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Thermic investigations of hexagonal hydrogen
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MILENKO V. SUSIC, YURIY M. SOLONIN*

Institute of Physical Chemistry, Faculty of Science, University of Belgrade, Studentski trg 16,
11000 Belgrade, Yugoslavia and *Institute of the Problems of Material Science, Ukrainian
Academy of Science, Krzizanovskogo 3, Kiev, USSR

The thermic—kinetic behaviour of hydrogen tungsten bronze, H WO;, was investigated by dif-
ferential scanning calorimetry and X-ray analysis. It is shown that the thermal decomposition
of bronze into hydrogen and WO, is exothermic. Further, it is shown that the hexagonal WO,
system is exothermally transformed (irreversibly) to the monoclinic WO, system. Activation
energies, frequency factors and rate constants of the corresponding processes are determined.
It is shown that the hexagonal WO, system adsorbs hydrogen at approximately 480 K, and
desorbs at room temperature in air or an argon—nitrogen atmosphere. It is also shown that
HWO; is unstable and that it decomposes with time, forming brown WO, which gives no
yellow modification during the WO, phase transformation. The newly formed modification

adsorbs hydrogen without changing colour.

1. Introduction
Oxide bronzes, A,MO,, belong to the class of ternary
oxide phases (materials) formed by building an elec-
tropositive element A into the oxide matrix MO, of a
transition metal M [1]. Examples of oxides that form
oxide bronzes which are of special interest are WO,,
MoO; and V,05. The metal denoted A is most
frequently an alkali metal, but instead of an alkali
metal hydrogen may be introduced and then a hydro-
gen bronze, H,WO,, is formed [2, 3]. If there is no
change in the oxidation state of the components when
Metal A is introduced into the matrix MO,, and
Metal A is present inside the oxide matrix only in the
“dissolved” and inert form as in Na, WO, (x > 0.3),
then such a bronze has electrical conductivity of the
metallic type. Owing to their electrical and certain
other properties, oxide bronzes represent a new and
important electrode material in electrochemistry.
Bronze syntheses are most frequently performed by
standard methods during solid-state reactions in
appropriate atmospheres, and also by molten salt elec-
trolysis. Hydrogen tungsten bronze is obtained by the
zinc reduction of WQ; in HCIl and molybdenum by
the reaction between Mo, MoO; and H,O inside a
sealed tube [4]. However, the possibility of obtaining
hydrogen bronze by solid-state reaction according to
the relation CuO + WO, = CuWO, and afterwards
by hydrogen reduction to copper and hexagonal
H, WO, phase should pointed out; copper is separated
by dissolving in HNO;, and during this separation a
brown-blue sediment, hexagonal H, WO, remains as
the precipitate [5]. Products obtained from this kind of
process are identified by X-ray diffraction analysis
(Fig. 1).

The same bronze as this one can be obtained from
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hexagonal WO, formed by thermic decomposition of
WO, : 1H,0, and hydrogen reaction in the presence
of platinum [6, 7], or on the basis of hydrogen spillover
from platinum to trioxide supports (WO, and MoO,);
in this way hydrogen bronzes of types H WO, and
H,MoO, with maximal values of x = 0.46 and 1.63,
respectively, are obtained [8-10].

- Calorimetric investigations of the bronze-forming
reaction, using also thermal cycles [1], give us the
following thermodynamic enthalpy and Gibbs free
energy values:

H(g) + (I/x)WOs(s) = (1/x)H,WOs(s)

with x = 0.35, AH® = —9.6kIJmol™!; (1/x) AH® =
—27.4K mol~, (1/x)AG® = —9.1kImol~'; and

1H,(g) + (1/x)Mo0O;(s) = (1/x)H,MoO;(s)

with x = 0.3, AH° = —12.1kJmol™'; (1/x) AH® =
—40.3kJmol ™!, (1/x)AG* = —20.8kJmol .

Our research was directed towards the thermic—
kinetic behaviour of bronze obtained according to the
method of Solonin and Privalor [5].

2. Experimental procedure

Hydrogen bronze, H,WQ,, synthesized according
to the method of Solonin and Privalor [5], was used
in powder form. Thermic investigations were done
with a DuPont Thermal Analyser 1090 using the
scanning calorimetric method, while X-ray analysis
was done with a Philips PW 1051 diffractometer
using CuKo radiation and a graphite monochromator.
The kinetics of the thermal process were investigated
according to the method of Broker [11], based on the
change of the temperature maximum on the thermo-
gram with change in the heating rate 8. According to

267



1472(402)
1594¢400)
16‘%04)
1657(222)
[N
2443(202)
37187 (200)
3678(110)
3802(002)

3828 395/
(oo1) (020)

NI R R
5460 56 52 48 4h 40 36 32 28 2% 20

26(deq)

Figure 1 X-ray diffractograms of products obtained during hydrogen
bronze synthesis [5]: (a) after hydrogen reduction, (b) after copper
dissolution, (c) after heating in air to 400°C (673K), (d) after
heating above 500°C (773 K). Spacings in A (1A = 0.1 nm).

this method, log (8/T?) against 1/T is a straight line
with a slope A log (B/T*)/A(1/T) = — E/R, where E
is the activation energy and T the temperature at the
maximum. From these data the frequency factor,

= [BE exp (E/RT)]/RT?, and the rate constant of
the process, k = z exp (— E/RT), can be determined.
The second method used was the non-isothermal
analysis of the thermogram [12] recorded during dif-
ferential thermic analysis (DTA), differential enthalpy
(DEA) or differential scanning calorimetry (DSC)
applied for chemical reaction analysis. On the basis of
these theoretical considerations, for the rate constant
of the first-order reaction the following equations are
valid:

= AT/(A — a)
(dH/AT)/(4 — a) or
= AmW)/(4 — a)

1)

where H is the enthalpy, A4 the total area under the
maximum on the thermogram, a the part of this area
limited by the time ¢ of the process duration until a
temperature T was reached; A7, dH/dt and A(mW)
are the ordinates of the thermogram: temperature
change and enthalpy change, i.e. the change in the
heat of reaction for time ¢ in units of Jsec™' or milli-
watts. For A first-order reaction Equation 1 gives a
straight line. From the slope A(logk)/A(1/T) = —E
the activation energy can be obtained, while the fre-
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Figure 2 DSC thermogram of H, WO, in argon, 15k/min™" (June
26th 1985).

quency factor Z can be obtained from the relation
k = Z exp (— E/RT).

3. Results and discussion

A characteristic DSC thermogram of the hydrogen
bronze H WO, in an argon atmosphere is shown in
Fig. 2. Three exothermal maxima, marked 1 to 3,
corresponding to the process of thermic bronze trans-
formation to yellow monoclinic WOj;, can be seen. At
present we do not know to which process the first
broad maximum that appears, in all used samples,
during the first heating in nitrogen or argon corre-
sponds; the second maximum corresponds to the
decomposition of hexagonal hydrogen bronze with
simultaneous hydrogen evolution and formation of
metastable hexagonal WO, [5] which is faintly coloured
yellow, while the third maximum corresponds to the
transformation of the hexagonal WO, to monoclinic
stable WO;, coloured yellow.

From the straight-line dependence log (8/T7) against
1/T, (Fig. 3) and the slope A[log (B/T*))/A(1/T), the
activation energies and frequency factors of single
processes were found and are given in Table 1.

The enthalpy for the first process is visibly depen-
dent on the heating rate. Showing no significant effect
on enthalpy, at six different heating rates, for the
second and the third stage these values are given as an
average of six measurements. Rate-constant values
calculated for single-stage processes in the dependence
of temperature are shown on Fig. 4. It can be inferred

TABLE 1 Thermic and kinetic parameters for hydrogen tungsten bronz thermic transformation

Parameter Stage

1 2 3
Slope —6.21 x 10° —7.38 x 10° —11.92 x 10°
E(kJmol™'") 118.689 141.210 227.879
Z(min™") 3.024 x 10 7.760 x 10° 5.930 x 10"
—AHJg™Y) 1.09(30), 1.31(25) 50.63

2.18(20), 4.70(15)

*Heating rates (K min™') given in brackets.
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Figure 3 Plot of log (#/T?) against 1/T for the different processes in
Fig. 2: (@) Stage 1, (x) Stage 2, (O) Stage 3.

that for all three stages the rates are rather high and
that in the temperature maximum range these rates are
only slightly different: &, = 1.2 (S00K), k, = 0.44
(720K) and k; = 0.51 (790K) min~'. Fig. 5 shows a
kinetic analysis of the exothermic Maximum 2 from
Fig. 2, along with the approximate graphical separation
from Maximum 3, according to Equation 1. From the
slope Alogk/A(1/T) of the thermograms obtained at
different heating rates (f = 10 to 40Kmin™') an
average activation energy of 132.4kJmol ' is found.
However, it should be pointed out that for this maxi-
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Figure 4 Temperature dependence of rate constants: (O) Stage I,
(®) Stage 2, (x) Stage 3.

mum a somewhat less expressed process precedes it
which is observed at the beginning of Maximum 2
(Fig. 2). From Fig. S it can be seen that at lower
temperatures, corresponding to the beginning of
Maximum 2, the straight-line slopes are changed and
for activation energy a value of E = 88.10kJmol™'is
obtained. If this beginning of Maximum 2 is graphically
corrected and straightened, then a straight line with
one slope is obtained as shown in Fig. 5 (square
symbols).
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Figure 5 Kinetic—thermodynamic analyses of Stage 2 (from Fig. 2) according to Equation I for different heating rates (K/min™'): (@) = 10;
(0) B = 25;(a) B = 40; (O) B = 40, maximum beginning and end-corrected (see text).
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Figure 6 X-ray diffractograms: H, WO, bronze heated to (a)
400°C (673K), (b) 550°C (823K) (without delay at final
temperature).

(a)

{b}

13
26 (deg)

Fig. 6 shows X-ray analyses of samples heated
inside the DSC cell to pre-determined temperatures
corresponding to single stages of the process. There is
a distinct difference between the diffractograms of
Figs 6a and b; Fig. 6a corresponds to the hexagonal
WO, phase, while Fig. 6b corresponds to the mono-
clinic WO, phase (coloured yellow), and this is in
accordance with the diffractograms of Figs 1c and d.

3.1. Sample ageing
A remarkable change in these same H, WO, samples
(Fig. 7b) is observed by examining them in argon after
15 months have passed. Only the third exo-maximum
with the same activation energy E = 222.60kJ mol ™!
(according to the method of Broker [11]) is seen. The
first and the second maxima are shown but only in
traces. However, during the phase transformation
from hexagonal to monoclinic (Maximum 3), there is
no visible change in colour, so that the product
obtained has the same colour as it had before trans-
formation. The product formed in this way adsorbs
hydrogen (Fig. 8), which when kept in air or nitrogen
or argon atmosphere is desorbed at room temperature.
An H WO, sample previously heated up to 400°C
(673K) in air, so as to remove hydrogen (sec Fig. 2.)
whose thermogram is shown in Fig. 7c, was examined
again after 9 months and shows notable changes
(Fig. 7d). Only the third maximum is seen with the first

and second one in traces. The final heating product in
nitrogen or argon has a dark colour, although the
presence of the third maximum is evidence of reorgan-
ization of hexagonal to a monoclinic structure which
adsorbs hydrogen (Fig. 8).

A special yellow (monoclinic) modification, a WO,
sample heated in argon, shows neither thermic effect
nor change in colour but adsorbs hydrogen after heat-
ing in nitrogen or argon like the previous samples did,
and changes from a yellow colour to a brown one. It
should be emphasized that all samples heated in
hydrogen gain a brown colour and become hydrogen-
active (Fig. 8).

Kinetic and thermodynamic magnitudes of the
hydrogen adsorption process were determined by the
method according to Equation 1. Fig. 9 shows the
logk against 1/T dependence for hydrogen adsorption
exo-maxima from Figs 8b and c. The activation energy
for hydrogen adsorption by a sample previously heated
in air to 400° C (673 K), and after 9 months of ageing
heated in argon to 600°C (873K), is 51.55kJmol~,
while the activation energy for hydrogen adsorption
by yellow WO, previously heated in argon to 600°C
(873 K) is 86.47 kJ mol~"'. We suppose that the hydro-
gen adsorption process depends on the degree of sample
activation which affects the changes in activation
energy too. On the basis of these data it can be con-
cluded that the H, WO, sample investigated, obtained
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Figure 7 Sample ageing effects on DSC thermo-
grams in argon. H WO,: (a) June 26th 1985,
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(b) September 24th 1986. H, WO, previously heated
to 400° C (673 K): (c) December 6th 1985, (d) Sep-
tember Sth 1986.
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Figure 8 DSC thermograms in hydrogen: (a) sample from Fig. 7b,
(b) sample from Fig. 7c and (c) yellow WO, sample after heating in
argon to 600° C (873 K). Because of different sample weights maxi-
mum heights cannot be compared. Ordinate sensitivity: (a) and
(¢) ImWem™!, (b) SmWemL.

in the manner already described [5] and kept in air,
spontaneously liberates hydrogen and is subject to the
structure changes manifested in processes to which
Maximum 2 corresponds; this affects the process of
Maximum 3 so that there is no change in colour as the
result of transformation. There is no difference in
behaviour between samples that have been aged for
some time or before ageing have been heated to 400°C
(673K).

4. Conclusions

Fresh hydrogen tungsten bronze, H,WO;, syn-
thesized according to the method of Solonin and
Privalov [5] exhibits the following effects:

1. Heating in a nitrogen or argon atmosphere
gives three exothermal effects that correspond to a
hydrogen-liberating process and to an irreversible
transformation of hexagonal WO, to yellow mono-
clinic WO;.

2. Storage gives an ageing effect that leads to spon-
taneous hydrogen liberation and structure changes so
that by heating gives only the third exo-maximum, a
process which now leads to the forming of a brown
WO, phase.

3. Independently of the ageing time, both hydrogen
bronze and the pure yellow modification WO, heated
in a hydrogen atmosphere adsorb hydrogen exo-
thermally and gain a brown colour. Hydrogen is
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Figure 9 Plots of log k against 1/T for exo-maxima from (O) Fig. 8b
and (@) Fig. 8c.

spontaneously desorbed at room temperature in air,
nitrogen or argon.
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