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Abstract. Anodization and subsequent cathodic reactions on a thin-film sample of Zr
were studied with in-situ neutron reflectometry (NR) and electrochemical impedance spec-
troscopy (EIS). The NR results during anodization showed the originally 485 Å thick Zr
film generally behaved similar to a bulk electrode in neutral solution. The anodization
ratio measured at applied potentials increased in steps of 0.5 V was somewhat higher
than the value determined by coulometry, while the Pilling Bedworth ratio is in good
agreement with published data. Thickening of the oxide layer, accelerated immediately
after each potential increase, gradually decreased over several hours, but remained non-
zero even after ∼12 h. The thickened oxide eventually cracked when its thickness reached
∼120 Å, causing loss of passivation. Surprisingly, neither the anodization ratio nor the
Pilling Bedworth ratio showed any discontinuity at the time of oxide cracking, and the
EIS behaviour remained qualitatively as before. This observation is taken as the evidence
that the cracked and intact regions of the electrode behave more or less independently
as parallel electrodes. When the potential was eventually switched to cathodic polarity,
NR shows, as expected, that the effects of oxide cracking were irreversible. However, the
electrode resistance recovered partially suggesting the cracks were rapidly plugged with
newly formed oxide.
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1. Introduction

When freshly prepared Zr metal is exposed to air, a layer of oxide grows rapidly
on the surface. Although not clean as to the standard of semiconductor industry,
air-grown ZrO2 is a good insulator at room temperature since its semiconducting
band gap, 5.7 eV, is relatively large. Consequently, Zr electrode in a non-corrosive
electrolyte shows very high DC impedance at the open circuit potential. Upon
application of a small potential, either in cathodic (−) or anodic (+) polarization
with respect to the open-circuit potential, no current will flow initially because
the resistance of the oxide layer acting as a charge transfer barrier between the
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metal and the electrolyte. Onset of the current on the cathodic side usually signals
that the oxide has been reduced to a more conductive state. The current will
either remain small or increase significantly with time depending on the degree of
reduction. On the anodic side, provided the potential is held constant and not
extremely high, the current will flow only momentarily, subsiding almost back to
zero within an hour or so. Because of this one-sided behaviour Zr, along with
several other metals, are called ‘valve metals’.

We herein describe some preliminary results from our experiment on a Zr surface
carried out with neutron reflectometry (NR). The experiment is part of a pro-
gram aimed to study valve metals, especially their corrosion-resistant properties.
As demonstrated for Ti [1,2], NR can be a very powerful technique for studying
anodization and cathodic reactions on metal surfaces. Our sample, specially pre-
pared for neutron reflectometry, was a sputter-deposited film on a polished Si(1 1 1)
substrate, sufficiently thick to imitate a bulk metal. Upon removal from the sput-
tering chamber and exposure to air, a passive oxide layer grew on the film. An
aqueous cell, with the sample as the working electrode, was assembled and the Zr
film probed with NR while electrochemical measurements were in progress. The
set-up was essentially the same as for our work on Ti [2]. Electrochemical measure-
ments for the present work, however, were more extensive in that electrochemical
impedance spectroscopy (EIS) was performed on the Zr working electrode by a fully
automated potentiostat and frequency response analyser.

The NR/EIS measurements were carried out on the C5 spectrometer at the NRU
reactor, Chalk River. The measurement time for each NR scan was typically 5–6 h
depending on the reactor power. Since we repeated NR scans at each potential twice
or thrice to ensure asymptotic behaviour, the time spent at each potential was ∼12
or 18 h. Incident neutron flux on the sample, Bi, was directly measured by keeping
the detector at zero scattering angle. Dividing the measured reflected intensity by
Bi gave reflectivity on absolute scale. Normalized reflectivity was analysed using
the least-squares fitting program MLAYER [3] leading to the determination of layer
profiles in terms of neutron scattering-length density (SLD) vs. depth.

The potentiostat and frequency response analyser for EIS were Solartron 1287 and
1255B. The potentiostat applied an AC ripple of 20 mV amplitude superimposed
on a DC bias while sweeping the frequency in steps from 100 kHz down to 1 mHz.
The bias potential, held constant during the sweep, is reported with respect to the
saturated calomel electrode (SCE). Each EIS scan took ∼2 h. Therefore, there were
typically three EIS scans recorded during each NR scan. From the moment of the
bias change, the EIS scanning started within 1 h. The NR scanning started shortly
after, or was delayed by another ∼2 h if the sample alignment was checked.

The time sequence of our measurements was as follows: To fully characterize
the as-prepared sample, the sample was mounted by itself (i.e., not as a part of
the electrochemical cell), and NR scans were performed with neutrons impinging
on the Zr film from the air side, and then from the Si side. The cell was then
assembled, and one more characterization scan was performed before filling the cell
with electrolyte to ensure no spurious scattering from other parts (e.g. glass or
gasket) contaminated the measurement. The cell was then filled with a solution of
0.1 mol/L Na2SO4 (neutral pH, argon de-aerated). The chronological sequence of
the ensuing measurements was:
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Figure 1. Scattering length density profile of the thin-film Zr deposited on
a Si substrate. The profiles are determined by least-squares fitting the model
parameters to neutron reflectometry data obtained using two geometries: neu-
trons impinging on the film (A) from the air side and (B) from the Si side.

NR and EIS scans while the cell remained in open-circuit. In reference to SCE,
EOC = −0.17 V.

Scans with polarization at 0 V, 0.5 V, 1.0 V, 1.5 V, 2.0 V, 2.5 V, 3.0 V.
Scans with polarization at −1.0 V, −1.5 V, −2.0 V, −2.5 V.
The bias potential changes, including the switch from anodic (+3 V) to cathodic

(−1 V), were each applied in a single step, i.e., not a ramp.

2. Results and discussion

The results of the NR scans to characterize the as-prepared Zr film are shown in
figure 1. These fully least-squares fitted SLD profiles lead to calculated reflectivity
that agree very well with the measurements. Panel A corresponds to the scattering
geometry where neutrons impinged upon the film from the air side, and Panel B
to neutrons from the Si side. In both panels we see a ∼480 Å metal layer on Si,
covered by 54.5 Å thick air-grown oxide. All features seen in the figure including
the thickness of the oxide are as expected, assuring that our procedures for NR and
the analysis are sound.
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Z Tun, J J Noël and D W Shoesmith

Figure 2. Layer profiles at the open-circuit (EOC) potential and at two
selected potentials, +1 V, +3 V, during anodization.

Figure 3. Impedance (Z) as determined by EIS carried out simultaneously
with NR during anodization. Top panel: magnitude of Z (ohms) vs. fre-
quency. Bottom Panel: phase of Z vs. frequency.

Figure 2 shows several SLD profiles acquired after the cell was filled with elec-
trolyte. The presence of aqueous electrolyte is apparent by the last medium in
the profiles (beyond 600 Å) having the negative SLD of H2O. One of the curves
depicts the SLD with the Zr film at EOC. The profiles at +1 and +3 V are shown
as selected examples. Two NR scans were carried out at +1 V, and in the interest
of depicting the asymptotic result, the plotted curve is for the second run. The
curve for +3 V is from the lone NR scan carried out at that potential before the
polarization was switched to −1 V. Gradual thickening of the oxide at the expense
of the metal layer is apparent.
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Figure 4. The equivalent circuit consisting of solution resistance (Rs), the
surface capacitance across the oxide layer (Cox) and a leakage resistor (Rox).

Figure 5. Least-squares fitted Rox (circles and crosses) and Cox (squares).
Values from the last or second-last of the EIS scans at a potential are shown,
normalized for 1 cm2 of electrode area. To elucidate the variation of Rox

at >1.5 V, the fitted values (circles) are multiplied by 100 and re-plotted as
crosses.

Figure 3 shows the EIS data obtained at the same selected potentials, EOC, +1
and +3 V. The upper panel plots the magnitude of the cell impedance Z, while the
lower panel shows the phase angle. Out of the several EIS scans performed at these
potentials, the data plotted are from the last scan, or from the second-last scan if
the last scan was truncated prematurely, i.e. the figure depicts the EIS data after
short-term fluctuations following the potential change have subsided.

An equivalent circuit whose components have specific physical meaning can afford
quantitative analysis of the EIS data. A circuit capable of modelling our EIS data
is shown in figure 4. The capacitor Cox of the model represents the charge storage
capacity across the oxide layer. It is, however, not necessarily ideal and the possible
charge leakage is represented by a parallel resistor Rox. Rs, representing the solution
resistance is usually ¿Rox. The least-squares fitted circuit gives a reasonably good
agreement for low and mid-frequencies up to ∼5 kHz. The observed increase of |Z|
at higher frequencies, accompanied by tending of the phase angle to −90 was not
reproduced by the model. Ex-situ tests confirmed that this feature was caused by
non-ideal geometry of the cell, not a failure of the model.

The result of the analysis in terms of Rox (circles) and Cox (squares) are plotted
in figure 5. They represent the asymptotic behaviour as the analysis was applied to
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Figure 6. Oxide layer thickness as determined by NR. Either two or three
NR scans were preformed at most of the applied potentials, with the time
sequence denoted chronologically by the symbols 4, ¤ and ©. The straight
line, whose slope represents the anodization ratio, is the result of least-squares
fitting to the circles.

the last or the second-last EIS scan at a set anodic potential. We see that the film
resistance initially increased with anodic polarization up to 1 V but dropped nearly
to zero during the application of 1.5 V. Clearly, anodic breakdown is triggered
by polarization to a potential that lies between 1 and 1.5 V. The very low Rox

(but far from zero!) indicates that passivation by the oxide layer was greatly lost
at potentials >1.5 V. We note that bulk Zr electrodes also have breakdown at a
similar potential.

Figures 6 and 7 show the NR results of repeated determination of oxide layer
thickness, dox, and metal layer thickness, dmetal, starting from filling the cell with
electrolyte solution (at EOC) to the maximum anodization potential, +3 V. It tracks
the time sequence by showing the results using different symbols; triangles (4) for
those yielded by the scans carried out immediately after potential increase (first
6 h), squares (¤) for the subsequent scan (6 to 12 h), and circles (©) for yet
another scan (12 to 18 h), if carried out. Circles are the best estimate we have for
the steady-state oxide layer thickness, i.e. the thickness we would get at infinitely
long time. A circle represents the very first point of the plots as well (at EOC)
since we expect no change just by filling up the cell. Thus chronologically encoded,
the plots show a remarkable trend – the change is monotonic with the symbols
appearing always in the order 4, ¤, ©.

The systematic trend depicted by the chronologically encoded points in figures 6
and 7 provides strong evidence that the thickness values by NR are reliable. More
importantly, by virtue of the continued thickening of the oxide and simultaneous
thinning of the metal, we see that the ion transport required for the formation of
more oxide persists many hours after the anodization potential is increased.

We can determine the anodization ratio α and the Pilling Bedworth ratio, RPB =
|∆dox/∆dmetal|, from figures 6 and 7. The slope = 34 Å/V, obtained by LS fitting
a straight line to the circles in figure 6, is somewhat higher than the generally
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Figure 7. Metal layer thickness as determined by NR. Either two or three
NR scans were performed at most of the applied potentials, with the time
sequence denoted by the symbols 4, ¤ and ©. The straight line is the result
of least-squares fitting to the circles.

accepted anodization ratio for Zr (28 Å/V), determined by coulometry [4]. RPB =
1.57 is in good agreement with the value calculated from bulk densities or crystal
lattice parameters [5]. This, together with loss of passivation between 1 and 1.5 V
shows that thin-film sample is behaving generally similar to a bulk metal.

We have so far demonstrated that the thin-film sample behaves similar to a bulk
metal. The real challenge in discerning simultaneous NR and EIS results turned
out to be explaining the lack of other abrupt changes, neither in Cox (figure 5)
nor in dox and dmetal (figures 6, 7). These parameters seem totally oblivious to
loss of passivation. The only other sudden change, seen with NR, was in oxide
SLD which showed an abrupt drop between 2nd and 3rd runs at 1.5 V, when dox

reached ∼120 Å. We interpret this as cracking of oxide, causing influx of water
into the oxide layer. A few low-resistance pathways are sufficient to make Rox drop
dramatically, whereas most of the oxide layer remains intact causing little change
in Cox, dox and dmetal.

When the polarization was eventually switched to cathodic, NR shows that the
entire SLD profile remained remarkably unchanged, i.e. cracking of the oxide, as
expected, is irreversible. EIS, however, detected significant changes. Immediately
after the polarity reversal from 3 V to −1 V, the oxide film resistance, Rox, was
found to increase ∼11 times. We attribute this partial recovery of passivation to
the formation of new oxide within the cracks. This, of course, was not detected by
NR since the combined surface area of the cracks is small. Rox, however, increased
since low-resistance pathways were eliminated.

3. Conclusion

The most interesting observation is perhaps the ion migration that persists for a
long time (∼12 h) after setting an anodic potential. After cracking of the oxide that
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causes loss of passivation, partial recovery is possible if the potential is returned
nearly to EOC. Recovery occurs because the cracks in the oxide are promptly
plugged with newly formed oxide.
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