8(3)
O4 1.724(3) 108.2(2) 108.8(2)
O4 1.724(3) 108.2(2) 108.8(2) 111.0(2)

V2±

O5 1.644(5)
O6 1.748(3) 108.0(2)
O6 1.748(3) 108.0(2) 110.9(2)
O1 1.793(5) 107.1(2) 111.3(1) 111.3(1)

Zn1±

O2 1.943(5)
O5 1.990(5) 93.4(2)
O7 2.014(5) 175.2(2) 91.4(2)
O6 2.134(3) 92.9(1) 132.1(1) 83.8(1)
O6 2.134(3) 92.9(1) 132.1(1) 83.8(1) 94.8(2)

Zn2±

O1 2.021(5)
O8 2.040(5) 159.4(2)
O4 2.084(3) 110.2(1) 82.5(1)
O4 2.084(3) 110.2(1) 82.5(1) 99.5(2)
O6 2.383(4) 83.5(1) 81.0(1) 161.5(1) 86.7(1)
O6 2.383(4) 83.5(1) 81.0(1) 86.7(1) 161.5(1) 82.5(2)

Zn3±

O8 1.966(3)
O7 1.988(3) 177.7(2)
O3 2.103(4) 85.5(1) 95.8(2)
O4 2.121(3) 83.3(2) 98.5(2) 93.9(2)
O6 2.204(3) 95.5(2) 82.6(2) 89.9(2) 175.9(1)
O1 2.254(4) 93.5(1) 85.0(1) 172.4(2) 93.4(2) 82.7(1)
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derived by direct methods and refined anisotropically in the
final refinements. The hydrogen atoms were located from
difference maps and refined isotropically with atom distance
constraints. Crystallographic and refinement details are sum-
marized in Table 1. Atom positions are given in Table 2 and
selected bond lengths and bond angles in Table 3.

Structure description and discussion

Fig. 1 shows the local coordination environments of
the vanadium and zinc atoms. The two inequivalent
vanadium atoms have tetrahedral coordination. Both
VO4 tetrahedra have site symmetry m and are dis-
torted with V±O bond lengths in the ranges of 1.684±
1.724 AÊ for V(1) and 1.645±1.793 AÊ for V(2). Among
the three inequivalent zinc positions, Zn(1) has the
less common trigonal bipyramidal coordination while
the coordination environments of Zn(2) and Zn(3)
are strongly distorted octahedra. The Zn±O bond
lengths vary from 1.942 to 2.382 AÊ . The H(1)±O(7)
and H(2)±O(8) bond lengths are 0.99 and 0.94 AÊ re-
spectively. There is a hydrogen bond between O(8)
and O(2) (dH(2)±O(2): 1.79 AÊ , dO(8)±O(2): 2.69 AÊ ). Bond
valence sums (BVS) calculated using empirical bond
valence parameters [19] for V(1) and V(2) are 5.18
and 4.89 v. u. respectively, suggesting their pentavalent
character. Calculated BVS for zinc atoms are between
1.87 and 2.11 v. u.

A perspective view of the structure is shown in
Fig. 2 a. The Zn(3)O6 octahedra share edges to form
rutile-type infinite chains along [010]. These chains
are interconnected by Zn(2)O6 octahedra through
edge-sharing into puckered layers parallel to (100)
(Fig. 2 b). Each Zn(2)O6 octahedron is linked to four
Zn(3)O6 octahedra of two neighboring rutile-type
chains. The Zn(1)O5 trigonal bipyramids are attached
to both sides of the (100) layers by sharing edges with
the octahedra. Each Zn(1)O5 trigonal bipyramid is
linked to one Zn(2)O6 and two Zn(3)O6 octahedra
(Fig. 2 a). The vanadium atoms are located between
the layers (Fig. 2 a) and interconnect the layers
through V±O bonds.

Another way to describe the structure is that the
[010] chains of edge-shared Zn(3)O6 octahedra are in-
terconnected by VO4 tedrahedra into a three dimen-
sional framework of composition Zn(OH)VO4. The
Zn(1) and Zn(2) atoms occupy the voids of the frame-
work (Fig. 3 a). This description makes it easier to
compare the structure with that of the closely related
mineral descloizite PbZn(OH)VO4 [20] and the
adamite-type phases [21, 22]. Both descloizite and the
title compound crystallize in the space group Pnma
and have similar unit cell dimensions along b and c
axes. The cell dimension along a axis of descloizite is
roughly a half of that of the title compound. In the
structure of descloizite the Pb atoms fill the voids of a
Zn(OH)VO4 framework. However, the Zn(OH)VO4

frameworks in these two compounds are topologically
different. They have a common structural building
unit: the [ZnV2O9] infinite chain as shown in Fig. 3 a,
4 a. Each such chain consists of a rutile-type ZnO4 oc-
tahedral chain with four columns of VO4 tetrahedra
branches. In the framework of descloizite structure,
the [ZnV2O9] chain shares one column of VO4 tetra-
hedra with each of its four neighbors. While in the
title compound, the [ZnV2O9] chain shares two

Fig. 1 The local coordination of V and Zn atoms. The ellip-
soids are draw with 50% probability.

Fig. 2 a) A perspective view of the unit cell contents;
b) A single puckered Zn(OH)O4 layer viewed along [110].
The Zn(1)O5 trigonal bipyramids are white, the Zn(2)O6

octahedra shaded, and Zn(3)O6 octahedra hatched and
shaded.



columns of VO4 tetrahedra with one neighbor and
one column with each of the other two neighbors. To-
pologically, the interconnection of the [ZnV2O9]
chains can be considered as a problem of plane nets if
the intersections of the rutile-type octahedral chains
are considered as nodes of the nets. The frameworks
of the title compound and descloizite correspond to
the simplest 3-connected and 4-connected plane nets,
respectively. From Fig. 3 b and Fig. 4 c, the fact that
the periodicity along a axis of the title compound is
roughly doubled compared to that of the descloizite
can be considered as the result of their different net
topology. The mineral adamite Zn2(OH)AsO4 [21]
and several isotypic phases such as Zn2(OH)PO4 [22]
crystallize in the space group Pnmn, and have unit
cell parameters similar to those of descloizite. If pro-
jected onto the (010) plane, the Zn(OH)AsO4 and
Zn(OH)PO4 frameworks in the adamite-type struc-
tures (Fig. 4 b) are topologically the same as the
Zn(OH)VO4 framework of the descloizite structure
(Fig. 4 a), although they are significantly different in
the third dimension. In both descloizite and adamite-
type structures the [ZnV2O9]-type chain is linked to
four neighbors by sharing one column of tetrahedra
with each neighbor. We recall that in the title com-
pound the [ZnV2O9] chain is linked to three neigh-

bors by sharing two columns tetrahedra with one
neighbor and one column with each of the other two
neighbors. If the [ZnV2O9]-type chain shares two col-
umns of tetrahedra with all (two) neighbors a 2-di-
mensional layer instead of a 3-dimensional framework
will be formed. Such case is found in the structure of
tsumcorite with ideal composition Pb0.5Zn(H2O)AsO4

[23]. In this compound, the ZnAs2O9 chain is linked
by sharing two columns of AsO4 tetrahedra with each
of its two neighbors thus forming a layered structure
(Fig. 5).
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Fig. 3 a) Projection of the structure of Zn2(OH)VO4 along
[010]. A [ZnV2O9] chain is marked by hatching; b) The
plane net corresponding to (a).

Fig. 4 a) Projection of the structure of descloizite
PbZn(OH)VO4 along [010]. A [ZnV2O9] chain is marked by
hatching; b) Projection of the structure of the adamite-type
phase Zn2(OH)PO4 along [001]; c) The plane net corre-
sponding to (a) and (b).
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The frameworks in descloizite PbZn(OH)VO4 and
the adamite phase Zn2(OH)PO4 contain channel sys-
tems parallel to the [ZnV2O9]-type chain. In the struc-
ture of descloizite the channels are filled by large
Pb2+ cations with a coordination number of seven.
While in Zn2(OH)PO4 the channels are filled by Zn2+

cations with coordination number of five (trigonal
bipyramids). The size difference between the VO4 and
PO4 tetrahedra is not enough to compensate for the
difference between the Pb2+ and Zn2+ cations. There-
fore, the framworks in the two structures are different
in the shapes and arrangements of the [ZnV2O9]-type
chains. If the PO4 tetrahedra of the Zn2(OH)PO4

structure were replaced by larger VO4 tetrahedra,
the framework voids would be too large for the Zn2+

cations. This is probably the reason why the frame-
work of Zn2(OH)VO4 adopts a different topology. In
the title compound, Zn(1) and Zn(2) cations fill the
wide and narrow [010] channel systems respectively.
Even for the narrow channels the Zn2+ cations are
still too small. Therefore, Zn(2) atoms have a strongly
distorted octahedral coordination environment. The
Zn(1) atoms are located near the corners of the wider
rectangular channels where a trigonal bipyramidal in-
stead of octahedral coordination is more favorable.
The shape and orientations of the [ZnV2O9]-type
chains in descloizite, adamite and the title compound
are very different, suggesting that these frameworks
are flexible. Therefore, additional compounds with re-
lated structures are anticipated.
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Note added in proof:

We have recently synthesized by electrocrystallization under
hydrothermal conditions Ni2(OH)VO4 in the form of red
needles. The compound crystallizes in space group P212121,
with a = 6.0532(5) AÊ , b = 8.5611(7) AÊ , c = 14.959(1) AÊ and
has a stucture closely related to that of Zn2(OH)VO4.
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