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Electrochemical behaviour of zirconium metal and its
oxide film in LiOH and HF solutions
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The electroformation and in situ characterization of ZrO, in 0.1 M LiOH at 25°C reveal an insulating
behaviour equivalent to that observed in other alkaline and acid media. Etched zirconium is found
to be covered by a 2.0nm oxide film, while the growth rate of the anodic film in 0.1M LiOH is
2.1nm V™! and the dielectric constant is 30/r (r being the roughness factor). Chemical dissolution of
the anodic film after times of up to 2.5 x 10*sis very slow in 0.1 M LiOH and 1 M Hcl, whereas ZrO,
dissolves rapidly in 0.05M HF, as shown by the reciprocal capacitance C~', which is found to follow
the empirical relation C™' = 4 — Br'? where B = 2nms~ " in 0.05M HF.

1. Introduction

Zirconium Zr has recently been the subject of numer-
rous investigations, mainly because of the stability
of its passive film toward corrosion and hydrogen
embrittlement and its small cross-section for neutron
absorption, which make it a suitable material for use
as pressure tubes immersed in lithiated heavy water
for nuclear fuels [1].

The electrochemical stability of zirconium, a valve
metal, is attributed to the stability and thickness of the
710, film covering the unstable bare metal [2]. In
aqueous solutions, the standard potential at 20°C for
Reaction 1 is —1.43 V/RHE:

710, + 4H* + de~ —> Zr + 2H,0 (1)

Thus the bare metal is always covered by an oxide
film. The characterstics of ZrOj3 films on Zr depend
strongly on the formation conditions [3]: that is,
oxidation in O, at 550°C for thick films of 1-4 um and
anodic treatment in aqueous solutions near 25°C for
thin films of 20~40 um. The nature of the electrolyte is
reported to influence the formation of a porous anodic
oxide film in that it affects the ionic transport in the
film without substantially modifying the physical
properties of the oxide [4-6] or the stability and pitting
attack of the film [2, 7]. This influence of the electro-
lyte could be due to the oxide being contaminated by
incorporation of the electrolyte ions during anodic
formation [6].

The electrochemical growth of anodic thin films on
zirconium as a function of the surface preparation,
electrode potential and pH reveals that the growth
rate is not very pH-dependent for thicknesses of
10-30 um [8], but ion incorporation becomes less
favoured at high pH’s [9]. The passive current at low
anodic potentials is found to be independent both of
the potential and the pH [10].

The kinetics of the dissolution of anodically formed
Zr0, films have been investigated in HCI [11] and
H, SO, [12] using impedance and potential measure-
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ments and were found to be a function of the acid
concentration, the temperature and the formation
voltage of the oxide film.

The present study concerns anodic film formation
and electrochemical characterization in 0.1 M LiOH
solutions at 25°C followed by dissolution of the
anodically formed oxide film in ! M HCl and 0.05M
HF solutions.

2. Experimental details

Thermostated glass cells were used for the electro-
chemical measurements. The three-electrode system
was controlled by a Solartron 1286 potentiostat and
the impedance measurements were performed with a
Solartron 1250 Frequency Analyzer.

The aqueous solutions were 1M HCI, 0.05M HF
and 0.1 M LiOH (Fisher) solutions. No other species
were dissolved. All solutions were deaerated with
nitrogen prior to the electrochemical experiments.

The working electrodes were 3.2cm (area 1.0 cm?)
polycrystalline zirconium wires (99.8%, AESAR,
1.0 mm dia.) sealed in glass. The counterelectrode was
a platinum foil of 15cm?®. A saturated calomel elec-
trode (SCE) was used as the reference electrode; its
measured potential was 0.257, 0,965, and 0.388 V with
respect to the reversible hydrogen electrode in 1M
HCI, 0.1 M LiOH and 0.05M HF, respectively.

Two different methods of surface preparation were
used: mechanical polishing and etching.

(1) Mechanical polishing. The specimens were
abraded with emery paper (600) then polished with
wet alumina powder (0.3 um) until a smooth grey
surface was obtained.

(i) Etching. After soft mechanical polishing, the
specimens were immersed in a solution of 1:4:5 parts
by volume 48% HF, 98% HNO, and triple-distilled
water and carefully rinsed. The immersion period was
stopped a few seconds after the distinctly visible
hydrogen evolution; typical time of etching was 5-10s.

Thin oxide films on zirconium were produced and
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investigated in an alkaline solution as a function of
the metal surface preparation and the anodic potential
at 25°C by simultancously measuring the current
(sweep rate 50mVs™') and the electrode capacitance
(1000 Hz, 5mV) during a single cycle of voltage
between 0 and 12 Vgyy. Dissolution of the anodically
formed ZrO, was investigated by simultaneously
measuring the open-circuit potential and the electrode
capacitance {(1000Hz. SmV) in various media as a
function of time.

3. Results and discussion

3.1. Electroformation and characterization of ZrQ, in
0.1M LiOH

An idea of the frequence response of the Zr/ZrO,
system in 0.1 M LiOH is obtained from a.c. impedance
diagrams in the high frequency range. After etching,
the zirconium electode polarized at —1.25Vg
(—0.28 Vgyye) in 0.1 M LiOH yields a simple diagram
(Fig. 1a) which is tentatively described in terms of a
resistance R and capacitance C in series. According to
the Equation 2, the ideal response for such a RC
system should be a vertical line in the Nyquist plot.

J @

Z = R— —
wC

The actual dependence of C and R on frequency
(Fig. 1b) suggests that the Zr/ZrO,/LiOH system does
not behave as an ideal capacitor connected in series
with the resistance of the solution. This is a somewhat
complex system where the frequency-dependencies
were already attributed to a distribution of dielectric
relaxation times within the zirconium [9] or titanium
[13] oxide. An equivalent impedance diagram was
obtained at + 5.5V, revealing an equivalent behav-
iour for zirconium over a wide range of anodic poten-
tials and suggesting that a residual oxide film remains
on the zirconium electrode after etching. Although
both the resistance and the capacitance are frequency
dependent, it remains possible to evaluate relative
oxide properties and to estimate some intrinsic proper-
ties. An alternative way would be to get impedance
spectrum over several decades of frequencies and to fit
the data [14].

A thin ZrQ, film was grown on zirconium by means
of a potentiodynamic experiment in the form of a
single-cycle polarization starting with 50mVs™' at
~1.5V. The capacitance values of the electrode are
obtained by simultaneously measuring the impedance
with a 1kHz/SmV signal superimposed on the d.c.
potential and assuming that the oxide behaves as an
ideal capacitor connected in series with the resistance
of the solution. It was verified that this signal does not
modify the anodic i—E trend.

The anodic current density in the positive scan was
seen to reach an almost constant value of 0.4 mA cm 2
for etched and mechanically polished zirconium wires
(Fig. 2). The current plateau means that the electric
field within the oxide film is constant under these

conditions. In the case of polished wire, a small peak
occurs at + 2.5V, at the beginning of the oxide for-
mation, suggesting a contribution of side reactions
such as oxygen evolution and metal dissolution. All
the following analyses and experiments were therefore
performed with etched zirconium wires. No bubbling
on the electrode surface was visible at 12V in 0.1 M
LiOH.

During the positive scan, the electrode capacitance
decreases continuously, reaching a low value of
~1puFcem™ beween 9 and 12V whatever the elec-
trode treatment prior to anodic oxidation. As already
reported for thin oxide films [3], the electrode changes
colour from grey to purple after anodic oxidation.

During the negative scan, the current density
decreases at 10V but the capacitance remains almost
constant. This behaviour is typical of valve metals
such as titanium [13] and zirconium [8], which are
characterized by irreversible oxide growth during the
positive scan and a constant thickness during the
negative scan. This means that the capacitance is
independent of the potential, as anticipated for the
behaviour of an insulating material. Since ZrQ, is a
semiconductor, it becomes an insulator when the deep
depletion layer of the space charge becomes equiv-
alent to or larger than the thickness of the anodic film.
For high anodic potentials, the anodic film should be
insulating because of the absence of a chargeable
space charge, while for low potentials the film should
display a semiconductive behaviour because the deep
depletion layer will vary with the potential.

The film-electrolyte interface is described by two
capacitances in series:

1 1 1 d

B 1 _ Ad+ 4,
Cy  rDD,

rDD,

c-ac "

()

where C,, is the differential capacitance of the oxide
film and the measured capacitance (C) is corrected for
the roughness factor (r), but not for the Helmoltz
double-layer capacitance (Cy), which is assumed to
exceed 20 uFcm ™2 [8]. D, D, Ad and d represent the
dielectric constant of the oxide and of the vacuum, the
variation in thickness, and the thickness of the initial
oxide film, respectively.

The variation in thickness can be calculated from
the charge flow, Q. = j ixdz, assuming that the
oxygen evolution (Q,,), electrolyte decomposition
(Qq4), capacitor charging (@,) and metal dissolution
(Quis) have negligible contributions (Equation 4) so
that the overall charge involved in the anodic process
corresponds to the oxide formation (Q,,) (Equation 5).
The dissolution-precipitation mechanism of the oxide
growth was found to be negligible, but at early stage
of a potentiostatic oxide growth [15].

an = Qex + Qo2 + Qdis —+ Qd + O (4)

QOX M

d =
A 4Fpr )

Here M = 123.22gmol™", p = 5.89gcm ™ for ZrO,.
The roughness factor, r, was assumed to be 2.2 for
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Fig. 1. {a) Impedance plot and (b) Bode plot in the high frequency range for etched zirconium wire at — .25 V/SCE in 0.1 M LiOH at 25°C.
The mean current density is negligible.

etched zirconium electrodes provided that » = 1 for  tions in this range and the linear increase in oxide film

electropolished zirconium [8], even if it was also found  thickness with the electrode potential.

to be smoother [6]. A plot of C~' against Ad (Fig. 4) shows a linear
The overall charge Q,, and the reciprocal capaci-  dependence, as anticipated from Relation 3 and observed

tance C~' vary linearly with the electrode potential  for zirconium in various media [14]. Extrapolation to

in the range 0-12V (Fig. 3), which confirms the C~' = 0 yields a thickness of 2.0nm for the initial

negligible contribution of other electrochemical reac-  oxide film, a thin film of a few monolayers, on the



Fig. 2. Potentiodynamic measurements of oxide growth on (a)
etched and (b) mechanically polished zirconium wire electrode in
0.1M LiOH at 25°C. Upper curve: current density; lower curve:
electrode capacitance (1 kHz).

etched electrode. An equivalent thickness was reached
after 500s at room temperature in 107% torr oxygen,
after the etching of zirconium [16]. This value is less
than the 5 nm reported for the electropolished [8] and
etched [14] zirconium and is more or less equivalent to
the value reported for etched titanium [13]. The slope
of the same plot (Fig. 4) yields a dielectric constant D
of 30/r which compares well with 28/r [10] and 20 [4]
determined for the dielectric constant of the oxide film
on etched zirconium. It may be pointed out that the D
values depends on the estimated surface roughness,
the potential sweep rate [13] and the frequency of the
measurement, and is therefore difficult to compare
with other D values of 20 to 35 [5, 8, 9, 15, 17].
Thus the absolute thickness (d) of the oxide film is
a linear function of the formation potential (Fig. 5).
The slope of 2.1nm V™! represents the growth rate
of the oxide film in 0.1 M LiOH; this may also be
expressed as a field of 0.4Vnm~'. This is similar
to 2.5 V™! measured in aqueous ammonium borate
solutions [16] and in agreement with the formation
rates reported in various other media [4, 17] but slightly
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Fig. 2 (continued).

different from the values of 2, 6, 3.2 and 3.5nm V™!
obtained for zirconium in acid and alkaline solutions
[8]. The growth rate has also been shown to depend on
the potential sweep rate [9]. The potential extrapolated
tod = 0is — 1.5V, which corresponds approximately
to the beginning of the oxide formation. Thus the
dielectric constant is not a function of the potential
and apparently no incorporation phenomenon occurs
in 0.1 M LiOH.

The electronic properties of the oxide film are
determined from the C_, against curve for £ < 1.3V.
At these potentials, the electrode can be expected to
behave as an n-type semiconductor and follow the
Mott-Shottky equation [18], which can be written for
T = 298K as

1 — 141 x 107
o rDN,,
En + 0026) + X107 g
fo : rDNp,

(6)

with C,, in uF cm™? and the potential in volts Ny. ¥,
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Fig. 3. Dependence of the total anodic charge (Qpx) and the
reciprocal capacity (C~!) on the electrode potential for etched
zirconium wire electrode in 0.1 M LiOH, 25°C.

r and D are, respectively, the donor density, the flat-
band potential, the roughness factor and the dielectric
constant of the semiconductor. A plot of C,,? against
E should be linear. The potential where the line inter-
sects the E-axis yields the value of Ey and the slope is

1.2 T T T T
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Fig. 4. Dependence of the reciprocal capacity (C™') on the oxide

thickness (Ad) for etched zirconium electrode in 0.1M LiOH at
25°C. Roughness factor assumed to be equal to 2.2.
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Fig. 5. Dependence of the oxide film thickness on the electrode
potential for etched zirconium electrode after potentiodynamic for-
mation of 0.1 M LiOH, 25°C.

used to obtain N, since the rD product of the semi-
conductor oxide film is calculated from the slope of C
against E plot. A Mott-Schottky analysis at 1000 Hz
applied to the residual thin oxide film (Fig. 6) yields
Ey, = —17VSCE and N, =5 x 10®cm~® in
0.1M LiOH (pH 13). The value for N, could be com-
pared to Np < 3 x 10®cm™ for a 3V film on
zirconium in 0.5M H,SO, [8] and to N = 1.5 x
10 cm ™ for a 1V TiO, film in 0.5M H,SO, [19],
bearing in mind that this parameter is known to
decreasc with the sweep rate and film thickness [19]. For
ZrO,, the flat-band potential is estimated to be —1.5V/
SCE in 0.5M H,SO, [8] and —2.0 V/SCE at pH 13 [10, 18].

3.2. Dissolution of zirconium oxide films

For a 12V oxide film formed on zirconium in 0.1 M
LiOH, dissolution does not seem to occur in 0.1 M
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Fig. 6. Mott-Shottky plot in 0.1M LiOH, 25°C for residual

zirconium oxide film after etching.

10



ELECTROCHEMICAL BEHAVIOUR OF Zr AND ZrO, IN LiOH AND HF SOLUTIONS 857

LiOH, and 1M HCI because the low capacitance of
0.7uFem™2 and the high ohmic resistance remain
constant even when recorded for periods of 7h. The
chemical stability agrees with the absence of dis-
solution below the concentration of 0.5M NaOH [20]
but contrasts with the dissolution process reported in
HCI solutions for oxide films formed at a constant
current density of 1 mA cm™2[11]. In the present case,
the open-circuit potential E,, reaches a rest potential
of +0.675V after 200s in 0.1M LiOH, whereas
it reveals a significant change toward the anodic
potential during the first 5000s in 1M HCI with a
magnitude almost equivalent to that reported in the
same medium after 4h.

The variation of E, is complex in nature but,
generally speaking, a drift toward the negative poten-
tial is indicative of oxide film dissolution whereas a
drift toward positive potential is indicative of oxide
film repair and thickening [21]. A negative shift was
reported during the dissolution of TiO, in H,SO,
and NaOH solutions [22], MoO, and ZrO, in NaOH
solutions [23] but the inverse during the dissolution of
ZrQ, in 1M HCI [11]. The dissolution rate and the
corresponding potential shift were found to depend on
the electrolyte concentration [20, 22, 23]. In all cases,
the capacitance is assumed to be more sensitive to the
dissolution process. This paradoxal behaviour of E,
reflects opposing tendencies and different mechanisms.

A potential drift toward nobler potentials is observed
when the 12V oxide film is immersed in 0.05M HF.
Only the significant increase in capacitance can defi-
nitely be attributed to a dissolution process of the
oxide film. In 0.05M HF, the capacitance changes
from 0.5ucm™ to ~10uFcm™2, showing a large
recovery of the value displayed before the anodization
process in 0.1 M LiOH. The similarity of the reciprocal
capacitances of oxide films on zirconium in HF and
ILiOH solutions supports the approximation made in
Equation 3 about the negligible comtribution of the
Helmholtz double layer.

The observed decrease in the thickness factor (C ')
and the resistance is found to follow an empirical
relation in ¢/ (Fig. 7). For the thickness:

C' = A4 — B'"? (7)

where 4 is related to the oxide film thickness at zero
immersion time and B to the rate coefficient of the
dissolution process [11].

In Fig. 7, only one rate coefficient can be assigned
to the dissolution process for films formed at 5.5 and
12 V. The slower decay recorded after the first linear
segment does not support the assumption that this
oxide film on zirconium is duplex in nature [11, 12].
Indeed, at this point the thickness factor corresponds
to a residual film of ~ 3 nm, whereas the inner layer
was found to constitute around 80% of the entire film
[24].

Otherwise, the absence of an inflexion point could
be due to an equal rate of dissolution for the two
hypothetical layers in the more corrosive HF solution,
because the specific solid-state nature of each layer
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Fig. 7. Reciprocal capacitance and resistance of the 5.5 and 12V
zirconium oxide film as a function of the square root of the
immersion time in 0.05M HF.

would have no effect on the dissolution process. This
statement would require more investigation for for-
mation voltages higher than 15V.

As shown in Table 1, the dissolution coefficients in
0.05M HF reveal that this process in HF solutions is
much faster than in 0.5M H,80, and 1 M HCl. This
result is consistent with the relative dissolution rates of
TiO, in the same media [25]. The dissolving action
of HF solutions appears to be due to the conjugate
action of the hydronium and fluoride ions, the latter
being ascribed to the formation of fluoride complexes
[25]. For formation voltages of 5.5 and 12V in 0.1 M
LiOH, the ratio of their A parameters (see Equation 7)
and their dissolution periods is approximately 2, in
agreement with the thickness ratio determined from
the absolute film thickness against potential curve
(Fig. 5). In addition, the dissolution rate (B parameter)
increases slightly with the thickness.

For oxide films prepared by heating air at 450°C for
1 min, the dissolution rate of 2nm s~ appears to be
cquivalent to that of oxides prepared in 0.1 M LIiOH
solution up to 5.5V (Fig. 8 and Table 1). From the 4
parameter or the dissolution period, the oxide thick-
ness i1s estimated to be 200nm, i.e. in the order of
reported values [3]. This suggests that increase of
oxide thickness by heating does not increase the
defects within the oxide layer, since an increase in the
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Table 1. Oxide film dissolution coefficients on Zr and Ti against media and formation conditions

Metal Oxide formation Dissolution A, A, B, B, Ref.

: medium

Jem? uF~1 fem? pF~! Jen? pF=! 57172 Jem? pF~' 5717

Zr 10V, 0.5M H,S0, 1M HCI 0.47 0.27 6.7 0.77 11
Zr 10V, 0.5M H,SO, 0.5M H,SO0, 0.56 0.52 1.3 0.65 i2
Ti 12.5V, 0.5M H,S0, 0.5M H,S0, 0.26 0.19 1.7 0.72 22
Ti 0.1M NaOH 0.5M H,SO, 0.27 0.23 0.81 0.22 22
Zr 5.5V, 0.1M LiOH 0.05M HF 0.9 - 82 - *
Zr 12V, 0.1M LiOH 0.05M HF 20 - 100 - *
Zr 1 min, air 450°C 0.05M HF 5.8 - 83 - *
*This work

rate of dissolution was related to the defects within the
oxide [20].

4. Conclusion

The anodic growth of ZrO, on etched zirconium in
0.1 M LiOH at 25°C yields a 28 nm film at 12 V/SCE
which reveals a typical insulating behaviour. Negligible
incorporation phenomena seems to occur during
anodic growth in lithiated solutions. The chemical
dissolution of a film of this thickness is inconsequental
in 0.1M NaOH and 1M HC], whereas ZrO, rapidly
dissolves in 0.05M HF, at a rate which is almost
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Fig. 8. Reciprocal capacitance and resistance of the zirconium oxide
film prepared by beating etched zirconium wire with hot air gun
(~450°C) for 1min as a function of the square root of the
immersion time in 0.05M HF.

the same for anodic and thermal films, allowing an
estimation of the film thickness.
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