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D.vNb205 is thermodynamically unstable. Therefore, neutron diffraction measurements were
performed in the electrochemical cell used for the intercalation of deuterium into sintered
NbiOs powder samples. Diffraction patterns were recorded at equilibrium potentials of —443,
—428, —332 and —197 mV vs. NHE (corresponding to x = 0.232, x = 0.23, x = 0.21 and
x = 0.06). The structural changes in NbiOs caused by the deuterium insertion are small but could
be determined reproducibly. The lattice parameters of the host lattice exhibit a characteristic
dependence on the deuterium content of the bronze. A model has been developed for the
partially inhomogeneous distribution of the deuterium in the NbiOs unit cell, which explains
the changes of the peak intensities observed in the low angle region (6 °< 29 < 18°).

Introduction
The formation of the niobium hydrogen bronze
H vNb 2C>5 (0 < jc < 0.25) during electrochemical
reduction of Nb 2C>5 is indicated by a color change
from white to deep blue. Thin film electrodes [1 -5 ]
and pressed powder samples [6 ] of this material
have been investigated, because of the possible use
of Nb 20 5 in electrochromic devices. It has been
shown that the insertion is not a surface but a bulk
effect [7]:
x H + +XQ- + N b 20 5
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The insertion of hydrogen does not change the struc
ture of Nb 2C>5 significantly, as has been dem on
strated by in situ X -ray diffraction [8 ]. The problem
of the crystallographic structure description of the
bronze can thus be reduced to a determination of
the location of the hydrogen in the unit cell of the
host oxide. Neutron diffraction is the most suitable
method for this purpose, but it requires the replace
ment of hydrogen (a strong incoherent scatterer) by
deuterium.
The measurements were performed with the
high-resolution two-axis neutron diffractometer
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D 1A at the ILL in Grenoble, France, using a neutron
wavelength A = 1.911 A.
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Fig. 1. Cross section of the electrochemical cell for neu
tron diffraction experiments.
Experimental
The electrode potential of Ho.:Nb205 is less than
—400 mV vs. NHE [6 ], which means that the bronze
is thermodynamically unstable with respect to decompo-
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constant indicating stationary equilibrium. In subsequent
experiments different potentials, corresponding to other
H contents, were adjusted in the same manner. Two sets of
equivalent apparatus were used alternately for an efficient
utilisation of the allocated beam time.
We recorded 4 diffraction patterns of the samples
at equilibrium potentials of (—443 ± 5), (—428 ± 5),
(—332 ± 6 ) and (—197 ± 1) mV vs. NHE together with
one of pure Nb2 0 j and one of the cell without a sample
(blank measurement) in order to obtain information about
the background. The diffraction patterns were recorded at
room temperature over the range 6 ° < 29 < 90°.
The refinements and simulations of the neutron diffrac
tion patterns were performed using the Rietveld refine
ment program DBWS from R. A. Young [10].

Results and Discussion

Fig. 2. Equipment of the electrochemical cell for neutron
diffraction experiments.
sition into NbiOs and gaseous hydrogen. Therefore, the
neutron experiments had to be carried out in situ i. e. in
an electrochemical cell (Fig. 1) under potentiostatic con
trol. During the experiment the electrolyte (1 N D2SO4 in
D 2O; D2SO4, Fluka, 96-98 % in D2O, > 99.5 % isotopic
purity; D2O, Alfa, 99.8 % isotopic purity) was pumped
(pump: Minipuls 3, Gilson) through the cell, carrying
away the oxygen, evolved at the counter electrode situ
ated far away from the sample (Fig. 2). Afterwards the
electrolyte flowed through 2 washing bottles in series,
where the oxygen is purged with nitrogen, in order to
prevent a reoxidation of the bronze on recycling.
The Nb20 5 sample was pressed on a Pt ring, which was
insulated with silicone from the electrolyte and carefully
kept out of the neutron beam. The cell was sealed by two
polyethylene foils, which also served as windows for the
neutron beam (Fig. 1). The circular area of the sample
exposed to the neutron beam had a c.d. of 2.8 cm. The
samples were prepared by pressing pure Nb2 0 s powder
(Alfa, 99.9 %) to tablets (2 GPa, c.d. 42 mm, thickness
5 mm, weight 18 g), which were then heated in air to
1250 °C for 3 d in order to obtain pure H-Nb 2Ü 5 [9].
The density of the samples was ptab = (2.6 ± 0.1 ) g /c n r ,
which is about 57 % of the density of pure H-Nb^O?.
It was demonstrated gravimetrically that the pores in the
sample could be completely filled up with electrolyte (accuracity of the method ± 1 %).
The pure Nb2 0 s sample was loaded with hydrogen
galvanostatically in the closed apparatus. When the po
tential reached E k —400 mV vs. NHE, it was stabilized
by potentiostatic control. After 20 h the current became

The large background in the diffraction patterns
was mainly produced by the electrolyte within the
porous sample, as confirmed by the blank measure
ment. As in this measurement the background was
increased because the volume of the absent Nb 2Ü 5
sample was replaced by additional electrolyte, the
data for the blank measurement were multiplied by
an appropriate factor, for all measurements, very
close to the expected value of 0.57, and then substracted from the sample data. For large angles,
however, the observed background of all samples
exceeded that of the corrected blank measurement
(Fig. 3). This was caused by the double scattering
in the blank measurement, with increasing angle.
Therefore, in the refinement this part of the sample
background was fitted using a 3rd order polynomial.
Both corrections are indicated in Fig. 3.

Fig. 3. Neutron diffractogram of DvNb2 0 ? (E =
—443 mV vs. NHE) (+) with corrected background of
the blank measurement (dots) and background caused by
double scattering (dashed line).
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Fig. 4. a) Experimental neutron diffraction patterns of
pure Nb20 5 (+) and of D.vNbiOs (o) at an electrode poten
tial of E = —443 mV vs. NHE. The solid lines represent
the smoothed data, b) Smoothed curves from diagram a)
(solid line Nb2Ü5, dotted line D.vNb 205 ). The main con
tributions of the indicated peaks at 6.45°, 10.32°, 11.94°
and 12.97° come from the (001), (201), (200) and (002)
reflexions, respectively, c) Calculated neutron diffraction
patterns of Nb2Ü 5 and DvNb205 with homogeneous and
weighted deuterium distributions, respectively (see text).

The crystal structure of H-NboOs has been deter
mined by Gatehouse and Wadsley [11]. The mon
oclinic unit cell (space group P2) consists of 14
formula equivalents. The structure is built up of
two different ReO^-like blocks of com er shared
NbOö octahedra having infinite expansion in crys
tallographic a direction and consisting of 3 x 5 and
3 x 4 octahedra in the a - c plane, respectively. The
blocks are linked together by edge sharing of the
octahedra. In this way, two tetrahedral sites for nio
bium are produced in the unit cell, only one of which
is occupied for stoichiometric reasons. Neither X ray nor neutron diffraction yielded any evidence that
this structure changes during the intercalation of H
or D [8].
The differences between the neutron diffraction
patterns of H -N b 2Ü 5 and
are small, but
they are reproducible and appear on reducing the
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sample and disappear when it is re-oxidized. A
change of the lattice constants was observed as a
function of the D content and will be discussed
below. In contrast to the equivalent X -ray diffrac
tion patterns, the intensities of some peaks changed
significantly at low diffraction angles (Fig. 4). Evi
dently, the observed changes in the neutron diffrac
tion patterns are caused by the scattering of inter
calated deuterium. In order to obtain information
concerning the location of the intercalated deu
terium (or hydrogen), the neutron diffraction pat
terns for different D distributions were calculated
and compared with the experimental diffraction pat
terns. As is known for other bronzes [12], D sites
in the oxide were assumed to be on the connec
tion line between two oxygen atoms, but with the
simplification that the D positions lie in the middle
between them. The occupation numbers were cal
culated from the electrode potentials E using the
E = f ( x ) dependence obtained for H^NboOs [7J.
Homogeneous D distributions, where the D atoms
are placed e. g. between all oxygen atoms with 0 - 0
distances do-o < 3.2 A (Fig. 4c, 295 D positions
per unit cell) lead to diffraction patterns very sim
ilar to that of pure Nb 2 0 5 . Therefore, it has to be
concluded, that the intercalated deuterium is inhomogeneously distributed. The D positions between
two oxygens with distances 2.4 A < do-o < 2.6 A
could be favoured, because hydrogen bonds in such
OD • O -groups are particularly strong. However,
the calculated diffraction patterns for this structure
do not match the experimental patterns (cf. Fig. 4c,
“weight type 1”). Other D positions in the host lat
tice can explain the diffraction patterns better, when
these are calculated for the case that either the D( 1)
positions indicated in Fig. 5 are occupied by one D
atom each (displayed in Fig. 4c, “weight type 2”)
or the D(2) positions are occupied half by the D
atoms (labeled “weight type 3” in Fig. 4c), respec
tively. In both cases, these occupations of the D (l)
and D(2) positions correspond to a D content x ' of
the bronze D ^M ^O ? of x' = 0.143. The D content
corresponding to the difference between this value
x' and the actual value of jc « 0.23 was treated as
distributed homogeneously over all other sites with
d o -o < 3.2 A. As it can be seen in Fig. 4c, the
calculated patterns match rather well the measured
data of the Do.23Nb 205 sample (see Fig. 4b) and re
produce the observed increase in scattered intensity
at 6.45°, 10.32° and 12.97°, as well as the decrease
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Fig. 5. Detail of the unit cell of NbjOs. The proposed
positions for the deuterium around the vacant tetrahedral
Nb site are in a plane perpendicular to the 6-axis.
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at 20 = 11.9° by both weight types. The fit quality,
therefore, does not allow any preference between
either. However, it is possible to say that configura
tions with deuterium mainly surrounding the unique
Nb-free tetrahedral site of the Nb 20<s unit cell (see
Fig. 5) are more probable than configurations where
the deuterium is mainly located near an octahedral
Nb-site. The peak at 9.2° (see Fig. 4b), which could
be observed in all diffraction patterns with similar
intensities, can neither be assigned to M bO s nor
to DvNboOs, and it does not occur in the X -ray
diffraction patterns. It is obiously an artefact caused
by the beam stop which starts to cast a shadow on
the detectors. This can be seen in Fig. 3 when look
ing at the sharp decrease of the scattered intensity
for angles lower than 9.2°.
The lattice constants of D^NbiOs, which were
obtained by refining the structure of pure
on
the basis of the experimental diffraction patterns,
are shown in Fig. 6 as a function of the electrode
potential of the bronze. With the exception of the
points for E = —443 mV (see below), the lattice
parameters b and c increase monotonically with de
creasing potential (increasing D content) whereas
a and (3 pass a minimum near E - —200 mV. In
this potential region the shape of the E vs. t curves
changes when measured during the decomposition
of H vNb 205 [7]. This correlation between the elec
trode potential and the structure can be interpreted
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Fig. 6 . Lattice constants of D.vNl^Os vs. the electrode
potential. The dashed lines represent the lattice constants
of pure H -N b 2 0 .<i, according to Gatehouse et al. [11],
The error bars indicate the estimated standard deviation
(e. s. d.), calculated by the refinement program. The values
measured for pure Nb2 0 s are in parentheses, because
they cannot be assigned to a finite electrode potential.
However, X-ray studies showed no significant differences
in the lattice parameters of D.vM^Os at a potential of
E = 0 mV vs. NHE and pure NbjO.«;, which justifies the
positioning of the points in the diagram.

by a statistical thermodynamic approach [8 ], which
makes use of the above D distribution model.
The sample with E = —443 mV was under potentiostatic control for 54 h before the measurement
was started whereas all other samples were equilibriated for only 12 h. As can be seen in Fig. [6 ], the
lattice constant b of the better equilibriated sample
is enlarged, whereas a and c are diminished com
pared with the lattice constants of the sample at the
potential E = —428 mV. This apparent discrepancy
is due to a structural relaxation effect which has also
been observed in time resolved in situ X -ray diffrac
tion and in the electrode potential of the bronze [7].
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This relaxation effect can also be interpreted by the
above mentioned statistical model [8 ].
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During the intercalation of deuterium structural
changes of Nb 2C>5 can be reproducibly observed
by neutron diffraction. The variations of the lattice

constants with the D content are correlated to the
electrode potential of the bronze. The deuterium dis
tribution in the niobium hydrogen bronze D^Nb 205
is inhomogeneous. Simulations of the in situ neu
tron diffraction experiments gave strong indications
that the deuterium atoms are mainly located near the
unique Nb free tetrahedral site in the unit cell of the
host lattice.
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