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Abstract. The course of intercalation of water into a1-VOPO4 has been studied by thermomechanical
analysis and X-ray diffraction. Neither formation of vanadyl phosphate monohydrate nor staging were
observed during the intercalation. The broadening and the shift of the positions of the lines in the
diffractograms have been explained by the random stacking of intercalated and nonintercalated layers
in the sample.
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1. Introduction

Intercalation of various atoms, molecules or ions into layered solids leads to new
materials often with interesting properties. Studies of the kinetics and mechanism
of the intercalation processes, in which the guest species are atoms, have been
reviewed in [1]. Several possible phenomena during these intercalations have been
observed and described:

(1) in the crystal of the host intercalated and nonintercalated parts of the crystal
coexist; a two phase system is formed, with a transition area, which has been
designed as an advancing phase boundary [2, 3];

(ii) due to interactions across the layers a superstructure is generated in the crystal
[4]. When these interactions lead to a regular alternation of empty interlayer
spaces (galleries) and galleries filled with guest, so-called staging is observed
[5]. The filled galleries are not usually spread over the whole crystal, but the
guest creates islands known as Daumas—Hérold zones [6].

(iii) in cases where the empty and full galleries alternate randomly, the so-called
Hendricks—Teller effect occurs [7].

On the other hand, little is known about the kinetics and mechanism of intercalation
of molecules. The monitoring of intercalation by real-time in situ X-ray diffraction
[8] and the kinetic measurements of intercalation of liquid molecular guests into
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layered hosts based on the change of the total volume of the reaction system [9]
have been described. The mechanism of intercalation has been suggested [10],
in which the ability of the host to intercalate molecules is correlated with the
calculated flexibility of the host layers.

Layered vanadyl phosphate is able to intercalate both neutral molecules and
cations. Vanadyl phosphate dihydrate reacts with cations in the presence of a
reducing agent changing the oxidation state of V(V) to V(IV) simultaneously [11].
Staging was observed in this host during intercalation of lithium and sodium ions
[12, 13]. Alcohols [14], amines [15, 16], carboxylic acids [17] and pyridine [18]
can intercalate in the interlayer space of anhydrous vanadyl phosphate. From this
point of view, vanadyl phosphate dihydrate can be regarded as an intercalate of
VOPO4 with water.

. The structure of VOPO,4-2H,0 has been determined by X-ray diffraction [19]
and neutron diffraction [20]. Layers of vanadyl phosphate are formed from cor-
ner sharing vanadium octahedra and phosphate tetrahedra. Vanadium octahedra
are composed from four equatorial oxygens which are shared by phosphorus.
One of the axial oxygens is a vanadyl oxygen, and the second one belongs to a
water molecule coordinated to vanadium. The second water molecule is bonded
by a weak H-bridge between layers. The structure is tetragonal with a = 6.215,
¢ = 7.403 A and space group P4/n. Several modifications of anhydrous vanadyl
phosphate are known [21, 22]. The most important of them is &1-VOPO4 (¢=4.2
A), which is formed by dehydration of VOPO,-2H;0.

The interlayer water is released in two steps during heating of VOPO4-2H,0.
The first molecule of water is liberated at 44 °C producing the monohydrate with
¢=6.3 A as observed by XRD and thermomechanical analysis [23]. The second
dehydration step occurs at 80 °C. The temperatures of dehydration obtained from
DTA are slightly higher [24].

The aim of this work was to contribute to elucidation of the mechanism of
intercalation of water in ¢1-VOPO, by X-ray diffraction and thermomechanical
analysis.

2. X-Ray Diffraction of a Hendricks-Teller Disordered Layered Lattice

Layered crystals are not completely ordered in some cases. One type of disor-
der may be defined as a random irregular sequence of layers of different kinds.
This irregularity leads to variation of diffraction angles and linewidths in the X-ray
diffraction pattern [7, 25]. The Hendricks—Teller theory can be used for the descrip-
tion of this phenomenon if the following conditions are assumed: (i) only two types
of layers are present with interlayer distances d; and dy; (ii) both layers have the
same structure factor; (iii) fractions fi and f, correspond to interlayer distances d;
and d;, respectively; (iv) the dimensions of the crystallite are macroscopic [26]; (v)
geometric factors in the X-ray experiment are not considered, (vi) thermal factors
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are neglected. Under these assumptions, the scattered intensity for a Bragg angle
may be described by the formula [25]:
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where I,,, is the average scattered intensity per layer, V7, is the layer form factor,
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where ¢ = 1 or 2, respectively, and d; is interlayer distance. A slight dependence of
the layer form factor V7, on the diffraction angle © does not affect the computed
basal plane linewidths and positions. The main term determining the positions, line
shapes, and widths is 1,,,/|Vz|? in Equation (1). Three independent variables d;,
dy, and f; are contained in this equation. The linewidths computed by this method
correspond to disorder of layers only, while the measured linewidths are influenced
among other factors by the instrument linewidth.

3. Experimental

Vanadyl phosphate dihydrate was prepared by prolonged boiling of a mixture of
vanadium pentoxide and phosphoric acid in water [24]. The polycrystalline product
was separated by sieve analysis and the fraction with the particle size 0.1 to 0.2
mm was used for XRD. For the thermomechanical analysis, VOPO,4-2H,0 was
recrystallized from the mother solution by standing for 30 days at room temperature
[23]. In this way squared flat crystals with dimensions of 1 x 1 mm and thickness
about 0.05 mm were obtained.

Powder data were obtained with an HZG-4 X-ray diffractometer (Freiberger
Priizisionsmechanik, Germany) using CuK, radiation with discrimination of the
CuK s radiation by a nickel filter. Diffraction angles were measured from 5 to 30°
(20). Every cycle of measurement lasted 8 minutes. The CuK,, intensities were
removed from the original data. The positions and linewidths of the diffraction lines
were determined by a Lorentz function fitting. The measurements were carried out
on a heated corundum plate with a thermocouple. The powder sample was placed
on the plate, heated to 250 °C, and kept at this temperature for about 1 hour to
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obtain dehydrated o1-VOPO4. The sample was then cooled to 25 °C by flowing
dry air (flow rate 0.5 L min~1), The time measurements were carried out in a flow
of wet air (air was bubbled through water at 22 °C and at the same flow rate). The
sample temperature was kept 3 °C higher than the flowed air temperature to avoid
moistening of the sample.

The thermomechanical measurement was carried out with a TMA CXO03R
dilatometer described previously [27] with a differential capacitance probe detec-
tor. The detector is controlled by a unique electronic system that ensures excellent
baseline stability and resolution of about 1078 m. The parent monocrystal of
VOPO4-2H;0 was heated to 200 °C to prepare dehydrated a;;-VOPO,4 and then
quickly cooled to room temperature. The time dependence of changes of thickness
of the crystal was then followed at this temperature. The sample was in a flow of
wet air with 45% relative humidity. In the second experiment, the dehydration of
VOPO4-2H;0 to monohydrate and back hydration to dihydrate was followed with
a heating and cooling rate of 0.2 K min~! without air flowing. The force applied
to the sample was 50 mN in both experiments.

4. Results and Discussion

The changes of thickness of the crystal of VOPO4-2H,0 during heating are shown
in the left part of Figure 1. The original thickness of the dihydrate (I = 0.059 mm)
decreases relatively rapidly to 0.047 mm (monohydrate) and then more slowly to
0.027 mm (dehydrated a;-VOPO,). This two step dehydration is in agreement
with Ref. [23]. The right part of Figure 1 describes the behavior of the dehydrated
sample left at room temperature in the flow of wet air, i.e. intercalation of water
into a;-VOPOQ,. The thickness of the crystal returns to the original value in 1.5 h.
The dependence of the thickness on time has an exponential shape. No significant
dwell corresponding to a monohydrate formation is observed in this part of the
figure. Staging, which was described in systems of carbon-H;SO4 and TaS;-K
[28], was not observed in our case.

Thermomechanical analysis of the VOPO4-2H,O sample during heating to
70 °C (curve 1) and cooling to 30 °C (curve 2) is shown in Figure 2. Liberated
water is probably adsorbed at the surface of the crystal in this temperature region.
Therefore intercalation of water into VOPO4-H;0 during cooling does not need
flowing of wet air and passes very quickly. At the cooling rate of 1 K min~! this
process is finished in 5 min.

Changes of the diffractograms during intercalation of water into a;-VOPO4
and interlayer distances of all lines for all patterns are given in Figures 3 and 4,
respectively. As seen from both figures, the original o;-VOPO, (basal spacing
4.2 A) is changed to VOPO,-2H,0 (basal spacing 7.4 A). Lines of vanadyl phos-
phate monohydrate, which has a very intensive (001) line (d = 6.3 A[23]), were
not observed during hydration. Diffractograms do not show sets of (00£) lines
corresponding to staging of the sample. The positions of lines of the (00£) type
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Fig. 1. The changes of the thickness ! of the crystal of VOPO,-2H,O during heating, cooling,
and during intercalation of water at 26 °C.
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Fig. 2. Thermomechanical analysis of the sample during heating (1) and cooling (2).
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Fig. 3. The changes of the diffractograms during intercalation of water into &;-VOPO4 (index
‘a’ stands for anhydrous vanadyl pt{qsphate, index ‘b’ for VOPQO4-2H;0).
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Fig. 4. Dependence of the interplanar distances d on the time ¢ of the intercalation of water

into a1-VOPOy4.
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Fig. 5.  Dependence of the halfwidths on the time t of the intercalation of water into
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Fig. 6. Changes of the Hendricks—Teller function (see Equations 1-4) as a function of the
fraction fi (the amount of VOPQ4-2H;0 layers in the sample).
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Fig. 7. Dependence of the interplanar distances d calculated from the Hendricks—Teller
function on the fraction f.
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Fig. 8. Dependence of halfwidths calculated from the Hendricks—Teller function on the
fraction f.

do not correspond sufficiently exactly to interlayer distances of pure phases of
a1-VOPO, or VOPO4-2H,0, in contrast to Ref. [8], in which only the diffraction
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Fig. 9. Dependence of observed halfwidths on the time ¢ of intercalation of water into
a1-VOPO4.

lines of the parent host and the intercalate formed were observed. The interplanar
distance belonging to the (001) line of anhydrous vanadyl phosphate gradually
decreases (marked ‘a’ in Figure 4), and the linewidth of this line (see Figure 5)
increases at the same time. Similarly, the (001) and (002) interplanar distances of
VOPO4-2H70 (marked ‘b’ in Figure 4), which appears during hydration, are at
first significantly shifted and become gradually closer to values corresponding to
pure VOPO4-2H,0. At first, these lines are remarkably broad. The linewidths of
these lines decrease to a value of 0.25° (2©) as seen in Figure 5.

The broadening of the (00£) lines of both phases (a;-VOPO4, VOPQ4-2H;0)
can be explained by fragmentation of the microcrystals during the intercalation of
water, but the shifts of the line positions remain unexplained. The above behavior
can be elucidated by formation of a Hendricks—Teller disordered layered lattice.
Let us assume that the layers of VOPO4-2H,O appear among the layers of «;-
VOPO,randomly in the crystal during the intercalation of water. Intercalation of the
second molecule of water follows intercalation of the first molecule immediately,
so it is possible to neglect the amount of monohydrate layers. Thus, we have d; =
7.4A (basal spacing of VOPO,4-2H;0) and dp = 4.2 A (basal spacing of c:;-VOPQy)
for the Hendricks—Teller function I,,,/|Vz|? in Equations 1-4. The dependences
of the Hendricks—Teller function on the diffraction angle 2© for various ratio of
fractions f; and f, are given in Figure 6. The dependences of the interplanar
distances and linewidths of the (001) and (002) lines on the fraction f; calculated
by the Hendricks—Teller functions are shown in Figures 7 and 8, respectively. As
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is obvious from both figures, the positions and linewidths of the (001) line are
more influenced by the phase with random alternation of layers of «;-VOPO, and
VOPQ,4-2H,0 than the positions and linewidths of the (002) line. It is caused by
the fact that the value of the basal spacing of «;-VOPOy is close to half the value
for VOPO4-2H>0.

The Hendricks—Teller model describes the sample which is in a steady state,
when all crystals contain the same amount of both randomly varying layers. The
heterogeneous intercalation reaction takes place in the sample during our exper-
iment. Thus it is possible to presume that in the sample crystallites with various
content of intercalated water occur simultaneously, i.e. with various values of the
fraction f;. The observed diffractogram is then a superposition of diffractograms of
all crystallites. The positions and linewidths of the diffraction lines of the individual
crystallites are slightly different, so that the observed linewidths are greater than the
calculated values from the Hendricks—Teller function. Besides this, the lines with
smaller linewidths influence the line positions more in the observed diffractogram.
It explains why a couple of the diffraction lines appears in the region of 21-24°20
which correspond to the fractions f; < 0.2 and f; > 0.8. The linewidth of the
(001) line is very strongly influenced by the Hendricks—Teller function (Figures
6 and 8). As this line is very intense in VOPO4-2H,0 (its integral intensity is
five times greater than that of the (002) line), the diffractions of crystals with a
higher degree of intercalation of water (i.e. with higher value of f;) affect the
observed diffractogram more distinctly. Therefore the interlayer distances increase
very quickly to the value close to the basal spacing of VOPO4-2H,O during interca-
lation. The linewidth of this line diminishes at the same time. The (200) interplanar
distances are not changed during intercalation of water into a;-VOPO, (Figure 4).
Also the linewidth of this line is almost constant (Figure 9). This is in agreement
with the fact that the lattice parameter ¢ of ;-VOPQO, and of vanadyl phosphate
dihydrate is the same. It indicates also that the layers are not shifted in the direction
of the a—a plane. On the other hand, the (101) diffraction of VOPO4-2H,0, which
appears during intercalation, has a large, gradually decreasing linewidth. This is
explained by the existence of only small areas of the crystallites, in which the (101)
planes may diffract at the beginning of the reaction. Therefore this line is distinctly
broadened. The disorder of the intermediate regions of the crystallites may lead to
broadening of this line due to the Hendricks—Teller effect. It would explain the fact
that the interlayer distances are slightly shifted for this line.

5. Conclusions

Staging was not observed during intercalation of water into &:;-VOPOj,. In contrast
to the deintercalation, the intercalation of water is not a two step process. The
formation of vanadyl phosphate monohydrate was not proved. Molecules of water
probably fill the interlayer space randomly, creating a Hendricks—Teller disordered
layer lattice, which is composed from o-VOPO4 and VOPO,-2H,0 layers.
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