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Electrochemical Insertion of Hydrogen into Diniobium Pentaoxide
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The electrical behavior of the NboOs electrode in NazSOy4 solutions was characterized by the impedance
spectra. The pH dependence of the flat band potential could be explained in terms of the acid-dissociating
equilibrium of hydroxyl groups on the oxide surface. The plot of equilibrium potential of the oxide vs. pH gave
a straight line with a slope of —0.06 V. The equilibrium potential became monotonously more negative with
increasing extent of the reduction of the oxide. The cyclic voltammograms and chronopotentiograms of the
partially reduced oxide indicated that the diffusion of an electroactive species in the oxide controlled the rate of
the electrode process. These results suggest that HyNbO2 5 or NbOg.5_5(OH); can be formed by the reduction
of the oxide. The conductivities of the oxide increased about two orders of magnitude by the insertion of a small
amount of hydrogen. In conclusion, a blue coloration of the oxide can occur as a result of the diffusion of H
from the electrolyte into the NboOs lattice and a simultaneous injection of electrons to d-block bands of Nb in

the energy band model.

The transition metal oxides with tunnel networks or
layered lattices can form nonstoichiometric hydrogen
compounds by chemical reduction in acidic solutions.!»?
The compounds are most aptly described as hydrogen
insertion compounds since the parent oxide matrix is es-
sentially unaltered. The insertion reactions have been
extensively investigated in connection with their poten-
tial use in electrochromic display devices.®>* However,
the slow dissolution of WO3, MoQOgs, and V505 in aque-
ous sulfuric acid solutions has prevented the application
of these system to practical devices.

Reichman et al.” reported the preliminary ex-
periments demonstrating electrochromic behavior of
Nb3Os, which is insoluble in many media. The passive
behavior® of the NbyOs film anodically grown on a Nb
metal suggested that this oxide should be a promising
material for electrochromic devices. In order to under-
stand the phenomenon of the coloration of NbyOs, it
is necessary to have a detailed knowledge of the basic
electrochemical properties of the oxide. In this paper,
we describe a systematic investigation on the cathodic
reduction of Nby; Oy electrodes.

Experimental

Diniobium pentaoxide electrodes were prepared by the
oxidation of a Nb metal (99.95%) at 500 °C in air. The
X-ray diffraction pattern of the oxide indicated that it was
T-NbOs.” The amount of oxide was determined by weigh-
ing the sample before and after the thermal oxidation. The
thickness (1—10 pum) of the oxide was estimated from a
density” of 4.9 gem ™3 for the oxide. Sintered NbyOs elec-
trodes were prepared by pressing powdered NbyOs (Kanto
Chemicals, >99.95%) at 6 toncm™2 and heating it at 800
°C in air for 16 h. All the chemicals were of GR grade and
Na2S04 was used after recrystallization. Electrolyte solu-
tions were prepared with doubly-distilled water.

The conductivity of NbyOs was measured on a YHP
4261A or 4265B LCR meter at a frequency of 1 kHz in
the temperature range 20—250 °C. Electrochemical exper-

iments were carried out in a one-compartment, three-elec-
trode glass cell at room temperature. A Ag|AgCl/KCl elec-
trode and a large platinum gauze (>10 cm?) were used as the
reference and counter electrodes, respectively. Electrolytes
were 0.5 M (M=moldm™3) NaSO4 solutions whose pH’s
were adjusted with HoSO4. All solutions were purged with
nitrogen gas prior to and during the electrochemical mea-
surements. The impedance spectra of the NbyOselectrode
were obtained on a HP 4284A LCR meter over the frequency
range from 20 to 10® Hz. The ac signal of 10 mV amplitude
was applied between the working and counter electrodes.
The differential capacitances of the oxide electrodes (area
0.075 cm?) were measured at a frequency of 1 kHz. Partially
reduced oxides were formed by the potentiostatic electroly-
sis of the Nb2Os electrodes. The electric charge transferred
during the reduction was counted on a Hokuto Denko HF-
201 coulometer in the potential region with no evolution of
a Hy gas. The variation in conductivity of the oxide with
the electrochemical reduction was measured by use of the
sintered electrode, which had two gold films separated from
each other by 0.1 mm on the back side of the electrode. Af-
ter the sintered electrode was potentiostatically reduced, a
dc voltage of 50 mV was applied between the two gold films.
The flowing current was used to determine the resistance of
the electrode at each electrode potential.

Results and Discussion

The measurement of the conductivity x of NboOj
gave a linear relationship between log s and the recip-
rocal of temperature 7. The relationship was expressed
by the following equation, with an error of about 0.05
in log k.

1og§r—”;—_—1 = —,}P—S/g ~1.82 200ST<520K) (1)

The conductivity data indicated that the oxide was
a semiconductor having a small conductivity (1078
Scm™!) at room temperature. Equation 1 gave a value
of 0.36 eV for the activation energy of conduction. This
value was fairly smaller than the bandgap energy (3.4
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Fig. 1. Plots of reciprocal square of capacitance vs.

electrode potential for Nb2Os in 0.5 M NaySOy4 solu-
tions. O: pH 4.65, O: pH 6.50.

eV)® of NbyOs. Since NbyOjs is an oxygen-deficient
oxide with reducible cation,” the observed activation
energy probably corresponds to the ionization energy
of oxygen vacancies which are donors.

Figure 1 shows the differential capacitances C of
the NbyOgy electrode in NaysSO, solutions. The mea-
sured capacitance for a semiconductor electrodes can
be equal to the capacitance of space charge region of
the semiconductor, because the latter is generally much
smaller than the capacitance (20—30 pF cm™2) of the
Helmbholtz double layer at a solid-solution interface. In
the absence of a high density of surface states, the ca-
pacitance Cg. of the space charge region is expected to
vary with the electrode potential F according to the
Mott—Schottky Eq. 2.8

1 2

G " meenaz B~ B = KT/, ()

where Fj, is the flat band potential of a semiconduc-
tor, g, is its relative permittivity, N is the density of
charge in the space charge region, and the other sym-
bols have their usual meanings. We determined the flat
band potential of the NbyOj electrode by extraporating
the linear portion in the 1/C? vs. E plots to 1/ C%=0.
The values of the flat band potential changed linearly
with pH of the solution. A linear relationship between
them was expressed by the following equation.

Eg, = —0.25 — 0.056 pH 3)

At higher potentials than Ep,, the Faradiac charge
transfer is negligible owing to the surface barrier on the
oxide. The pH dependence of Eg, can be explained in
terms of the acid-dissociating equilibrium of hydroxyl
groups on the surface of the oxide (in other words, the
adsorption—desorption of Ht and OH~ on the oxide
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surface).
-H* -H*
-OH} —— -OH ——= -0~ 4)
H* H*

An increase in pH causes the potential of the
Helmholtz double layer to be lower because the oxide
surface is more negatively charged. The point of zero
charge (pzc) for the oxide with high oxidation number
of metal ion is probably in low pH, for the pzc become
more acidic with increasing charge/radius of a metal
ion.'® The experiment by Nechayev et al.'?) suggested
that the pzc of NboOs might be about pH 3. This pzc
value gave a value of —0.42 V vs. Ag/AgCl/KCl to the
flat band potential when the potential of the Helmholtz
double layer was zero. We estimated the energy of con-
duction band edge at the pzc to be —0.78 V on the
assumption that the Fermi level was equal to the donor
level.

The slope of the linear 1/C? vs. E plots can give the
density of charge in the space charge region of the semi-
conductor. The charge density evaluated with a rela-
tive permittivity® of 46 was (8+2)x10'7 ¢cm~2 inde-
pendently of pH. For NbyOs it is certainly the density
of donors which probably are oxygen vacancies.

The 1/C? vs. E plots showed a departure from the
linearity at higher potentials. A possible explanation
for the non-linearity of the plots might be a non-uni-
form distribution of defects in the oxide films. During
the thermal oxidation of Nb, oxygen vacancies move be-
tween the metal-oxide and oxide-gas interfaces. There-
fore, it seems reasonable to assume that the concen-
tration gradient of defects exists in the oxide films.'?
Although the concentration profile of defects should be
dependent on the film thickness, the variation of the
donor density with the film thickness was not observed
in a narrow range of thickness (1—10 pm).

Figure 2 shows the pH dependence of the equilib-
rium potential of NbyOj electrodes in NasSO, solu-
tions. Curve 1 is for a pure oxide (colorless) and curve
2 for the partially reduced oxide (blue). For each ox-
ide, the plot of the equilibrium potential vs. pH gave
a straight line with a slope of —0.06 V. This result
suggests that either the oxide surfaces may be more
negatively charged with increasing pH or the oxide elec-
trodes may electrochemically respond to HT in the so-
lution. When the partially reduced oxide was exposed
to air, the potential of the oxide moved slowly to the
higher values with the simultaneous color change from
blue to colorless. This indicates that the reduced oxide
is oxidized by Os, particularly in a sulfuric acid solu-
tion.

An increase in the extent of reduction of the oxide
led to a lowering of the equilibrium potential of the ox-
ide electrode. Figure 3 shows the relationship between
the equilibrium potential and z which is the number
of electrons transferred per mole of Nb during the ca-
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Fig. 2. The pH dependence of equilibrium potential of
Nb2Os electrode in Na2SQOj4 solutions. Curve 1: pure
oxide, 2: partially reduced oxide.
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Fig. 3. Relationship between the extent of reduction

of the oxide and equilibrium potential. O: pH 0.80,
(J: pH 2.65, A: pH 5.30.

thodic reduction. In the shown range of z, no evolution
of Hy was observed in the cathodic reduction. The equi-
librium potential became monotonously more negative
with increasing z at each pH. The lowering of the equi-
librium potential is probably due to an increase in the
activity of an electroactive species in the oxide. Al-
though the species could be indistinctly confirmed by
the IR and X-ray studies, we regarded it as hydrogen
on the basis of the following observations.

Figure 4 shows the cyclic voltammograms of the re-
duced oxide (z=0.01) at different scanning rates v of
electrode potential. An anodic peak ascribable to the
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Fig. 4. Cyclic voltammograms of the reduced oxide

(z=0.01) at different scanning rates of electrode po-
tential. 1: 400, 2: 200, 3: 100, 4: 50, 5: 20 mVs~ 1.
pH 2.75.

oxidation of the electrode was observed. The linear de-
pendence of the peak current on v'/? suggests that the
current may be determined by the rate of diffusion proc-
ess in the oxide. Anodic chronopotentiograms of the re-
duced oxide also showed the steep rise of electrode po-
tential which was due to the reduction to zero of surface
concentration of the electroactive species. The change
of the transition time 7 with current density is pre-
sented in Fig. 5 at different extents of reduction of the
oxide. A linear 1/i—7'/2 relationship and an increase
in 7 with increasing z also indicate that the diffusion of
the species in the oxide controls the rate of the electrode
process.

The above results led to the conclusion that reaction
5 could occur on the NbyOp electrode.

Ht +e— H in oxide. (5)

A Dblue coloration can result from the simultane-
ous injection of protons and electrons into the ox-
ide. We express the reduced oxide as H;NbO3 5 or
NbOg3 5-,(OH), in the potential range with no evolu-
tion of a Hy gas.

NbOaz.5 + z(HY + ) — H,NbO2.5 (6)

NbO2.5 + z(H' + €) — NbO2.5_.(OH), (7)

The monotonous lowering of the equilibrium poten-
tial with increasing x implies no phase transition of the
oxide in the range of z<0.006. Consequently, hydro-
gen may be topotactically inserted into the parent ox-
ide matrix. Otherwise, we are able to have Eq. 8 as a
alternative reaction.
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Fig. 5. Change of transition time in anodic chronopo-
tentiometry of the reduced oxide with current den-
sity. O: z=5x10"3, 00: 2=2x10"3, A: z=5x10"%.

NbOa.s + z(H' 4+ €) — NbOys_p/2 + /2 H2O  (8)

The injected electrons are trapped in oxygen vacan-
cies which are generated by the reaction of HT with the
oxide surface. However, the magnitude of the measured
diffusion coefficient denied the possibility of an increase
in concentration of the lattice defects (see later).

Figures 6 and 7 show complex plane impedance and
admittance plots, respectively, for the NbyO5-solution
interface. These diagrams suggested that the electrical
characteristics of the interface could be represented by
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Fig. 6. Complex plane impedance plots for Nb,Os

electrode in NapSOy4 solution. Electrode potential;
curve a (x1/10): 0, b: —0.2, ¢: —0.4 V.
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Fig. 7. Complex plane admittance plots. Electrode

potential; curve a: 0, b: —0.2, c: —0.4 V.

the electric equivalent circuit in Fig. 7, although the
impedance plots at lower frequencies wasn’t perpendic-
ular to the Z' axis owing to the leak in C;. When
the equivalent circuit is used, the point at which the
impedance curve intersects with the Z’ axis at higher
frequencies gives a value of Ry. The points of intersec-
tion of the admittance curve with the Y’ axis at higher
frequencies and at lower frequencies give the values of
1/R1+1/Ry and of 1/R;, respectively. Figure 6 indi-
cates that R, is the resistance of the solution because its
value (about 50 ) is independent of the electrode po-
tential. Since 1/R;<1/ R, in the examined range of the
potential, an Ry value of 43 Q2 was also obtained from
the admittance plots. At higher potentials than FEg,,
the impedance curves had a semicircle corresponding
to the portion of the R; C) parallel circuit. The diame-
ter of the semicircle decreased largely at more negative
potentials. At lower potentials than Fg,, the electrical
characteristics of the electrode could be preferably ex-
pressed by an RC series circuit. Therefore, R; and C;
correspond to the resistance and capacitance of the ox-
ide, respectively. It was difficult to determine a value
of R; from the admittance curves because the plots at
lower frequencies centered on the zero point in the di-
agram. Accordingly, the change in Z’ values at 20 Hz
with the insertion of hydrogen is shown in Fig. 8 (curve
1). The resistance of the oxide decreased about two or-
ders of magnitude even at £=0.006. Curve 2 shows the
change in resistance obtained by the dc method for the
sintered electrode. The curve also indicates that the
conductivities of the oxide increase about three orders
of magnitude by the insertion of a small amount of hy-
drogen. Because Nb%* has no valence electron, NbeOs
is essentially an insulator in the absence of any defect
in the oxide. The injected electrons probably occupied
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Fig. 8. Change in resistance of oxide electrode with

insertion of hydrogen. Curve 1: Z’ value at 20 Hz in
impedance diagram, curve 2: resistance obtained by
dc method for sintered electrode.

d-block bands of Nb in the energy band model. There-
fore, the inserted hydrogen could exist as proton in the
oxide.

The mobility of hydrogen in NboO5; was evaluated
by the potential step technique in which the transient
current was controlled by the rate of the diffusion of
hydrogen in the oxide. The theoretical treatment has
been given by Wen et al.'® Figure 9 shows the current—
time curves after a potential step of 10 mV at different
equilibrium potentials. The curves follow closely the
Cottrell Eq. 9.

QD1/2

= Lt (t < L?/D) 9)

1
where (@ is the electric charge transferred after the po-
tential step, D is the chemical diffusion coefficient of
proton, and L is the thickness of the oxide film. The D
values determined from the slope of the linear i vs. t~1/2
plots are shown in Fig. 10. The values of D were about
10719 cm?s~!. Although the conductivity of the oxide
increased greatly by the insertion of a small amount of
hydrogen, the D values were independent of z in the
range of £<0.008. An ionic conductivity of 2x10~8
Scm™! at =0.002 can be estimated from the measured
value of D on the presumption that all the inserted hy-
drogens exist as protons. This result means that the
increase in conductivity of the oxide is not due to an
increase in ionic conduction. Because the diffusion coef-
ficient of oxide ion is not more than 107! cm?s~! even
in ionic conductors such as Ln;_;Sr,CoQ3,'¥ it may be
much smaller in a common oxide. Therefore, the mag-
nitude of the measured D values denied the possibility
of reaction 8. A blue coloration can occur as a result of
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Fig. 9. Current-time curves after a potential step of

10 mV at different equilibrium potential. O: —0.50,
[J: —0.45, A: —0.40 V.
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Fig. 10. Chemical diffusion coefficient of proton in
Nb2Os.

the diffusion of H* from the electrolyte into the NbyOs
lattice and a simultaneous injection of electrons from
the metal-oxide interface.

Gomes et al.'® reported that the D value was 10~"—
1078 cm?s~! and decreased appreciably with z. How-
ever, the D values in WO3 were approximately in the
range of 107! to 107° cm?s~! although they varied
fairly with a way of preparing the oxide.'®) There is a
structural similarity between NboOs and WOj3. Tung-
sten trioxide has a distorted ReOs-type structure and
NbyOs has the structure built from blocks of the ReO3-
type lattice.!” Therefore, the mobility of proton in
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Nb,Os may be comparable to that in WO3.

The dehydration of chemically reduced Nb2Os pow-
der resulted in rapid oxidation of the oxide by Oq. This
fact suggests that water may play an important role in
the coloration. As regards the chemical composition of
the hydrogen insertion compound, we must await the
further research.
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