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A novel complex oxide with V(IV, V) mixed valence,
HxV2Zr2O9 ·H2O, has been hydrothermally synthesized in
a V2O5–ZrO2–H2O system at 240°C for 5 days; NaF was used
as a mineralizer. The product crystallizes in a monoclinic system
with cell parameters a 5 0.940(4) nm, b 5 1.156(8) nm, c 5
0.636(3) nm, b 5 104.1(7)°, and V 5 0.671(2) nm3. The
vanadium in the product appears in mixed valence IV and V,
which was evidenced by electron paramagnetic resonance analy-
sis. Thermogravimetric analysis showed that the product dehy-
drated and underwent phase transformations in air and N2 in the
temperature range 500&&600°C. ( 1997 Academic Press

INTRODUCTION

Recently, the synthesis of a number of vanadium-contain-
ing compounds has been extensively studied, since these
compounds usually possess particular catalytic and mag-
netic properties (1—5). The properties and the various novel
structures of vanadium compounds are to some degree
dependent on the variety of valence states of vanadium;
different valent vanadium atoms may adopt different chem-
ical circumstances and lead to different structures. In most
vanadium phosphates, the phosphorus atom appears in a
PO

4
tetrahedron, while vanadium—oxygen polyhedral

building blocks have the ability to adapt various coordina-
tion geometries such as significantly distorted octahedra,
square pyramids, trigonal bipyramids, and tetrahedra (6). In
the vanadium phosphate system, a series of new compounds
have been synthesized by both solid state reactions and
hydrothermal methods (7—17). Hydrothermal synthesis has
been an open route to microporous crystals and metastable
phases, and recently this method has been extended to the
preparation of novel and nanocrystalline complex oxides
and complex fluorides (18—20). We also noted that hydro-
1To whom correspondence should be addressed.
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thermal crystallization has advantages in making vanadium
phosphate compounds with V atoms in mixed IV and V val-
ence, whereas in solid state reactions vanadium phosphates
with III and/or V valence are usually formed. With the aim
of synthesizing novel complex oxides of double transition
metals and on the basis of hydrothermal study on metal
phosphates, we begin to study a novel hydrothermal syn-
thesis in V

2
O

5
—ZrO

2
—H

2
O system. To our knowledge, the

formation of double transition metal oxides in hydrother-
mal systems has not been well studied. Here we report on
the hydrothermal synthesis and structural characterization
of a novel mixed-valence complex oxide, H

x
V
2
Zr

2
O

9 ·H2
O,

x"0.43.

EXPERIMENTAL

The reactants used in the synthesis were NaVO
3 ·2H

2
O

(A.R.), NH
4
VO

3
(A.R.), ZrOCl

2 ·8H
2
O (A.R.) and NaF

(A.R.). The mole composition of the initial reaction mixture
was 0.5 V

2
O

5
: 1.0 ZrO

2
: 1.0 NaF : 500 H

2
O. A typical syn-

thesis procedure was as follows: 0.525 g NaVO
3 ·2H

2
O,

1.074 g ZrOCl
2 ·8H

2
O, and 0.140 g NaF were mixed in

30 ml H
2
O and stirred to make a reaction mixture. The

hydrothermal reaction of the reaction mixture was carried
in polytetrafluoroethylene lined stainless steel vessels. The
reaction proceeded at 240°C under autogenous pressure for
5 days. Brown crystalline product powders were obtained.
The product was filtered, washed with deionized water, and
dried in air at ambient temperature. The contents of V and
Zr in the product were determined with an ICP-AE spec-
trometer after the sample was fused in Li

2
CO

3 ·HBO
3

and
then dissolved in HCl aqueous solution. The contents of
components were V, 23.96 wt%; Zr, 40.01 wt%, correspond-
ing to the formula H

x
V
2
Zr

2
O

9 ·H2
O, x"0.43, in combina-

tion with the thermogravimetric (TG), infrared (IR), and
electron paramagnetic resonance analyses (EPR).

The powder X-ray diffraction (XRD) analysis was per-
formed on a Rigaku D/max-cA diffractometer with
3
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FIG. 1. EPR spectra of (a) H
x
V
2
Zr

2
O

9 ·H2
O, (b) the sample treated in

air at 650°C for 1 h, and (c) the sample treated in N
2

at 650°C for 1 h.
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graphite-filtered CuKa radiation. The adjustment of the
diffractometer was checked by using silicon as external
standard and the absolute zero error was evaluated at less
than 0.01° (2h). Generator operating conditions were 50 KV
and 150 mA, Slit: DS/SS 1°, RS/RS

.
0.15/0.6 mm. Data

were collected over the range 10°—70° with a step interval of
0.02° and a preset time of 4 s per step. The experiment was
performed at room temperature. The precise determination
of the peak positions, multipeak, and Ka

2
stripping were

carried out by using a program available in the software
package of line shape Fourier analysis. The indexing of
X-ray powder diffraction patterns and determination of cell
parameters of the product were performed by utilizing a lo-
cally adapted version of computer program DICVOL91,
which is based on the successive dichotomy method and
tackles any symmetry (21). The product was indexed in a
monoclinic system with cell parameters a"0.940(4) nm,
b"1.156(8) nm, c"0.636(3) nm, b"104.1(7)°, and »"

0.671(2) nm3 (M(20)"23.3, F(20)"36.4(0.0087, 63)) (22).
The morphology of the crystalline product was observed

by scanning electron microscopy (SEM) with a Hitachi
X-650 B electron microscope. TG and differential thermal
analysis (DTA) were carried out by using Perkin—Elmer
DTA-7000, TGA-7 PC series thermal analysis instrument in
N

2
or air with a heating rate of 10°C/min. EPR spectra were

recorded at room temperature by using BRUKER ER
200D-SRC electron paramagnetic resonance instrument at
frequency 9.778 GHz and power 2.05 mW. The field modu-
lation intensity was 1.25 G

11
, time constant 500 ms, scan

range 2000 G, and mid range 3481 G.

RESULTS AND DISCUSSION

In the hydrothermal synthesis of H
x
V
2
Zr

2
O

9 ·H2
O,

NaVO
3

and NH
4
VO

3
can be employed as vanadium

sources and when V
2
O

5
was used both the product and

impurities were obtained. The ratio of V/Zr in the initial
reaction mixture affected the formation of the product;
when the ratio was in the range 0.5—1.5, keeping pH ca 1—5,
pure product can be made. The addition of the mineralizer
NaF gave a short reaction time and uniform product par-
ticles. The x value can be adjusted from 0.43 to 1.18 by
introducing some reduction agents such as HCl and NaI, in
this study the x value was 0.43.

Figure 1 shows the EPR spectra of (a) the synthetic
product H

x
V
2
Zr

2
O

9 ·H2
O, (b) the sample after the product

was heated in air at 650°C for 1 h, and (c) the sample after
the product was heated in N

2
at 650°C for 1 h. It was found

from Fig. 1a that the EPR spectrum of vanadium(IV) atoms
in the product displayed axial symmetry with g

M
"1.99,

a
M
"7.1 mT, g

@@
"1.94, a

@@
"19.4 mT. From the fine split-

ting peaks (e.g., no dipole interaction), it can be seen there
are a small fraction of vanadium(IV) atoms in the product
and from the g and a values it was confirmed that the
V(IV) atoms are located in an octahedral coordinate envi-
ronment.

Figure 2 shows the XRD patterns of the products (a) and
samples treated at 650°C in air (b) and in N

2
(c). Table 1

lists the powder XRD data of the H
x
V
2
Zr

2
O

9 ·H2
O and

the indexing results. All diffraction were well indexed in
a monoclinic system. The X-ray diffraction pattern of
H

x
V
2
Zr

2
O

9 ·H2
O is different from those of products treated

at 650°C in air and N
2
. This indicates that the structure of

the product changes at higher temperature. We also found
by XRD that the structure of the sample treated in N

2
is

different from that of the sample treated in air. XRD analy-
sis showed that the structure of H

x
V
2
Zr

2
O

9 ·H2
O was de-

stroyed after treated at 650°C in air or N
2

for 1 h. Thus, the
EPR spectra of the samples treated at 650°C both in air or
N

2
are different from that of the product, and there are no

well-resolved superfine splitting, demonstrating the exist-
ence of adjacent vanadium(V) atoms, but the EPR spectrum
of the sample (c) in N

2
showed that there still exit small



FIG. 2. X-ray powder diffraction patterns of (a) H
x
V
2
Zr

2
O

9 ·H2
O,

(b) the sample treated in air at 650°C for 1 h, and (c) the sample treated in
N

2
at 650°C for 1 h.

TABLE 1
Powder X-Ray Diffraction Data for HxV2Zr2O9 ·H2O

H K ¸ D
OBS

D
CAL

H K ¸ D
OBS

D
CAL

0 2 0 5.788 5.784 1 2 !3 1.989 1.991
1 0 1 4.609 4.613 2 3 2 1.978 1.979
1 1 1 4.285 4.285 4 3 0 1.961 1.962
2 1 0 4.245 4.242 3 1 2 1.913 1.914
1 2 !1 4.105 4.100 1 1 3 1.882 1.883
1 2 1 3.606 3.606 0 5 2 1.852 1.851
2 2 0 3.581 3.581 2 5 !2 1.810 1.810
1 3 !1 3.213 3.213 5 2 !1 1.786 1.786
1 0 !2 3.169 3.167 2 6 0 1.775 1.776
0 0 2 3.085 3.085 3 3 !3 1.730 1.731
0 1 2 2.980 2.981 1 4 !3 1.709 1.710
1 3 1 2.957 2.958 3 5 !2 1.695 1.695
3 1 0 2.940 2.940 2 5 2 1.632 1.633
2 0 !2 2.904 2.906 4 5 0 1.622 1.624
0 4 0 2.888 2.892 3 4 !3 1.610 1.610
2 1 !2 2.818 2.819 1 0 !4 1.586 1.586
0 2 2 2.721 2.722 5 2 1 1.579 1.580
3 2 !1 2.689 2.689 4 5 !2 1.552 1.553
1 4 !1 2.589 2.589 2 2 !4 1.527 1.527
1 3 !2 2.447 2.447 3 1 3 1.523 1.524
3 1 1 2.439 2.439 5 2 !3 1.514 1.514
3 3 !1 2.385 2.386 0 8 0 1.447 1.446
2 3 !2 2.319 2.321 4 1 !4 1.442 1.442
3 2 1 2.290 2.291 5 5 0 1.432 1.432
2 2 2 2.141 2.142 1 6 !3 1.427 1.427
3 3 !2 2.093 2.092 5 0 2 1.424 1.425
2 5 0 2.062 2.063 5 4 !3 1.379 1.379
2 4 !2 2.048 2.050 3 7 !2 1.376 1.377
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amounts of V(IV) atoms. The result of EPR suggested that
V and Zr atoms may appear alternatively in the framework
of the product. Element analysis indicate that the compo-
nents of the product are V, Zr, and the mole ratio V :Zr :O
equals 1 : 1 : 5. It is expected that the small fraction of V(IV)
atoms existed in the product needs equivalent amounts of
protons to compensate the framework negative charges.

The dehydration procedure of the H
x
V
2
Zr

2
O

9 ·H2
O in

air is different from that in N
2

due to the V(IV) oxidation
only in air condition. Figures 3 and 4 show TG curves of
H

x
V
2
Zr

2
O

9 ·H2
O in air and N

2
, respectively. A total weight

loss of 4.62% over the interval from 435 to 630°C in air was
found. We can clearly see two steps of weight loss in this
temperature range. A very small weight loss happened from
435 to 530°C and a large weight loss happened from 530 to
630°C. The TG curve in N

2
shows the weight loss of 4.90%

in the temperature range from 498 to 630°C. In the DTA
curve of H

x
V
2
Zr

2
O

9 ·H2
O in N

2
, there are a significant

small endothermal peak at 530°C and a large one at 576°C,
whereas in air, there was only one endothermal peak at
560°C. Weight losses in the temperature range 500—600°C
were attributed to dehydration of the product followed by
a structural transformation. From the complex dehydrous
behavior of the product in N

2
, it can be seen that there were

at least two sorts of dehydration processes. One dehydra-
tion process is associated with removing one oxygen from
structure and producing a vacancy of oxygen. In air, the
oxidation of V(IV) accompanied the dehydration; the
sample regained oxygen and the vacancy of oxygen was
partially occupied again. This is the reason why there are
different weight losses observed in air and N

2
. Another

dehydration process results in the loss of one oxygen from
the sample too, but does not produce vacancy of oxygen. In
this process, the sites of two oxygen atoms are replaced by
one oxygen atom and the structure of the sample is changed,
as indicated in XRD patterns of the samples treated at
temperature of 650°C in either in air or in N

2
.

The phenomena of different weight loss in different flow-
ing gases can be explained as follows:

in N
2
: H

x
V
2
Zr

2
O

9 ·H2
O"V

2
Zr

2
O

9~x@2
#(1#x/2)H

2
O

!4.90 wt% [1]

in air:

H
x
V
2
Zr

2
O

9 ·H2
OyO

2
"V

2
Zr

2
O

9~x@2`y
#(1#x/2)H

2
O

!4.62 wt% [2]



FIG. 3. TG and DTA curves of H
x
V
2
Zr

2
O

9 ·H2
O in air.

FIG. 5. Scanning electron micrograph of H
x
V
2
Zr

2
O

9 ·H2
O.
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The value of x can be calculated from Eq. [1] to be 0.43,
and we can also deduce from Eq. [2] that the vanadium (IV)
can be oxidized almost completely in air, which is confirmed
by EPR analysis (see Fig. 1b).

Figure 5 shows the morphology of H
x
V
2
Zr

2
O

9 ·H2
O. All

products are pure and in high crystallinity and the same
shape particles as spindles with average size 30 lm were
observed. We also found that the product is acidic. This was
demonstrated by the fact that when the product was equilib-
rated with water for minutes, a weakly acidic solution was
produced. For instance, when a 0.13 g sample was put into
25 ml water, the pH of the solution decreased from 6.02 to
4.80, without measurable sample dissolution.

CONCLUSIONS

In this work, a novel crystalline complex oxide,
H V Zr O ·H O, with vanadium(IV, V) mixed-valence,
FIG. 4. TG and DTA curves of H
x
V
2
Zr

2
O

9 ·H2
O in N

2
.

x 2 2 9 2
was hydrothermally prepared. NaVO
3

and NH
4
VO

3
can

be used as vanadium sources and NaF as mineralizer.
H

x
V
2
Zr

2
O

9 ·H2
O has monoclinic symmetry with cell para-

meters a"0.940(4) nm, b"1.156(8) nm, c"0.636(3) nm,
b"104.1(7)°, and undergoes phase transformations at ap-
proximately 550 °C both in air and in N

2
due to the loss of

water molecules and valence change of vanadium atoms in
lattice. The as-made compound surface is acidic, which
implies its potential application as an acidic catalyst.
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