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Anodic Oxide Growth and Hydrogen Absorption on Zr
in Neutral Aqueous Solution: A Comparison to Ti
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Anodization and subsequent cathodic polarization of a thin-film sample of Zr were studied with in situ neutron reflectometry and
electrochemical impedance spectroscopy �EIS�. The results show the originally 485 Å thick sputter-deposited film generally
behaved similar to a bulk electrode in neutral Na2SO4 solution. The anodic oxide, grown by applying 0.5 V potential steps,
contained a significant amount of hydrogen in one form or another. The observed anodization ratio was somewhat higher than the
literature value determined by coulometry, while the Pilling Bedworth ratio was in good agreement with published data. Oxide
layer thickening, accelerated immediately after an anodic polarization was applied, persisted for many hours, suggesting the
migration of ions continues for an extended time. The oxide cracked when the applied potential reached 1.5 V and its thickness
reached �100 Å, causing loss of passivation. Surprisingly, the EIS behavior of the sample with cracked oxide could still be well
represented by a single time-constant equivalent circuit consisting of a capacitor and a leakage resistor, albeit with much lower
resistance. This indicates that the cracked and intact regions of the electrode behave essentially independent as parallel electrodes.
The proposed modified equivalent circuit can explain a number of other unusual observations, including those seen under cathodic
polarization.
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All the group 4B metals, zirconium, titanium, and hafnium, are
known for forming strongly adherent, highly corrosion-resistant pas-
sive oxides. These metals owe this property to their s2d2 electronic
configuration which gives metal cations in the +4 oxidation state
�inert gas configuration s0d0� when protective oxides are formed on
the surface of the metals. As originally emphasized by Uhlig since
the 1940s, electronic configuration ultimately determines the type
and structure of surface oxide films.1 All three metals, largely due to
their corrosion resistance, find unique applications in the nuclear
industry: Ti as a potential canister or drip shield material for under-
ground spent nuclear fuel disposal,2 Zr, with very low absorption of
neutrons,3 as the metal of choice for the calandria and pressure tubes
of the CANDU and several other types of reactors, and Hf, with a
neutron absorption cross section nearly 600 times that of Zr,3 in
reactor control rods. Interestingly, Zr and Hf are nearly always
found together in nature and are two of the most difficult elements to
separate, as their chemistry is nearly identical, yet Hf must be thor-
oughly removed from Zr that is to be used in reactor pressure tubes;
because of hafnium’s very large neutron absorption cross section, a
CANDU reactor made of pressure tubes contaminated even by a
small amount of Hf would not start.

Both ZrO2 and TiO2 are semiconductors with large gaps in the
electronic band structure, 5.7 eV4 and 3–3.4 eV,5-8 respectively. Al-
though not clean as to semiconductor industry standards, these oxide
layers that form on their metals are good insulators at room tem-
perature. Electrochemical cells with Zr or Ti electrodes and a non-
corrosive electrolyte show 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, little current will flow initially, due to the resistance
of the oxide layer acting as a charge-transfer barrier between the
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, with the concurrent incorporation of hydrogen or hydrogen-
containing species from the water.9 Under a constant cathodic po-
larization, the current will either remain small or increase signifi-
cantly with time depending on the degree of conversion of the oxide.
On the anodic side, provided the potential is held constant and not
extremely high, the current will flow only momentarily, subsiding
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almost back to zero within an hour or so. Because of this one-sided
behavior, Zr and Ti along with several other metals, are called
“valve metals.”10

The anodic behavior of valve metals is a direct consequence of
the highly insulating oxide layer. Under potentiostatic conditions, if
the electric field across the layer is strong enough, migration of
cations and/or anions, in the form of interstitial ions or vacancies,
takes place across the existing oxide �a solid-state transport phenom-
enon that is still not fully understood�, giving the momentary cur-
rent. Upon reaching the opposite ends of the oxide, the ions react
with their counterions, or vacancies are filled, forming additional
oxide material. The process continues until the field across the thick-
ened oxide is reduced below the critical value required to sustain ion
migration. The residual current, usually reached within a few hours
after the application of the potential, is traditionally explained as the
electronic conduction through the doped semiconductor or a sign of
a very slow dissolution of surface atoms into the electrolyte
solution.10 Upon application of increasingly higher potentials, a
breakdown potential is usually reached where the cell impedance
suddenly drops and the current does not decline even after waiting a
long time. Above the breakdown potential, most or all of the current
is going toward other electrochemical processes �e.g., water elec-
trolysis� instead of oxidizing the metal electrode.

In spite of both being valve metals, Ti and Zr show some impor-
tant differences, as already noted by authorities in the field. Young11

in 1961 wrote, “In most dilute solutions the metal [titanium] is
normally passive and anodic polarization produces interference-
colored oxide films. However, even when the purer van Arkel metal
is used in place of the ordinary commercial metal, oxygen evolution
tends to occur rather readily. The behavior is, in fact, far less like
that of the ‘ideal’ valve metal than is that of zirconium.” Recently,
we, too, have observed differences of the two metals under rela-
tively mild electrochemical polarizations. For instance, while Ti re-
tains its anodic passivity to E � 7 V,12 Zr reaches the anodic
breakdown at a much lower potential, around 1 V.13 This break-
down, unlike the general description given above, does include se-
vere oxidative attack of the underlying Zr metal. On the cathodic
side, hydrogen ingress into Ti occurs at �0.6 to �0.9 V,14-21 while it
happens, as reported herein, at more negative potentials for Zr. It is
interesting to identify why these two prototypical valve metals be-
have quite differently in certain aspects.

We herein report results from our most recent experiment on a Zr
surface carried out with neutron reflectometry �NR�. As demon-
strated for Ti,22,23 NR can be a very powerful technique for studying
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both anodization and cathodic reactions on metal surfaces. The fact
that NR can be carried out in situ while the surface film is modified
by applying a controlled electrochemical condition adds a new di-
mension to the study of oxide films and their corrosion resistance.

Sample and Experimental Procedure

Our Zr sample, specially prepared for NR, is a sputter-deposited
film on a polished Si�111� substrate. Magnetron sputtering was car-
ried out in an Ar atmosphere using a sputtering target-grade Zr �Alfa
Aesar, no. 41660, 99.5% metal basis excluding Hf�, aiming to de-
posit at least 500 Å of metal. Upon removal from the sputtering
chamber and exposure to air, a passive oxide layer grew on the film.
The passive oxide on Zr grown under normal ambient conditions is
known to be �50 Å.24

Because Si is highly transparent to neutrons ��15% loss of beam
intensity through 100 mm of single-crystal Si�, the metal/oxide film
can be exposed to incident neutrons from either side, i.e., from ei-
ther the air or the Si side. While this provides a major advantage, use
of a sputter-deposited film raises an important question of whether it
is a good representation of bulk metal. Our experience shows that
the answer depends on the property investigated. For anodization or
corrosion studies where the passive oxide plays a pivotal role, thin-
film samples with the metal �10 times thicker than the oxide layer
mimic the behavior of bulk material fairly accurately.23 There are,
however, notable differences of which one should be aware. For
example, vacuum-deposited Ti films are known to contain a small
amount of oxygen throughout the layer, i.e., it is never a pure
metal.25 Indeed, we have seen such contamination in our own
samples: Auger depth profiling shows �8 atom % of O throughout
the Ti film,23 but such details do not seem to affect the properties
that are of interest to us.

As demonstrated by the pioneering work of Wiesler and
Majkrzak,22 NR can be configured so that the sample is probed
simultaneously with neutrons while electrochemical measurements
are in progress. Our previously reported work on Ti23 and the
present work on Zr make use of essentially the same setup. Electro-
chemical measurements for the present work, however, are more
extensive in that electrochemical impedance spectroscopy �EIS� was
performed on the working electrode �the Zr film� by a fully auto-
mated potentiostat and frequency response analyzer.

The NR/EIS measurements were carried out on the C5 instru-
ment at the NRU Reactor, Chalk River. The instrument was config-
ured as a reflectometer, i.e., beam collimation defined by two pairs
of variable slits, S1 and S2 for the incident beam, and S3 and S4 for
the reflected beam. All neutron data were measured with a fixed
neutron wavelength of 2.37 Å. For the scans carried out to charac-
terize the as-prepared sample, the slits were varied to maintain a
constant footprint of the beam on the sample for most of the scan
range, except for the low and high Q ends due to mechanical limi-
tations. For the scans with electrolyte solution present in the cell,
further limitation of S2 was found to be necessary in order to pre-
vent an increase in the nonspecular intensity caused by incoherent
scattering from H. The measurement time for each NR scan was
typically 5–6 h, depending on the reactor power. Because we re-
peated NR scans at each potential two or three times to ensure
steady-state behavior was recorded, 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,
the neutron beam traversing through air, and the slit widths set ex-
actly as for the reflected intensity measurements. Dividing the mea-
sured reflected intensity by Bi yielded reflectivity on an absolute
scale, where the effects of slit adjustments were factored out and the
expected value for total external reflection was 1 if the beam path
was only through air. The reflectivity, thus normalized, was analyzed
by using the least-squares fitting program MLAYER.26 The basis for
the analysis is essentially the same as for any other least-squares
procedure: one begins by proposing a model that is reasonable and
plausible, with calculated reflectivity approximately similar to the
measured reflectivity. The parameters of the model are then refined
iteratively with the goal of improving the agreement between the
measured and calculated reflectivities. The resultant layer profiles in
terms of neutron scattering length density �SLD� vs depth form the
basis of our interpretation of the results. Analogous to electron den-
sity in X-ray scattering, the SLD is the product of the scattering
length �=�scattering probability/4��1/2� of nuclei at depth Z and
their volumetric density.

The potentiostat and frequency response analyzer used for EIS
were Solartron models 1287 and 1255B. EIS, of course, could be
carried out only after the cell had been filled with the electrolyte.
Figure 3 of Ref. 23 shows the schematic drawing of the cell, and the
arrangement of the working, reference, and counter electrodes, re-
spectively. The area of metal exposed to the solution on the working
electrode surface was 64 cm2. 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 satu-
rated calomel electrode �SCE�. Each EIS scan took �2 h. There-
fore, 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 or much sooner. The NR scanning started either approxi-
mately at the same time as the EIS, or was delayed by �2 h if the
sample alignment was checked by rocking the grazing angle.

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 film from the air
side, and then from the Si side. The sample was then incorporated as
the working electrode of the electrochemical cell, and one more
characterization scan was performed before the cell was filled with
electrolyte solution to ensure no spurious scattering from other parts
�e.g., gasket� of the cell contaminated the measured signal. The cell
was then filled with a solution of 0.1 mol/L Na2SO4 �neutral pH,
argon deaerated�. As explained above, the subsequent NR data were
obtained by keeping S2 narrow. The chronological sequence of the
ensuing measurements was:

1. NR and EIS scans while the cell remained at open circuit
�EOC = −0.17 V�.

2. Scans with polarization at 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 V.
3. Scans with polarization at �1.0, �1.5, �2.0, and �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.

Results

The NR data analysis was begun by comparing the results ob-
tained on the as-prepared sample in three independent configura-
tions: �1� with the sample mounted in air, with neutrons impinging
on the deposited film from the “air side;” �2� as before, but with
neutrons arriving from the “Si side” of the substrate; and �3� with
the sample mounted on the empty electrochemical cell, with neu-
trons impinging on the metal from the “Si side.” We found that the
results from configuration 1 were free from ambiguity and well
within acceptable uncertainties. Results from the other two configu-
rations, however, could vary appreciably depending on how we
chose to do the least-squares refinement. The ambiguity arose
mainly from not knowing the transmission factor for the neutron
beam transiting the Si substrate. We did measure the transmission
factor to be 84% with the neutron beam passing straight through the
middle of the substrate. However, that is not the actual beam path
during reflectometry, and holding the transmission factor at a value
of 84% in the fitting procedure led to unreasonable results, espe-
cially for SLD parameters.

For instance, refining the model for configuration 2 with this
constraint gave �in units of 10−6 Å−2� an oxide SLD of 2.88 �instead
of the 3.14 obtained from configuration 1� and a metal SLD of 5.17
�instead of 5.55�. Thickness parameters were not so strongly af-
fected; the metal thickness refined to a value of 476 Å �compared to
484 Å�, while the oxide thickness remained unchanged at 54.5 Å.
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Our tests showed that the only way to arrive at reasonable refined
values was to allow the transmission parameter to vary, ultimately
converging to 62 and 70%, respectively, for experiments done with
configurations 2 and 3. One can then achieve fits that agree to within
5% for data from all three configurations. It may be that beam at-
tenuation was significantly higher near the metal film than in the
middle regions of the substrate.

The results of the NR scans for the as-prepared Zr film are shown
in Fig. 1. The main panels show fully least-squares fitted SLD pro-
files, while the insets show the agreement between measured
�points� and calculated �solid curve� reflectivity. Figure 1A corre-
sponds to the scattering geometry where neutrons impinged upon
the film from the air side �described as configuration 1, above�, and
Fig. 1B to neutrons impinging from the Si side, with the sample
mounted on the empty electrochemical cell �configuration 3�. We see
four strata: the Si substrate �SLD = 2.07 � 10−6 Å−2�, a �482 Å
thick metal layer covered by �54.5 Å of air-formed oxide, and the
ambient air �SLD = 0�. The layer sequence is, of course, reversed
between Fig. 1A and B.

Figure 2 shows several SLD profiles acquired after the cell was
filled with electrolyte. The presence of aqueous electrolyte is appar-
ent by the last medium in the profiles �beyond 600 Å� having the
Figure 1. �Color online� Scattering length
density profile of the thin Zr film depos-
ited on a Si substrate. The profiles are de-
termined by least-squares fitting the mod-
els to NR data obtained using two
geometries: �A� neutrons impinging on the
film from the air side and �B� from the Si
side. The insets show the fit between mea-
sured �points� and calculated reflectivity
from the models �curve�.
Figure 2. NR layer profiles at the open-circuit �EOC� potential and at two
selected potentials, +1 V, +3 V, during anodization.
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negative SLD of H2O. One of the curves depicts the sample SLD
with the Zr film at its open-circuit potential �Eoc�. Here, we expect
that simply filling the cell with electrolyte solution will induce little
change in the oxide film and the underlying Zr metal. This proves to
be the case for all model parameters, except the metal SLD which
jumped from �3 to 3.54 � 10−6 Å−2. We have no explanation for
this jump. The refined model is unphysical because the increased
SLD value is too high for Zr �SLD of �-Zr, calculated from the
neutron-scattering length3 and density, is 3.06 � 10−6 Å−2�. We
have no choice but to treat this as an artifact, perhaps a consequence
of the modified data collection procedure we followed in order to
deal with the high background problem �see above�. As such, we
shall treat the metal SLD only in a qualitative sense. Changes ob-
served for it may still be valid, but we shall attach no significance to
its absolute value.

Subsequent to the measurement at Eoc, NR scans performed at
0.5 V intervals of increasingly noble potentials give significantly
different SLD profiles at each step. The profiles at +1 and 3 V are
shown in Fig. 2 as selected examples. Two NR scans were carried
out at 1 V, and in the interest of depicting only the steady-state
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 polar-
ization was switched to �1 V.

Figure 3 shows the EIS data obtained at the same select poten-
tials, Eoc, 1 and 3 V. The upper part plots the magnitude of the cell
impedance Z, while the lower part shows the phase angle. Out of
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.

An equivalent circuit whose components have specific physical
meaning can afford quantitative analysis of the EIS data. The results
of the analysis are plotted in Fig. 4 while the equivalent circuit
model is shown in Fig. 5. Rather than use a pure capacitor to rep-
resent charge storage across the oxide film, we use a constant phase
element, CPEox �ZCPE = Y−1� j��−�, distributed element type 2 in
Scribner ZPlot software� to compensate for nonideal behavior aris-
ing from such issues as nonuniformities of the oxide film �thickness
or dielectric constant� across its area, edge effects, geometric con-
siderations, nonuniform current pathways, etc.27,28 In our particular
case, the CPE exponent ��� is close to unity ��0.9�. The method of
Brug et al.28 was used to convert CPEox to capacitance �Cox� values
according to

Figure 3. �Color online� Impedance �Z� as determined by EIS carried out
simultaneously with NR during anodization �un-normalized raw data�: �top�
magnitude of Z �ohms� vs frequency and �bottom� phase of Z vs frequency.
Cox = �Qox� 1

Rs
+

1

Rox
���−1�	1/�

�1�

where Qox is the CPE coefficient and � the CPE exponent.27 From
this point forward, only the capacitance �not CPE coefficient� values
are presented and discussed.

ZrO2 is a good insulator at room temperature, with a very large
semiconductor energy gap of 5.7 eV.23 This barrier, however, is not
ideal and the observed charge leakage is represented by a parallel
resistor Rox. Initially, i.e., before passivation breakdown, Rox is ex-
pected to be very large. Rs, representing the resistance of the elec-
trolyte, is low �a few ohms� for an ionic solution. The circuit, when
least-squares fitted to the EIS data, gives a reasonably good agree-
ment for low and middle frequencies up to �5 kHz. Ex situ tests
confirmed that the slight increase of 
Z
 at higher frequencies, ac-
companied by a trend of the phase angle toward −90°, was caused
by nonidealities of the cell, not a failure of the model.

As the Rox �circles� and Cox �squares� plotted in Fig. 4 are from
the last or the second-last EIS scan at a set anodic potential, they
represent the behavior approaching steady state. 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 indicates that the passivation
provided by the oxide layer was effectively lost at potentials
�1.5 V. Cox shows a gradual decrease all the way from Eoc to 3 V.
We note that Cox was totally unaffected by the passivation loss at 1.5
V.

Figure 4. �Color online� Least-squares fitted Rox �circles and crosses� and
Cox �squares� as functions of applied potential. Values approaching the steady
state, i.e., from the last, or second last of the EIS scans at each potential are
shown, normalized for 1 cm2 of electrode area. To make the variation of Rox
at potentials above 1.5 V visible on the scale of this graph, the fitted values
�circles� are multiplied by 100 and replotted as crosses.

Figure 5. The equivalent circuit model used, consisting of solution resis-
tance �Rs�, a CPE associated with charge storage in the oxide layer �CPEox�,
and a leakage resistor �R �.
ox
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Figures 6-8 are analogous to Fig. 2-4, respectively, but with the
Zr polarized to a series of cathodic values. The intention here was to
investigate the sample under conditions that would promote entry of
hydrogen into the oxide or underlying metal. Figure 6 shows that the
entire SLD profile remained remarkably unchanged under the ca-
thodic polarization. EIS, however, detected significant changes �Fig.
7�. Qualitatively, the impedance curves under cathodic polarity have
the same frequency dependence as those under anodic polarity, sug-
gesting the equivalent circuit of Fig. 5 is still applicable. The analy-
sis revealed that immediately after the polarity reversal from 3 to
�1 V, the oxide film resistance, Rox, increased by �11 times,
whereas Cox dropped further. The increase in Rox signals partial
recovery of passivation under a small cathodic polarization. How-
ever, as the potential was made more negative, Rox decreased sig-
nificantly.

The results we have presented so far �Fig. 1-4 and 6-8� portray
the steady-state behavior of Zr, i.e., representation of what one
would observe if the sample were left under the specific condition
for a long time. Because we repeated scans several times, both for

Figure 6. NR layer profiles from the electrode under cathodic polarization,
�1 and �2.5 V, compared to the profile observed at the highest anodic
polarization, 3 V.

Figure 7. �Color online� Impedance �Z� as determined by EIS carried out
simultaneously with NR during application of cathodic polarization �un-
normalized raw data�: �top� magnitude of Z vs frequency and �bottom� phase
of Z vs frequency.
NR and EIS, under potentiostatic conditions, we have recorded non-
equilibrium or transient behavior as well. Reporting all these results
would make the paper unnecessarily long, so we present only those
results that shed more light on the discussion.

Figure 9 shows the NR results of repeated determination of oxide
layer thickness, dox, 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 sym-
bols; triangles ��� for those yielded by the scans carried out imme-
diately after potential increase �first 6 h�, squares ��� for the subse-
quent scan �6–12 h�, and circles ��� for yet another scan �12–18 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 infi-
nitely long time. A circle represents the very first point of the plot as
well �at Eoc�, because we know from previous experience that we do
not cause the oxide layer to begin thickening just by filling up the
cell. Thus, chronologically encoded, the plot shows a remarkable
trend, i.e., the change is monotonic with the symbols appearing al-
ways in the order �, �, �. This shows that the variation of dox
detected by NR is real, even when the thickening is only a matter of
a few Angstroms �between � and ��.

Figure 8. �Color online� Least-squares fitted Rox �circles� and Cox �squares�
as functions of applied potential. Values approaching the steady state, i.e.,
from the last, or second last of the EIS scans at each potential are shown,
normalized for 1 cm2 of electrode area. For ease of comparison, the values
obtained at 3 V, the highest anodic potential applied, are also shown �hori-
zontal lines�.

Figure 9. �Color online� Oxide layer thickness as determined by NR. Either
two or three NR scans were performed under potentiostatic conditions at
most of the applied potentials, with the time sequence denoted chronologi-
cally by the symbols �, �, and �. The straight line, whose slope represents
the anodization ratio, is the result of least-squares fitting to the circles.



C449Journal of The Electrochemical Society, 155 �8� C444-C454 �2008� C449
Figure 10 is a similar chronological plot showing the variation of
the metal layer thickness. An equally convincing trend is observed,
always in the order �, �, �, but the square at 1.5 V is obscured by
the circle because the thickness parameter hardly changed between
the two runs. This is understandable; 
�dmetal
 will be smaller than

�dox
 because the Pilling Bedworth ratio, RPB = 
�dox/�dmetal
, for
Zr is higher than unity.

Figures 11 and 12 are chronological plots for the SLD observed
for the oxide and the metal layers. The SLD, unlike the thickness,
depends on an absolute reflectivity measurement and therefore is
more susceptible to experimental errors. Nevertheless, we see the
familiar �, �, � trend, albeit with a number of squares hidden by
overlapping circles.

Transient behavior recorded by EIS is presented in Fig. 13-16.
Unlike for NR, encoding the time sequence by different symbols is
not practical, as there are many EIS scans recorded at each potential.
Instead, each figure shows the values of Rox and Cox deduced from
the repeated EIS scans in the sequence carried out. The last point of
each plot is the steady-state value plotted in Fig. 4 and 8. Figures 13
and 14 are examples of transient variations recorded at anodic po-
larizations, 1 and 1.5 V, respectively, while Fig. 15 and 16 are for the
cathodic polarizations, �1.5 and �2 V.

Figure 10. �Color online� Metal layer thickness as determined by NR. Either
two or three NR scans were performed under the potentiostatic condition at
most of the applied potentials, with the time sequence denoted by the sym-
bols �, �, and �. The straight line is the result of least-squares fitting to the
circles.

Figure 11. �Color online� Oxide layer SLD as determined by NR. Either two
or three NR scans were preformed under the potentiostatic condition at most
of the applied potentials, with the time sequence denoted by the symbols �,
�, and �. A clear time-delayed response is seen at 1.5 V as a downward
step. The straight line segments are for a guide-to-eye only.
Discussion

The vast majority of experiments on Zr and its passivating oxide
have been carried out with bulk samples. We should, therefore, re-
view the polarization behavior of bulk Zr electrodes �as opposed to
thin-film electrodes�. Figure 17, obtained with bulk electrodes,
shows that on the anodic side, Zr loses passivity at a potential
�1.5 V. The highest anodic potential we applied, 3 V, was well
above the onset of the anodic breakdown of Zr oxide, enabling us to
address the question of exactly what happens before and after the
breakdown. On the cathodic side the current remains low until the
potential is decreased below �1 V. For comparison, the figure also
shows the behavior of Ti. Note that Ti is very good on the anodic
side, far superior to Zr, but not so resistant on the cathodic side.

The anodic breakdown of Zr at around 1 V is manifested also by
our thin-film sample according to the EIS. In Fig. 3 we see the
impedance, Z, of the cell at 1 V is essentially the same as for Eoc. A
totally different curve was obtained at the next potential, 1.5 V �not
shown�, which progressively changed to the one finally obtained at 3
V �shown�. In terms of the equivalent circuit �Fig. 5�, 
Z
 in the
millihertz range, almost a dc resistance, is determined entirely by

Figure 12. �Color online� Metal layer SLD as determined by NR. Either two
or three NR scans were preformed under the potentiostatic condition at most
of the applied potentials, with the time sequence denoted by the symbols �,
�, and �. The familiar sequence ��, �, �� appears, but in several cases the
changes are so small that the symbols for the later scans are obscuring those
corresponding to earlier scans. The vertical arrow depicts the unexplained
increase of the least-squares fitted model parameter upon filling the cell with
electrolyte. A clear time-delayed response is seen in the range 1–2 V as a
series of downward steps.

Figure 13. �Color online� Transient variations of Rox and Cox �normalized
for 1 cm2 of electrode area� at 1 V.
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Rox. Consequently, we see a precipitous drop of Rox in Fig. 4, by a
factor �100 upon the anodic potential increase from 1 to 1.5 V, and
a further factor of �10 from 1.5 to 2 V. The first drop in Rox signals
anodic breakdown. The fact that the thin-film sample lost passiva-
tion at the same potential as a bulk electrode suggests the results
herein are applicable to bulk samples as well.

Figure 14. �Color online� Transient variations of Rox and Cox �normalized
for 1 cm2 of electrode area� at 1.5 V. Note that Rox is much lower �by a
factor of �100� than the value at 1 V �Fig. 13�.

Figure 15. �Color online� Transient variations of Rox and Cox �normalized
for 1 cm2 of electrode area� at �1.5 V.

Figure 16. �Color online� Transient variations of Rox and Cox �normalized
for 1 cm2 of electrode area� at �2 V.
The thickening of the oxide at the expense of the metal thickness
as determined by NR can be analyzed quantitatively. It is clear from
Fig. 9 and 10 that the third data point at a set potential ��� is very
close to the steady-state thickness, and we note that a straight line
could be fitted to the circles in both figures. The fit is reasonable in
Fig. 9 and very good in Fig. 10. At the potentials where we only
repeated the measurement twice, the result ��� lies fairly close to
the straight line. The slope of the line in Fig. 9 is the anodization
ratio �. The slope = 34 Å V−1, obtained by least-squares fitting
only to the circles, is somewhat higher than the generally accepted
value for Zr anodized in a neutral solution, 28 Å V−1, determined
by coulometry.24 There are a number of possible explanations for
this discrepancy, such as a corrosion reaction occurring in parallel
with the anodization, resulting in a lower than 100% current effi-
ciency for oxide growth. We have observed the consequences of
such a corrosion reaction under conditions of anodic polarization.13

However, as one can see by comparing the triangle �shortest time�
symbols in Fig. 9 with the squares and circles �recorded after longer
anodization times�, the oxide film continued to thicken for an ex-
tended period. To our knowledge, other researchers who measured
the anodization ratio for Zr did not grow their oxides for such a long
period, and so may not have achieved the fullest possible extent of
oxide thickening at each potential. We could also determine the
Pilling Bedworth ratio, RPB = 
�dox/�dmetal
, from the two figures.
The magnitude deduced from the fitted straight lines is 1.57, in good
agreement with the value calculated from bulk densities or crystal
lattice parameters.29,c Similar agreement is observed also in the case
of Ti.23

The systematic trend depicted by the chronologically encoded
points in Fig. 9 and 10 provides strong evidence that thickness val-
ues determined by NR are reliable. More importantly, by virtue of
the continued thickening of the oxide and simultaneous thinning of
the metal, we see the ion transport required for forming more oxide
persists many hours after the anodization potential is increased.

c Values of specific gravity for Zr, ZrO2 �zirconia�, and ZrO2 �baddeleyite� are 6.49,
5.6, and 5.8, respectively, giving R = 1.56 for zirconia and 1.50 for baddeleyite.

Figure 17. Polarization behavior of Zr and Ti metals in 0.1 M KClO4 solu-
tion determined with bulk electrodes. One electrode each was used for the
two metals in the following manner: the electrode was first polished, then
immersed in solution at open-circuit potential, then polarized to +2 V, then
to incrementally decreasing values ��0.1 V/step� until the potential reached
�2 V.
PB
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The same chronological trend is seen in Fig. 11 and 12 for the
SLD parameters, suggesting there is some merit in these parameters.
In the least, they should not be dismissed just because the SLD
parameter of the metallic Zr underwent a change we could not un-
derstand.

The steady-state data points in Fig. 9 and 10 show no disconti-
nuity nor abrupt change of behavior at the anodic breakdown. How-
ever, Fig. 11 depicts a feature in the oxide layer SLD coincident
with the breakdown. We see a linear decrease of oxide SLD initially
�anodic potentials, 0, 0.5, and 1�, but at 1.5 V only the first point ���
falls on the straight line. The next two NR scans ��, �� show that
the oxide SLD dropped suddenly, by as much as �6%. We stress
that the drop of oxide SLD at 1.5 V is a delayed response; it hap-
pened several hours into the application of 1.5 V. The oxide SLD
continued to decrease when the potential was increased from 1.5 to
2 V, but this looks like a continuation of the behavior prior to the
step at 1.5 V, i.e., without a delay and with �, �, and � all appear-
ing as a cluster. After 2 V, the gradual decrease of oxide SLD was
much less.

There are two possible causes of a decrease in SLD. The first is
that the same material �i.e., no change of chemical composition�
becomes porous �less dense�, which is highly unlikely in this case
given that Zr oxides are very insoluble in fluoride-free, neutral pH,
aqueous solutions. Merati and Cox30 clearly showed the stability of
the oxide on Zr in a variety of more aggressive �acidic or fluoride-
containing� aqueous solutions than the one we used. The value of
RPB corresponds to that of a fully dense oxide, which also supports
the view that there are no significant voids or porosity in the oxide.
The other possibility involves incorporation of atoms with nuclei
whose presence would lead to a lower overall SLD. According to the
SLD values for nuclei present in our system, hydrogen, with its
negative scattering length,3 is the essential ingredient for this possi-
bility: either by forming hydroxides or being entrained �as water
molecules, for example� in inclusions or cracks, hydrogen can re-
duce the overall SLD of the oxide layer.

Incorporation of hydrogeneous species in the anodic oxide grown
from an aqueous solution is not new. We have reported this phenom-
enon, observed with NR, in a Ti thin film.23 In this case, the hydro-
geneous infusion is limited to shallower depths of the oxide, while
the deeper regions remain hydrogen-free. As a result, least-squares
refinement yielded two regions of oxide with different SLD values.
We tried least-squares fitting a similar model for Zr but could not
achieve a stable refinement, suggesting the hydrogeneous material
distribution in Zr anodized oxide does not vary with depth, or any
variation is too uniform to be detected by NR.

The gradual incorporation of hydrogen as OH species under the
anodic polarization can very well explain the lowering of oxide
layer SLD up to 1 V, but the time-delayed drop of oxide SLD at 1.5
V is a totally different phenomenon that requires a radically different
explanation. We propose that cracking of the oxide, due to buildup
of lateral stresses as the layer thickens, is the cause of this sudden
behavior. Such cracking of the anodic oxide on Zr has been ob-
served previously by Cox,31 albeit under much more severe film
growth conditions.

Any cracks will be quickly filled with electrolyte solution. Be-
cause specular NR determines only the xy-averaged SLD at a par-
ticular depth z, water-filled cracks will lead to an apparent decrease
in the oxide SLD. The uniformity of oxide layer SLD with depth
suggests that the cracks fully penetrate the oxide to the same degree
all the way to the metal surface. The explanation is consistent with
the dramatic drop of Rox as observed in Fig. 4, as the water-filled
cracks provide low-resistance pathways across the otherwise highly
insulating oxide layer. We need to appreciate, however, that the re-
sidual resistance of the oxide layer was substantial, i.e., the electrode
was far from being short-circuited. Consequently, the anodization
ratio was maintained at higher potentials and the metal film was not
rapidly destroyed by corrosion �Fig. 9 and 10�.

The above explanation, in turn, leads to a concern: if additional
conductance pathways are opened up by cracking of the oxide,
surely a more sophisticated equivalent circuit is required to fit the
EIS data. Then how are we to understand the fact that the single
time-constant circuit of Fig. 5 continues to give reasonably good fits
to the EIS data measured at potentials �1 V?

The equivalent circuit depicted in Fig. 18 provides a satisfactory
explanation for the question above. It consists of two branches: one
with Rintact and Cintact, and the other with Rcracks and Ccracks, the latter
representing collectively the conductance through the cracks.
Rcracks � Rintact, but it is far from zero �not a complete short-circuit�.
Because of the parallel connection between the two branches, Fig.
18 still represents a single-time-constant circuit and its model pa-
rameters are related to those of Fig. 5 �keeping in mind that we can
convert CPEox into Cox� according to

Rox = �1/Rintact + 1/Rcracks�−1 �2�

Cox = Cintact + Ccracks �3�

Because Rcracks � Rintact, Rox is very sensitive to the variations of
Rcracks. However, it is not clear whether Cintact or Ccracks is the domi-
nant contributor for Cox. While the area associated with Ccracks is
small, the newly formed oxide at the bottom and walls of the cracks
may be much thinner. If so, Ccracks may become comparable to
Cintact as more cracks form. Hence, it is impossible to estimate the
relative magnitudes of Cintact and Ccracks.

Prior to breakdown, Rox and Cox have simpler interpretations,
respectively related to the resistivity, 	, and the dc dielectric con-
stant 
, of the oxide layer as follows

Rox = 	d/A �4�

Cox = 

°A/d �5�

where d is the thickness of the oxide determined by NR carried out
simultaneously with EIS, and 
° the permittivity of free space.

The values of 	 and 
 determined from the above equations are
plotted in Fig. 19 and 20. We see in Fig. 19 that the steady-state
resistivity of the oxide before the breakdown is nearly constant at
about 10 T� cm. At higher potentials, the physical meaning of Rox
is no longer consistent with the equation used to calculate 	, because
we believe the current pathways to involve the cracks rather than the
oxide itself. The resistivity evaluated in this manner is reasonably
comparable to values measured by Cox31 in the 1.5–4 T� cm
range for Zr in Na2SO4 solution. The dc dielectric constant in Fig.
20 was reasonably constant with increasing applied potential, dis-
playing the largest fluctuations at 1.5 V, where the oxide cracked.

Figure 18. Modified equivalent circuit, with parallel R and CPE components
for the cracked and intact areas of the oxide film.
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Because we made numerous repeat measurements of 
 at each ap-
plied potential, we did see some variation of the value, mainly be-
tween 25 and 27. This falls within the wide range of values �24.8–
55.8� found in the literature.32-36 No trends with time were detected,
and it seems that these variations probably represent either the re-
producibility of the measurements or the stability of the controlling
film property.

If the cracking of the oxide took place several hours into appli-
cation of 1.5 V, it should somehow be captured by the repeated EIS
scans as a transient effect. In order to recognize the signature of
cracking in the transient data, we first need to understand how Rox
and Cox would behave if the oxide did not crack. Immediately after
we applied a higher anodic potential, the cell current would jump
due to ionic currents. As the oxide layer thickens and the steady-
state thickness is approached, the cell current would decrease to a
very small value. In terms of the equivalent circuit, Rox given by the
first EIS scan at a potential would be low, but it would increase in
successive scans. In the steady-state limit, Rox should tend to a value

Figure 19. Resistivity of ZrO2 film vs potential, as deduced from the Rox
values and the thickness of the film determined by the in situ NR measure-
ments.

Figure 20. DC dielectric constant of ZrO2 film vs potential as deduced from
the Cox values and the thickness of the film determined by the in situ NR
measurements.
higher than its value prior to the potential increase. Cox, however,
would decrease monotonically because of the thickening of the ox-
ide. These trends are clearly seen during the application of 1 V �Fig.
13� where we believe the oxide did not crack. During the application
of 1.5 V �Fig. 14� we see a number of unusual features. The Rox
value obtained by the first EIS scan is exceptionally low,
45 k� cm2 instead of the 2 M� cm2 value seen in Fig. 13. Obvi-
ously, anodic breakdown had started even before the first EIS scan
was completed. Moreover, although Rox and Cox followed the ex-
pected trend initially, they both underwent trend reversal after the
fourth EIS scan. We conclude that oxide cracking is not a single
occurrence; rather, it took place in multiple stages.

At the next potential increase, from 1.5 to 2 V �Fig. 11�, the
oxide SLD dropped further in a way that looks very much like a
continuation of the trend prior to cracking of the oxide, i.e., incor-
poration of more hydrogeneous material into the oxide. Such con-
tinuation of H incorporation as well as a significant decrease of the
steady-state Rox value, as shown by the crosses in Fig. 4, indicates
there was yet further cracking of the oxide. Beyond 2 V, cracking
and loading of hydrogeneous materials into the oxide seem to have
reached saturation �almost no change of SLD for these potentials in
Fig. 11�.

As apparent in Fig. 2 and in more detail in Fig. 12, lowering of
SLD with increasing anodic polarization happens not just for the
oxide layer but also for the underlying metallic film. For the latter,
the change is of a lesser amount but it certainly is systematic. We
recall, however, that we are treating the absolute value of this pa-
rameter as unreliable, as it underwent an unexplained jump at the
filling of the cell �the up-arrow in Fig. 12�. The value prior to filling,
3.08 � 10−6 Å−2, was in agreement with the expected value for Zr,
3.06 � 10−6 Å−2, but the value at Eoc, 3.54 � 10−6 Å−2, was cer-
tainly too high. This effect may represent an artifact in the measure-
ment or some physics or chemistry that we do not yet understand.
The metallic SLD then decreased as the potential was increased.
This could have been due to “undoing” of the unexplained jump at
the filling of the cell. Alternatively, the decreasing SLD, again, could
be the sign of infusion of hydrogeneous species. However, this
raises the question of how hydrogen could be incorporated into a
metal that is polarized anodically. What is more, the largest drop
took place at 1 V, i.e., before the oxide cracking as observed by EIS.
We have no explanation for these results yet, and we can only say
that the overall behavior of this parameter remains to be understood,
either as new science or a measurement artifact. Fortunately, it does
not seem to affect the other NR results. As discussed above, the
behavior of other parameters makes perfect sense and is consistent
with the EIS signatures.

We now discuss the second part of the experiment where the
applied potential was reversed from anodic �3 V� to cathodic ��1 V�
polarization. Here we are not dealing with a fresh sample but one
whose oxide layer had already cracked. The results must be inter-
preted under the light of this sample condition.

Figure 6 shows that the entire SLD profile of the sample changes
little under the cathodic polarization, down to �2.5 V. This null-
result of NR suggests that, viewed over a large area, changes caused
by anodization are irreversible: the oxide layer remains cracked, and
the thickened anodized oxide does not dissolve into the neutral pH
electrolyte. However, both Fig. 7 and 8 show vastly different EIS
responses at increasingly lower potentials.

According to Fig. 8 �and also by comparing Fig. 7 to Fig. 3�, the
resistance parameter, Rox, recovered by more than a factor of 10
when the polarity was reversed. This could only mean that the
water-filled cracks through the oxide layer were quickly plugged up
with newly formed oxide. Meanwhile, the rest of the oxide, that
remained intact at 3 V, presumably changed little �Fig. 6�. Because
regions of the electrode behave differently, it is again helpful to
consider the sample in terms of the equivalent circuit depicted in
Fig. 18. Repair of cracks by oxide formation can cause Rcracks, to
which EIS is very sensitive, to increase significantly. NR is more of
a “global” probe and is insensitive to the changes in the cracks as
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they represent only a small fraction of the total surface area. The
capacitance parameter, Cox, however, continued to decrease after the
polarity reversal.

We further see in Fig. 8 that after the initial increase, Rox de-
creased, ultimately reaching a value lower than that at 3 V. No
accompanying changes in oxide structure or composition could be
observed in the reflectometry scans �Fig. 6�. Furthermore, Rox can be
seen changing slowly over time �Fig. 15 and 16�. One would expect
a purely electronic conduction mechanism, such as degeneracy in-
duced by extreme band bending in the oxide, to manifest itself in-
stantly upon application of sufficient polarization, and the accumu-
lation of damage from an ionic conduction mechanism should be
visible over time by NR. Therefore, we propose that the Rox de-
crease in this case results from electronic conductivity introduced by
relatively gradual defect injection into the oxide lattice, probably in
the form of doping by trace amounts of hydrogen atoms, present in
concentrations too small to be detected by NR �i.e., less than
�1 atom %�.

Toward the end of the experiment, transient results under high
cathodic currents showed yet one more feature not previously ob-
served. We see from the very beginning that immediately after we
set the potential, the model parameter Rox was low, permitting a
large current to flow through the cell. Once stabilized within several
hours, the cell current decreased and Rox increased. This is the gen-
eral trend, from the beginning of the experiment, up to and including
the potential of �1.5 V �Fig. 15�. A new trend emerged at �2 V
�Fig. 16� and �2.5 V �not shown�: Rox continually decreased
throughout the polarization period and stabilized at a value lower
than the value it had at the beginning of the application of the
potential. This same decrease of resistance with increasingly nega-
tive polarization is also observed for bulk zirconium samples, as
shown in Fig. 17 where the cathodic current begins to flow as the
potential is lowered beyond �1.5 V. Again, we expect that doping
via slow hydrogen absorption is to blame.

Conclusion

Both Zr and Ti are highly resistant to corrosion due to formation
of continuous oxide layers. However, this similarity is for ambient
conditions. Upon anodization they behave differently. As high-
lighted several times in the Discussion section, the difference stems
from cracking of the oxide in the case of Zr as the oxide layer
thickens with increasing anodic potential. At lower potentials, there
is every indication that Zr will behave similarly to Ti.23 The simi-
larity ends when the oxide layer on Zr suddenly cracks as the ap-
plied potential reaches �1.5 V �oxide thickness �100 Å�, where
the build-up of stress makes it rupture.

Cracks in the oxide layer, quickly filled with liquid electrolyte,
provide low-resistance pathways to anodic currents. The dc resis-
tance of the electrode measured by EIS is therefore very sensitive to
formation and subsequent changes in the cracks. Capacitance mea-
sured by EIS is less sensitive to the cracks, as the area associated
with them is small. Nevertheless, the new oxide that forms immedi-
ately within the cracks is thin and the local capacitance may be
significant. NR, which is a “global” probe, is less sensitive to
changes within the cracks.

We should therefore view cracking of the oxide as a localized
phenomenon. The behavior of the intact regions of the oxide film
does not change because of the cracks. For instance, the critical
electric field required for cation/anion migration remains the same
for the intact regions. Even after cracking, the oxide film in regions
between cracks continues to thicken with the same anodization ratio.
The PB ratio also does not change, indicating that the oxide does not
become openly porous or otherwise low-density.

The anodized oxide, unlike the original air-grown passive oxide,
contains hydrogeneous species. In that sense it is similar to the
anodic oxide of Ti. However, the H distribution seems to be uniform
in the zirconium oxide, i.e., no H-enhanced region was detected next
to the Zr oxide–electrolyte interface, in contrast to the observations
on Ti.23
Among the observations reported herein, one of the most inter-
esting perhaps is the observation of ion migration that persists for a
long time ��12 h� after an anodic potentiostatic condition is ap-
plied. The anodic oxide continues to thicken at the expense of the
metal layer. Indeed, observation of persistent ionic transport is not
new: Andreeva37 “watched” thickening of air-grown Ti oxide over a
period lasting up to 4 years, but only on samples aged in ambient
atmosphere. Andreeva’s other measurements were for samples aged
in Na2SO4 and H2SO4 solutions for a period of �10 days and in situ
ellipsometry measurements under anodic and cathodic conditions,
but limited to short-term behavior only. Ours is probably the first
direct observation of long-time anodic oxide thickening, with the
implication that residual current should not always be labeled as
electronic or a sign of surface oxide dissolution.

Partial recovery of passivation is observed once the anodic po-
larization is removed, because the cracks are promptly plugged with
newly formed oxide. Application of a strong enough cathodic polar-
ization brings about a loss of oxide film resistance again, but in this
case no changes in the oxide film structure or composition can be
observed, suggesting that the loss of oxide resistance results from
increases in electronic, rather than ionic, conductivity, possibly a
result of injection of defect states through absorption of traces of
hydrogen. We suggest that the conductivity is enhanced by a doping
mechanism, rather than severe band bending leading to degeneracy
in the oxide, because the former, and not the latter, could be ex-
pected to be consistent with the slow changes observed in Rox.

Although our observations �e.g., H incorporation on cracking of
oxide� were made with a thin-film sample, the conclusions herein
are likely to be applicable to bulk metal. The results we obtained
with cathodic polarization, however, are not generally applicable to
all Zr, as they represent the behavior of a valve metal whose oxide
had undergone stress-induced cracking during anodization.

The University of Western Ontario assisted in meeting the publication
costs of this article.
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