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H I G H L I G H T S

• Anodic galvanostatic polarizations are
performed on pure Zn in oxalic acid
solutions.

• The acid concentrations and the cur-
rent densities were varied in large
ranges.

• Distinguishable induction periods
were registered in all the investigated
cases.

• A conceptual model is created for ex-
plication of the investigated systems
behavior.

• The proposed model was verified by
the experimental results.
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A B S T R A C T

The anodic polarization of zinc in aqueous solutions of oxalic acid was investigated. The polarizations were
carried out in electrolytes with concentrations between 0.005 and 0.500mol dm−3, at constant current densities
(1 ÷ 40mA cm−2). In the course of anodic polarization, induction periods were distinctly recorded, and their
durations were found to be strongly dependent on both the electrolyte concentration and the applied current
density. By employing XPS and XRD diffraction methods and performing ATR-FTIR measurements, it was es-
tablished that the layers formed on the metal surface are composed of crystalline zinc oxalate dihydrate, covered
with thin ZnO external layers. Furthermore, a conceptual model was developed which qualitatively explains the
mechanism of appearance of the observed induction periods. This model perceives the roughness variation of the
electrode surface during anodic polarization. The obtained AFM images and SEM micrographs confirm the as-
sumptions made in the presented model. During the polarization of zinc in aqueous solutions of oxalic acid, high
voltages are reached, which makes them suitable for forming ZnC2O4.2H2O coatings.

1. Introduction

The great interest towards ZnO-based materials, is predetermined
by their unique optical and electrical properties [1,2]. Besides for

further extension of the durability of corrosion protective zincate
coatings [3–10], the ZnO-based materials have recently been examined
for other attractive applications, such as alternative energy sources like
solar elements [11–15], fuel cells [16–19], environmental monitoring
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sensors [20–23], optical components [24–26], pollutant removal cata-
lysts [27–30], etc.

On the other hand, the electrochemical methods enable relatively
facile synthesis with easily controllable conditions, providing high re-
producibility of the product's characteristics using relatively simple
equipment. The behavior of zinc during anodic polarization is assessed
in a large variety of liquid media. Thus, various, mostly aqueous solu-
tions were used as contact electrolytes, such as: bicarbonate electrolytes
[31–33], NaOH [34,35], KOH [36], KHCO3 [37], alkalized NaCl solu-
tions [38], saturated zincate solutions [39], sodium oxalate [40], sev-
eral baths with complex compositions, containing NaOH,
Na2B2O7.10H2O, Na2Si2O3.9H2O, NaNO2 and NiSO4 [41] and even
deionized water [42]. Also, methanolic solutions of lithium perchlorate
[43], ethanolic H2SO4 solutions [44], fluoride containing 2-methyl-1,3-
propandiol electrolyte [45], different electrolytes containing F− ions
[1,12–14] were used, too.

The majority of the research papers investigating the anodic beha-
vior of Zn report its potentiostatic anodic polarization (2÷30 V) except
for [34], where both galvanostatic and potentiostatic regimes were
used. Almost all authors preferred to perform experiments at room
temperature aside from Ref. [45], where the temperature was varied in
the interval from −2 to +30 °C. The anodic polarization of zinc results
in the obtaining of complex structures consisting of oxides, oxalates,
phosphates, fluorides and others [31–49].

Particularly, zinc oxalate nanoparticles with different shapes and
sizes were electrochemically synthesized by anodic polarization of zinc
substrates in aqueous sodium oxalate solutions. It was found that their
shapes and dimensions could be controlled by varying the cell voltage,
oxalate ion concentration, and the stirring rate of the electrolyte [40].
Thus, porous films [31,46,48,50], structures with nanowires
[34,37,46], nano-flakes [51] and nanospheres [45] have already been
obtained. Other structures, consisting of bundles of nanowires
[31,32,47], self-assembled stripe arrays of zinc oxides [44] and highly
oriented ZnO nano-needle arrays [39] have also been observed.

The anodic polarization of Zn in aqueous oxalic acid solutions with
different concentrations has been studied [52–54], as well. Further-
more, it was established that the anodic polarization of Zn in Na2C2O4

aqueous solutions (0.01 ÷ 0.10M), at a constant voltage (2 ÷ 8 V)
results in the formation of zinc oxalate (ZnC2O4) crystals on the metallic
surface [40]. The authors have succeeded to establish a proportional
relation between the electrolyte concentration and the resulting ZnC2O4

particles grain size.
All these research activities and the established correlations therein

have imposed the need for extended systematical elucidation of the Zn/
C2H2O4 system behavior during anodic polarization in relatively wide
ranges of oxalic acid concentrations and current densities. This ap-
proach has enabled detailed assessment of the correlations between the
anodic polarization conditions and the resulting features of the ob-
tained films. In addition, a conceptual model was created on the basis of
the further analysis of the obtained data.

2. Experimental

2.1. Sample preparation

Electrodes with a working area of 2 cm2 were cut out from pure
(99.98%) zinc foil. The working surfaces were electrochemically po-
lished for 15min in a mixed solution of phosphoric acid and ethanol
(volume ratio 3:7) at a temperature of 5 °C [4], and the specimens were
then rinsed with double-distilled water.

The anodic polarization was carried out in a standard two electrode
cell with a golden cathode. The process was performed at galvanostatic,
isothermal (20 °C) conditions for different durations. The simultaneous
in-situ recording of the curve enabled to determine the film forming
voltage (Uf) with time (t), respectively, with the total charge passed (Q).
The applied current density (J) was varied from 1.25 to

40.00mA cm−2. Various C2H2O4 solutions in the concentration range
between 0.005 and 0.500M were used as forming electrolytes. The
electrolytes were not stirred, in order to avoid any influence of hy-
drodynamic effects.

2.2. Film characterizations

In order to determine the impact of the current density and the
electrolyte concentration on the resulting films' structure, composition
and morphology, the obtained anodic films were characterized using
four advanced analytical methods, as follows:

2.2.1. Compositional analysis
The chemical composition of the films was determined by X-ray

Photoemission Spectroscopy (XPS) and Attenuated Total Reflection-
Fourier Transform Infrared (ATR-FTIR). The XPS spectra were acquired
by AXIS Supra electron spectrometer (Kratos Analytical Ltd.) using
monochromatic AlKα radiation with a photon energy of 1486.6 eV. The
FTIR spectra were recorded on a Brueker Tensor 27 FT spectrometer,
equipped with a diamond crystal ATR accessory, accumulating 64 scans
at a resolution of 2 cm−1.

2.2.2. Structural characterization
X-ray diffraction (XRD) patterns for phase identification were re-

corded in the angle interval 10-95° θ(2 ), on a Philips PW 1050 dif-
fractometer, equipped with CuKα tube and scintillation detector.

2.2.3. Morphological description
The morphology of the samples was observed by Scanning Electron

Microscopy (SEM). A Tescan SEM/FIB LYRA I XMU device with a sec-
ondary electrons detector was used at 25 000× magnification rate.

2.2.4. Topological observations
Atomic Force Microscopy (AFM) observations were performed,

using Easyscan 2 by “Nanosurf” (Switzerland) equipped with TAP 190-
G cantilever on square zones with linear size of 20 μm, at 256 points per
line and 256 lines of resolution. The speed was 5 s per line, operating in
continuous, dynamic regime at 17 kHz and 800mV amplitude of can-
tilever vibration.

3. Results and discussion

3.1. Kinetic studies

3.1.1. Impact of the electrolyte concentration
It is well known, that during galvanostatic anodic polarization of

various metals, alloys and semiconductors, the formation voltage U( )f
increases with time t( ), respectively with the total electric charge
passed (Q). This observation is a direct consequence of the increase of
the formed film's thickness and its respective electrical resistance.

U t( )f -kinetic curves were acquired during the anodic polarization of
zinc in С2Н4О4 solutions in a large range of concentrations. Appearance
of induction periods was established for the entire investigated con-
centration interval (0.005 ÷ 0.500M). An illustration of these induc-
tion periods is represented in the kinetic curves, acquired at constant
current density (5 mA cm−2) for 0.005, 0.010 and 0.250mol dm−3

(Fig. 1).
The data presented in Fig. 1 allow the following conclusions to be

drawn: (i) The anodic polarization of Zn in oxalic acid solutions could
reach rather high voltages (above 100 V); (ii) The induction period
duration τ( )ind decreases with increasing electrolyte concentrations.

It is noteworthy, that the τ( )ind values reveal a stochastic character
for all investigated electrolyte concentrations (Fig. 2). The results ob-
tained from 6 individual experiments for each of the investigated
concentrations have enabled to statistically estimate the most probable
τ( )ind value.
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Thus, it was established that the standard deviation decreases for
higher electrolyte concentrations. Since the crystallite's nucleation
possesses a stochastic character, the film formation on each sample
initiates with a different number of nuclei. The notably larger dissipa-
tion of the induction period durations, observed at lower concentrations
is related to the fewer nuclei, being formed in these cases. Thus, the
appearance of each new crystallite has a more considerable contribu-
tion to the duration of the induction period τ( )ind , correlated to the total
number of nuclei. When this number is eventually large enough, the
contribution of each crystal nucleus becomes indistinguishable and
consequently the dissipations of the induction periods approach a de-
fined average value, closer to each other.

The τ C( )ind -dependence, determined at 5mA cm−2 and 20 °C for all
investigated electrolytes is illustrated in Fig. 3.

The experiments reveal that the lowest possible concentration
which enables a layer formation on zinc at 5mA cm−2 is
0.005mol dm−3. Between this concentration and 0.150M, the duration
of the induction period strongly decreases and then reaches a plateau.
Obviously, at the lower concentrations, the electrochemical film for-
mation is retained by diffusion limitations, originating from the hin-
dered delivery of oxalate ions to the metallic surface. Namely for this

reason the concentration interval between 0.005 and 0.150mol dm−3

was submitted to a detailed investigation in the present study.

3.1.2. Impact of the current density
The applied current density J( ) has a considerable influence on the

duration of the induction periods. This dependence, determined for
0.060M oxalic acid, is illustrated in Fig. 4.

The analysis of the experimental data has revealed a decrement of
the induction period duration, as well as its deviations (determined
from 6 independent measurements for each data point) with higher
applied current densities for all investigated electrolyte concentrations.
The occurrence of induction periods has already been registered during
the anodic polarization of various metals (Ta [55], Bi [56], Sb [57], Mo
[58,59]). Similar τ J( )ind -dependences have been observed during the
anodization of these metals in different electrolytes [55–59]. Besides,
higher current densities lead to lower deviations in τ( )ind .

3.2. Film characterization

As it was already mentioned, the phase composition of the resulting

Fig. 1. Typical U t( )f - kinetic curves for anodic polarization of zinc in aqueous
solutions of oxalic acid.

Fig. 2. Illustration of the induction period duration τ( )ind confidence intervals
for three different oxalic acid concentrations.

Fig. 3. Dependence of the induction period duration τ( )ind on the electrolyte
concentration. C( )

Fig. 4. Dependence of the induction period duration τ( )ind on applied current
density J( ) for Zn polarized in 0.060M oxalic acid.
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surface layers is strongly dependent on the composition of the used
anodizing (contact) electrolyte [31–49]. In this sense, the chemical
composition of the obtained films, formed in oxalic acid medium was an
object of interest, as well. The modified surfaces of the samples were
characterized by two analytical methods and the results are described
below.

3.2.1. X-ray Photoemission Spectroscopy (XPS)
This method has enabled to define the chemical composition on the

surface of the obtained films. For this purpose, three representative
samples, undergone anodic polarization at constant current density
(5 mA cm−2) in three different electrolyte concentrations: 0.005; 0.060
and 0.150mol dm−3, were submitted to XPS analysis and the obtained
Zn2p and Zn LMM spectra are shown in Fig. 5.

The anodic polarizations of the samples, submitted to XPS analysis
were extended until the end of the respective induction periods, in
order to guarantee continuous Zn-oxalate films. Fig. 5a shows Zn2p
spectra, which are typical for this chemical element with a peak for
Zn2p3/2 at 1021.7 eV and a significant spin-orbit splitting from 23 eV.
Since it is difficult to estimate the chemical state only from Zn2p spectra
[60], it was necessary to acquire Zn LMM spectra (Fig. 5b), as well. The
occurrence of Zn2p spectra, Auger spectra and the value of the modified

Auger parameter (2009 eV) are all characteristic for ZnO [61].
The further O1s spectra of the samples, shown in Fig. 6a were ac-

quired in order to define the exact composition of the obtained films.
The obtained single peak is narrow and symmetric, confirming the

presence of only Zn-compounds in the formed films. Although the po-
sitions of the О1s peaks for ZnO [62] and Zn(CH3COO)2.2H2O [63] are
indistinguishable from each other, being at the same energy (531.6 eV),
it was possible to differentiate these compounds (i.e. oxide and ox-
alate), from the area of the C1s peak, associated with COO‾–groups.

The acquired patterns (Fig. 6b) are broad and consist of two wide
peaks. These spectra were deconvoluted in order to extract the values of
areas for all components of carbon. The fits used for data extraction for
the C-C and C-O bonding configurations and their intensities are in-
dicated in Fig. 6. The peaks were fitted using 100% Lorentzian dis-
tribution, after performing a Shirley background subtraction. The fit-
ting procedure was performed by fixing of the full width at half
maximum (FWHM) values at 1.9 eV for all peaks. All peaks were then
fitted to four components. The component at 284.2 eV originates from
the graphitic sp2 carbon. The peak at 285.9 eV is identified as C-atoms,
directly bonded to oxygen in oxide or hydroxyl groups. The peak at
290.2 eV belongs to the carbon in carboxyl groups [64,65]. The π-
plasmon peak is ascribed to π–π* transitions, which are characteristic
for aromatic ring structures [66].

Table 1 summarizes the contents of the components, composing the
surface of the obtained films. The last column shows that the ratio
between oxygen and zinc is lower (i.e. O:Zn=3:1) than the expected
value for zinc oxalate (i.e. O:Zn=4:1). The reason for this deviation in
the elemental content from the expected stoichiometry is the con-
tribution of ZnO, which is evinced by the Auger-spectra of Zn (i.e.
Zn–LMM in Fig. 5b). Furthermore, the modified Auger-spectrum pat-
tern is typical for ZnO, excluding the occurrence of other Zn-containing
compounds, e.g. ZnCO3. According to the area, normalized in relation

Fig. 5. Integral Zn2p (a) and Zn LMM (b) spectra of ZnC2O4 films obtained by
anodic polarization at 5mA cm−2 of three samples polarized in: (1) 0.005M,
(2) 0.060M and (3) 0.150M oxalic acid.

Fig. 5. (continued)
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to the values of the Relative Sensitivity Factors (RSF), the correlation of
the С1s (290.2 eV, Fig. 6b) peak area related to the СОО‾-moieties, to
this of the Zn2p3/2 – peak for the respective samples in Table 1 reveals
that these correlations are 0.05:0.15:0.03, respectively. This finding
reveals a remarkable predominance of ZnO being about 96–97%,
compared to only 3–4% of ZnC2O4.

Consequently, according to the XPS analyses the Zn-oxalate films
are covered by a ZnO layer.

3.2.2. X-ray diffraction (XRD) measurements
This method has enabled to perform a phase identification of the

obtained structures in the film bulk. The XRD diffraction patterns of
sample, polarized in 0.005, 0.060 and 0.150MC2H2O4 solutions at a
constant current density (5 mA cm−2), up to 37 V, is presented in Fig. 7.

A High rate of crystallinity was registered in the structure of the
investigated specimens. Two phases were identified: zinc oxalate
(ZnC2O4) [67] and pure metallic zinc [68,69]. The presence of the
metallic zinc peaks is most likely due to the contribution of the sub-
strate.

3.2.3. ATR-FTIR measurements
The chemical composition of all obtained films was also determined

by acquisition of their ATR-FTIR spectra. For illustration, the spectra of
two of the investigated samples are depicted in Fig. 8. For comparison,
a typical spectrum of Zn oxalate dihydrate (ZnC2O4.2H2O) is re-
presented as well.

Fig. 8 reveals that the ATR spectra of the studied samples are in
excellent agreement with those of the reference Zn oxalate dihydrate.
Following the reported assignments of the characteristic IR absorptions
of zinc oxalate [40,54–63,67–72] and references therein, the bands in
the region 4000-600 cm−1 of the spectra of anodized samples should be
attributed to: 3380 cm−1 (O-H stretching), 1620 cm−1 (asymmetric C-O
stretching), 1361 and 1316 cm−1 (symmetric C–O stretching + O–C–O
bending), 819 cm−1 (symmetric C–C stretching coupled with O–C–O
bending), 737 cm−1 (O-H rocking). In accordance with previous studies
on hydrated metal oxalates, a band for the bending O-H mode of water
was not observed due to overlapping with the strong IR band of the
asymmetric C-O stretching vibrations at 1620 cm−1.

The results obtained from both analytical methods used have un-
doubtedly evinced that the films formed by anodic polarization of Zn in
oxalic acid obviously consist of crystalline zinc oxalate dihydrate.

3.3. Conceptual model regarding the origin of the induction periods

3.3.1. Correlation between the shape of the kinetic curve and the resulting
morphological alterations

An attempt to explain the occurrence of the detected induction
periods was made in the present study. For this purpose, the sample
surfaces were submitted to systematical observations via Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). In
order to get a better understanding, an analysis of Fig. 9 is performed. It
represents a kinetic U t( )f curve for the anodic polarization of zinc in
0.06 М oxalic acid at 5mA cm−2.

Fig. 6. C1s spectra of Zn anodically polarized at constant current density
(5 mA cm−2) until 37 V: (1) 0.005M, (2) 0.060M and (3) 0.150MC2H2O4.

Fig. 6. (continued)
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The nucleation of the Zn-oxalate dihydrate crystals occurs at the
very beginning of the anodic polarization (Fig. 9, position (a)). In the
following stages, the already formed crystals grow gradually (Fig. 9,
position (b)), occupying increasingly larger metallic surface areas. The
polarization voltage remains almost unchanged during the entire in-
duction period. This is due to the remaining of uncovered metallic
surface areas, which provide direct contact with the electrolyte. The
gradual decrement of the accessible bare metallic surface due to its
occupation by the growing oxalate crystals does not affect the current
as a galvanostatic regime is applied. However, the contact area decre-
ment among the crystals is efficiently compensated by proportional the
current density rise. Consequently, the higher current densities should

lead to crystal growth acceleration, driven by the more intensive cur-
rent flows through the remaining restricted unoccupied accessible
areas. Nevertheless, especially at lower oxalic acid concentrations, the
acceleration in crystal growth is being hindered by the more intensive
consumption of oxalate ions on the metallic surface. Consequently, the
process becomes diffusion-limited and its rate depends on the delivery
of oxalate ions to the metallic surface.

The crystal growth process continues until the blockage of the entire
sample surface with the already continuous oxalate film (c). This
namely is the end of the induction period, which can easily be identified
with the sharp increase in Uf (position d).

Table 1
Surface composition of the films at obtained 5mA cm−2 as a function of electrolyte concentration.

Electrolyte concentration Component C (%at) Component O (%at) Component Zn (%at) Content of Zn-oxalate on the ZnO surfaces (%)

0.005M 39.10 46.20 14.70 3.4
0.060M 38.00 46.10 15.90 4.1
0.150M 36.10 48.20 15.70 3.3

Fig. 7. XRD diffraction patterns of samples, polarized in: (a) 0.005, (b) 0.060
and (c) 0.150MH2C2O4, (5 mA cm−2).

Fig. 7. (continued)

Fig. 7. (continued)

Fig. 8. ATR-FTIR spectra of samples anodically polarized in two oxalic acid
solutions and referent pure Zn oxalate dihydrate in the region 4000 -
400 cm−1..
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If it is assumed that the shapes of the obtained crystallites resemble
truncated pyramids, then a conceptual model describing the appear-
ance of the observed induction periods could be created (Fig. 10).

When a polished Zn surface (a) is submitted to polarization, the
nucleation of crystallites is immediately initiated (b). Their further
growth causes a gradual occupation of larger surface areas, as already
mentioned. In Fig. 10 the distance between two adjacent crystal nuclei
is denoted with “D”, the distance between vicinal growing crystallites
during the induction period is given with “r”, whereas their height is
denominated by “h”. The symbol “l” is ascribed to the resulting film
roughness height. The crystal growth during the induction period is
coincided by a gradual decrease of r, and an increase of h. The induction

period completes (c) at the moment when the r value becomes r=0.
This moment is related to the maximal achievable h value. The end of
the induction period indicates the complete coverage of the Zn-metallic
surface with hydrated Zn-oxalate crystallites (i.e. formation of a con-
sistent film). The induction period is followed by a sharp rise in the
formation voltage (d). After this moment, the thickness of the already
formed oxalate layer becomes (h + q), and continues its increase, with
the simultaneous decrease of l. This film roughness decrement is a result
of the overlapping of the crystallites due to their continuous expansion.
The sharp change in the Uf(t)–slope registered at the end of the in-
duction periods is an indication for an increase in the polarization re-
sistance of the samples, due to the thickening of the Zn-oxalate film.
This results in the appearance of new geometrical measure q, which can
be attributed to the truncated pyramides' expansion. The continuous
increase of its values leads to a sharp rise of the resulting electric re-
sistance and to a complete obstruction of the electrolyte access to the
metallic surface.

The higher concentrations of the oxalic acid (a basic precursor for
the formation of ZnC2O4) result in acceleration of the electrochemical
Zn-oxalate formation reaction. Considering its heterogeneous character,
it is easy to assume that the higher concentration of the precursor re-
sults in more intensive nucleation during the induction periods. In other
words, the higher electrolyte concentration leads to the appearance of
more nuclei per unit surface area. Hence, the larger number of these
oxalate nuclei predetermine lower distances (denoted with “r” in the
model) between them. Namely, this is the cause for the shorter induc-
tion periods and the finer grain structures of the resulting films, syn-
thesized at higher oxalic acid concentrations.

Thus in the present case, the oxalate synthesis and the formation of
the obtained films are not spontaneous processes, but rather these are
driven by the current values, predetermined by the galvanostatic con-
ditions. Consequently, the higher current densities predetermine much
more intensive nucleation. Therefore, simultaneous nucleation of a
larger number of nuclei will be observed. These nuclei will pre-
determine lower distances between them, which in turn supposes
shorter induction periods, until the complete coverage of the substrate
surface, which finally results in film morphology with finer grains.

Consequently, both the higher precursor concentrations and the
applied higher currents will shorten the duration of the induction
periods. The variation of these process parameters does not affect the
composition and structure of the obtained films. As commented in
section (3.2.2) crystalline Zn-oxalate structures were established with
certainty in all investigated cases.

3.3.2. SEM morphological observations and model verification
Zn-samples anodized for different durations were observed using

SEM in the respective stages of polarization (a-d), represented in the
conceptual model. The obtained micrographs are represented in Fig. 11.

The comparison of the morphologies observed by SEM, reveals
coverage of the fine grained bare metallic surface (a) by coarse crystals,
(b) which gradually grow (c), reaching rather large dimensions, ex-
ceeding 2–3 μm. Their number per unit of surface area decreases due to
their already commented overlapping (d).

According to the conceptual model and the observed morphological
transformations, the film roughness should increase during the entire
induction period. After the end of the induction period, a subsequent
roughness decrease should be observed. These assumptions were ver-
ified by performing systematical AFM observations.

3.3.3. AFM roughness determination
Three-dimesional AFM images of Zn samples, after anodic polar-

ization corresponding to stages (a–d) are shown in Fig. 12.
The images in the Fig. 12, clearly demonstrate the transition of the

obviously smooth substrate surface (a) to a morphology of equally
distributed coarse formations, due to the nucleation of the Zn-oxalate
film (b). Further, their size increases, as a result of nuclei growth (c),

Fig. 9. Evolution of the formation voltage with the anodic polarization time.

Fig. 10. Schematic presentation of ZnC2O4.2H2O film growth: (a) polished Zn
surface, (b) during the induction period, (c) at the end of induction period and
(d) after induction period.
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corresponding to an increase in the values of l≈ h, represented in the
graphical model. The final morphology of the formed integral film after
the induction period (d) resembles this of (b), the cause of which is the
overlapping of the crystals. This leads to a decrease in the l values,
compensated by the appearance and thickening of q, due to vicinal
crystals overlapping. Indeed, the roughness increment during the entire
induction period, followed by obvious smoothening was confirmed and
registered by the quantitative analysis of the roughness parameters,
summarized in Table 2.

The above table contains the following six basic statistical rough-
ness measures: Sa (average roughness value) is the average sum of the
module of distances of all points from the measured surface, in direc-
tion, perpendicular to the conditional plane; Sq (square root roughness

value), defined as square root of the second power of Sa; Sm (mean
roughness value) is also defined by the same average sum, but in this
case, the respective positive (upward) or negative (downward) signs of
the vectors are taken into account; Sv (valley depth) notes the distance
between the conditional plane and the lowest point of the measured
surface; Sp (peak height) is the distance between the highest point of the
measured surface and the conditional plane; Sy (peak-valley height) is
the distance between the highest (Sp), and the lowest (Sv) points of the
measured surface.

The acquired results obviously show that the obtained films
roughness increases during the entire induction period (a-c). The most
significant parameter Sy, relevant to l in the proposed graphical model
increases with almost an entire order of magnitude from 0.1 to 0.9 μm
during the induction period. Afterwards, its value has an insignificant
further growth, due to the considerable growth of the resistance, caused
by the appearance and further increase of the parameter q. After the
induction period, the Sy, parameter restores its values, revealing a
smoothening of the already formed film. This subsequent smoothening
is a result of the growing rate of crystal overlapping, which reduces the l
value (associated with the height of the triangles, formed between ad-
jacent truncated pyramids in the proposed graphical model). Thus, their
expansion results in widening, which in turn causes a decrease of the
size dimensions of the triangular spaces among the crystallite surfaces.

A subsequent decrease in l, at the further polarization stages (d) is
registered. This ascertainment confirms the above proposed conceptual
model for the explication of the appearance of the observed distin-
guishable induction periods in the case of anodic polarization of Zn in
oxalic acid electrolytes.

The increase in roughness with thickness is a common behavior,
coinciding the formation of thin films [73–77]. Nevertheless, in some
cases [73,75] a slight roughness decrement was observed after the in-
itial increase, caused by the expansion of the crystallites and their
subsequent overlap.

3.4. Number and size of crystallites

The number of crystallites formed per unit surface area (cm−2), at
the end of the induction periods was determined by use of “ImageJ”
software. The number of crystallites as a function of oxalic acid con-
centration is illustrated in Fig. 13.

The obtained results clearly indicate that during the polarization
process, the number of nucleated crystallites n( ) decreases, while their
size L( ) grows. It is worth noting that the number of crystallites at the

Fig. 11. SEM micrographs of the electrode surface at different stages (a–d) of
anodic polarization.

Fig. 12. 3D-AFM images of the investigated samples: (a) before the anodic
polarization, (b) during the induction period, (c) at the end of the induction
period and (d) after this period.

Table 2
Roughness parameters at different polarization stages.

Position Sa (nm) Sq (nm) Sy (nm) SP (nm) Sv (nm) Sm (pm)

a 7.88 10.70 123.96 82.53 −41.43 213.34
b 88.52 113.86 947.59 580.93 −366.66 213.49
c 110.47 140.50 979.75 573.90 −405.85 185.88
d 68.76 86.82 617.03 356.44 −260.59 213.14

Fig. 13. Number of crystallites per unit surface area determined at the end of
the induction period as a function of the electrolyte concentration.
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end of the induction period is relatively lower in the cases of diluted
electrolytes (Figs. 13a and 14a), whereas their size is larger, compared
to those formed in more concentrated electrolytes (Figs. 13b and 14b).

The obtained results clearly indicate that during the polarization
process, the number of nucleated crystallites n( ) decreases, while their
size L( ) grows.

The SEM micrographs present the electrode surfaces after the end of
the induction periods for Zn-polarization in 0.005M (a) and
0.150M (b) oxalic acid (at 5mA cm−2).

The fact that the number and size of the formed Zn oxalate dihy-
drate crystallites depend on the concentration of oxalic acid explains
the established decrement of the duration of the induction periods
duration with increase of the oxalic acid concentration.

4. Conclusion

The present research shows the results of extended systematical
elucidation of the zinc behavior during anodic polarization in oxalic
acid solutions in a relatively wide interval of oxalic acid concentrations
(from 0.005 to 0.500M) and for a broad range of current densities
(from 1.25 to 40.00mA cm−2).

The in-situ Uf(t)-kinetic curves have shown the occurrence of dis-
tinguishable induction periods. Their duration τ( )ind is strongly depen-
dent on both the acid concentration and the applied current densities,
during the galvanostatic polarization experiments. These durations are
considerable in the lower concentration range and sharply decay at
higher oxalic acid concentrations. These induction periods become in-
dependent on the content of oxalic acid in the higher concentration
range. Similar correlations were established regarding the impact of the
applied current densities on τ( )ind . Besides, the longer induction periods,
recorded at lower acid concentrations and at lower current densities
reveal more notable dissipations, caused by the stochastic character of
the film nucleation.

After the entire surface is covered, the voltages required for over-
coming the films' resistances acquire significant values, exceeding
100 V in some cases.

All the specimens were submitted to systematic compositional (XPS)
and structural (XRD and ATR-FTIR) analyses, combined with morpho-
logical (SEM) and topographical (AFM) observations.

The XPS analyses have shown that the formed films are covered
with ZnO layers, whereas the XRD spectra have revealed the obtained
films bulks are composed of crystalline ZnC2O4.2H2O. This contra-
diction in the results of these analyses is a consequence of their different
penetration depths. Nevertheless, the additional ATR-FTIR analysis has
confirmed the statements made from the analysis of the XRD patterns.

The data analysis of the above mentioned methods, has served as a
basis for the development of a graphical model regarding the Zn-oxalate
film formation kinetics and mechanism at galvanostatic conditions.
Further, this model was successfully used for the description of the
causes for the occurrence of the observed induction periods and the
attributed correlations of their durations with the oxalic acid

concentrations and applied current densities. In addition, this model
was also applied for the explication of the rather high voltages reached
after the film formation.

Finally, the model's concepts were verified with supplemental SEM
observations of each of the stages of film formation and the corre-
sponding morphological (by coarse crystals nucleation and growth) and
topographical alterations (by roughness increase and subsequent de-
crement due to crystal overlapping).

The model could successfully be applied in various research activ-
ities, devoted to the zincate corrosion protection improvement, Zn-
based functional layers and optically active sensor elements.
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