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of electrodeposited undoped and
doped thin ZnO passive films on zinc metal in
alkaline HCO3

�/CO3
2� buffer solution

F. El-Taib Heakal, *a W. R. Abd-Ellatif,b N. S. Tantawyb and A. A. Tahab

Electrochemical characterization of anodically grown thin ZnO films on pure zinc metal was studied in pH

9.2 bicarbonate/carbonate buffer solution. The different undoped passive films were formed

potentiostatically in pH 9.2 borate buffer solution at processing anodic voltage (Va) of �1.04, �1.02,

�1.0 and �0.99 V (vs. Ag/AgCl). While, various doped ZnO films were fabricated by anodizing the

metal at a fixed potential of �1.00 V in the same borate buffer solution containing different amounts

of LiCl or InCl3. The electrochemical and semiconducting properties of all formed films were

investigated using chronoamperometric measurements, EIS and Mott–Schottky analysis supported by

scanning electron microscopy. The impedance results showed a direct correlation between Va and the

value of either total resistance (Rf) of undoped passive film or its thickness (df). It is evident that

anodization can afford better conditions for forming thicker compact passive films with more

advanced barrier properties. On the other hand, Rf decreases with increasing Li-doping level in the

oxide film, and increases in case of In-doping. Interestingly, Rf values of the doped films are always

lower when compared to its value for the undoped film grown at �1.00 V, likely due to possible

change in the film microstructure upon doping. For both undoped and doped ZnO films, Mott–

Schottky plots reveals unintentional n-type conductivity with high electron density. Moreover, with

increasing dopant level in ZnO host materials, Mott–Schottky analysis revealed a parallel correlation

between charge carrier donor concentration (ND) and the passive film thickness (df), where the trend

of their values are to decrease for Li+-doped and to increase for In3+-doped films.
1. Introduction

Zinc oxide (ZnO) is the most successful semiconductor mate-
rial in its nanostructure forms due to its wide band gap energy
of 3.37 eV and large excitation binding energy of 60 meV which
have attracted great interest for several applications in short-
wavelength optoelectronic devices and room temperature
UV-luminescence.1 Anodization has been investigated for
a long time to increase the corrosion resistance by forming
protective lms on Zn metal.2 The resulting lms are widely
used in various areas including transparent conductive coat-
ings, electrodes for dye-sensitized solar cells, eld emission
materials, gas sensing, energy storage, optoelectronic devices,
catalysis, UV-lasing action, blue light emitting diodes etc.3,4 It
has been shown that anodic oxidation of Zn in alkaline
medium can produce ZnO nanowires and porous structures.5,6

Electrodeposition is one of the most common methods for
e, Cairo University, Giza 12613, Egypt.
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Education, Ain Shams University, Cairo

hemistry 2018
production of metal oxide thin lms in the semiconducting
process due to its simplicity and ease of implementation,
where uniform thin lms with various structures and thick-
nesses can be obtained from zinc oxide. Passive ZnO lms
formed in various electrolytes have been shown to possess
some semiconducting properties which have been found to
play an important role on corrosion behavior of zinc in many
situations. However, correlations between the electrochemical
behavior of zinc oxide and its semiconductive performance are
still lacking.7 At low potential, if the forming alkaline medium
is at low carbonate concentration, the obtained anodic layers
are mainly composed of zincite, (ZnO) and zinc hydroxide.8–12

ZnO formed on zinc surface suggests passivation of zinc in
buffer carbonate. Accordingly, passive corrosion traits of ZnO
lms have to be considered.

It is commonly accepted that structural and electronic
properties of ZnO passive layers have a great inuence on
corrosion performance of zinc and its based alloys in aerated
solutions.11 Also, doping which denotes introduction of
a small fraction of foreign atoms into a pure intrinsic semi-
conductor material, is generally used to control the physical,
electrical and electronic properties of ZnO materials.13 Wurt-
zite ZnO is an n-type semiconductor in which the dominant
RSC Adv., 2018, 8, 39321–39333 | 39321
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major charge carriers are electrons.14 For an n-type semi-
conductor, electrons will be transferred from the electrode
into the solution cations. At equilibrium conditions, there is
no net transfer of charge, and hence there is no band
bending.15 This potential is therefore referred to as the at-
band potential (EFB). Among the various dopant impurities in
ZnO layers, lithium (Li) is characterized as an acceptor
impurity and indium (In) as a donor one.1 Therefore, in the
present study Li+ and In3+ ions in solution were incorporated
into the transparent conductive oxide ZnO thin lms16 during
its formation by anodization under potentiostatic conditions
to investigate their effect on the electrochemical and semi-
conducting properties of the resultant lms. These two
dopants can be used to control the carrier generation which is
related to oxygen vacancies. Li and In absorption may lead to
different results in crystallization and electrical characteris-
tics, compared to mono-phase oxides.17 It has been shown that
increasing dopant concentrations in solution rises and
enhances the doping levels in ZnO thin lms obtained by
electrodeposition and the native n-type semi-conductivity of
lms.18,19 Other authors have demonstrated that Li doping in
ZnO can destine the lattice constant of annealed ZnO : Li to
become slightly larger than that of undoped ZnO because Zn–
O bond length (1.97 Å) is slightly smaller than that of Li–O
bond (2.01 Å).20 Li-doped ZnO shows the nonstoichiometric
point defect.21 Generally, the formation of electrodeposited
ZnO can be described by the following equations.4,22,23

Zn / Zn2+ + 2e (anodic reaction) (1)

2H2O + 1/2O2 + 2e / 2OH� (cathodic reaction) (2)

Zn2+ + 2OH� / ZnO + H2O (3)

ZnO is mainly described by intrinsic defects, where impurities
plays a minor role on its structural, electrical and optical
properties.23

For a semiconductor, the upper, unlled band is called the
conduction band (Ec) while the lower, almost lled band is
called the valence band (Ev). The width of the band gap, Eg¼ Ev
� Ec, which is the most important electronic characteristic of
a crystal, depends on the strength of chemical bonds. For ZnO,
Eg ¼ 3.37 eV at room temperature. Simultaneously, an equal
number of positively charged holes are created in the valence
band. In an electric eld, these holes behave like particles
possessing a positive charge equal in absolute value to the
charge of the electron. On the other hand, for extrinsic semi-
conductors, impurities and defects (which have energy levels
located in the band gap) are classied as either donors or
acceptors. Donors usually located at energy levels slightly
below the conduction band give away excess electrons to the
conduction band, thereby creating electron conductivity (n-
type semiconductors). Acceptors, located at energy levels
slightly above the valence band, capture valence electrons
from atoms of the basic substance, producing a hole
conductivity (p-type semiconductors).
39322 | RSC Adv., 2018, 8, 39321–39333
2. Experimental
2.1 Materials and electrochemical methods

Samples were prepared from zinc rod of 99.99% purity as
supplied from Johnson and Matthey (England). The samples
were abraded with 600 up to 1500 grit emery papers, rinsed with
deionized water, dried and then anodically xed. A borate buffer
solution of pH 9.2 (0.05 MH3BO3 + 0.075MNa2B4O7$10H2O) was
used as an electrolyte for preparing the different passive lms on
pure zinc24 in which ZnO solubility is very low.25,26 These lms
were formed potentiostatically at controlled potentials over the
range from�1.04 V to�0.99 V (vs. Ag/AgCl) for 15min in order to
attain steady state current values.27 Some modications were
made for the passive lm formed at �1.0 V by adding Li+ ions or
In3+ ions in the concentration ranges 4� 10�5 to 8� 10�5 M and
6 � 10�5 to 10 � 10�5 M, respectively, to the borate electrolyte
during the anodic treatment. Once the passivelmwas formed, it
was washed with deionized water, dried gently with lter paper
and soon immersed in pH 9.2 bicarbonate/carbonate buffer
solution for electrochemical characterization. The test medium
was composed from 90 ml 0.1 M NaHCO3 + 10 ml 0.1 M Na2CO3

mixture of pH 9.2.28 The anodization was conducted in a typical
three-electrode electrolytic cell under constant applied voltage at
room temperature of 25 �C. All solutions were prepared using
deionized water and analytical grade reagents Applichem pan-
reac, Germany, and their pH values weremeasured using HANNA
213 pH meter with a combined glass electrode. Electrochemical
measurements were performed in the following sequence:

(i) Aer reaching steady state open circuit potential in the
treatment borate solution, anodization was started at the
prescribed applied potential value and the associated anodic
current was recorded with time every 0.5 min for a period of
15min which was sufficient to obtain a steady state current value.

(ii) Electrochemical impedance spectroscopy (EIS) was
recorded in a fresh pH 9.2 buffer HCO3

�/CO3
2� solution using

the electrochemical workstation IM6e Zahner-electrik GmbH,
Mebtechnic, Kronach, Germany. The measurements were done
in a conventional three-electrode system with anodized zinc
electrode as the working electrode, large platinum sheet as the
counter electrode and Ag/AgCl (3 M KCl) as the reference elec-
trode. An excitation AC signal with amplitude of 10 mV peak-to-
peak was employed over a frequency domain from 50 kHz down
to 10 mHz, unless otherwise stated.

(iii) Mott–Schottky experiments were conducted on zinc elec-
trodes bearing the formed passive lms at a xed frequency of 3
kHz using 10 mV sinusoidal AC signal and a step potential from
�0.5 to 0.9 V (vs. Ag/AgCl), in the anodic direction. The chosen
frequency has to be higher than the characteristic frequencies of
reactions linked to redox species present in the solution.29 The
atband potential and charge carrier concentrations were deter-
mined from Mott–Schottky analysis for ZnO. The semiconducting
properties of an oxide lm can be studied by measuring the
capacitance of the interface layer developed in the oxide lm when
the electrode is immersed in an electrolyte as a function of the
experimental factor under investigation. The experimental
This journal is © The Royal Society of Chemistry 2018
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parameters tested in the present work include passive lm
formation voltage, as well as nature and dopant concentration.
2.2 Surface examination

The morphology of surface lms formed at different experi-
mental conditions were observed using eld emission scanning
electron microscopy (FE-SEM), Quanta 250 FEG (Field Emission
Gun), Netherlands.
3. Results and discussion
3.1 Effect of anodizing voltage

3.1.1 Chronoamperometric behavior. Chronoamperometry
is an electrochemical technique by which the potential of the
working electrode is stepped and the response current is
recorded as a function of time. At each stepped potential,
anodization was extended for 15 min to ensure the formation of
a thin passive lms on the zinc substrate.2 A complete polari-
zation curve was rst recorded for bare zinc surface in pH 9.2
borate buffer solution in order to select the anodizing voltage
(Va) values to be used for passive ZnO lm formation. As can be
Fig. 1 (a) Potentiodynamic polarization curve of pure Zn in pH 9.2 borat
potentiostatic anodization of pure Zn at different voltages (Va). (c) FE-SE
�1.00 and �1.04 V (vs. Ag/AgCl) in pH 9.2 borate buffer solution followe

This journal is © The Royal Society of Chemistry 2018
seen in Fig. 1a the best passive region chosen for forming
anodic passive lms in the present work is from �1.04 to
�0.99 V (vs. Ag/AgCl). This is to avoid oxygen generation at
potentials more positive than �0.99 V as observed during
anodic polarization scan of zinc in borate buffer solution that
accompanied the passive lm formation. Fig. 1b shows the
chronoamperometric behavior of ZnO aer 15 min immersion.
At each selected formation voltage the current was found to
decrease exponentially with time to a steady value indicating
a continuous growth of a protective passive lm on the zinc
surface which impedes the ow of electronic charge.30 Fig. 1b
presents the steady state current density (ia) value measured
aer 15 min anodization where it is noted that ia decreases with
increasing the processing voltage. This trend indicates
a monotonic increase in the oxide formation layers with the
applied voltage. However, the current efficiency for the oxide
formation decreases gradually with increasing the forming
potential over the tested domain from �1.04 V to �0.99 V. This
behavior most probably is due to changes not only in the lm
thickness, but also to possible changes in its morphological
microstructure as supported by the two FE-SEM images shown
in Fig. 1c.
e buffer solution. (b) Chronoamperometric current values after 15 min
M micrographs of anodic ZnO thin films formed on zinc substrate at
d by immersion in pH 9.2 bicarbonate solution for 20 min.

RSC Adv., 2018, 8, 39321–39333 | 39323
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3.1.2 EIS measurements. Electrochemical impedance
spectroscopy (EIS) occupies a special important place among
various electrochemical methods as being nonionizing and
noninvasive technique.31 It is one of the powerful tools for
investigating properties of anodic passive lms of metals and
characterizing their semiconductor behavior. The impedance
spectra of anodic ZnO thin passive lms on zinc substrate
measured in pH 9.2 HCO3

�/CO3
2� buffer solution as a function

of their anodizing voltage (Va). EIS measurements were recorded
directly aer forming the 15 minute thin passive lms in pH 9.2
borate buffer solution at different controlled anodic processing
voltages of �1.04, �1.02, �1.0 and �0.99 V (vs. Ag/AgCl).
Impedance spectra are represented in both logarithm of the
impedance modulus (log |Z|) and phase angle (4) plotted as
a function of log f (Bode diagrams in Fig. 2a and b respectively),
as well as the imaginary component (Z00) of the impedance
plotted as a function of the real component (Z0) (Nyquist
diagrams in Fig. 2c). The results generally reveals a continuous
increase in the absolute impedance (|Z|) over middle (MF) to
low frequency (LF) region from 10 to 0.1 Hz with increasing Va
value (Fig. 2a). This is associated with a parallel increase in the
phase angle maximum (4max) as shown in Fig. 2b, where its
value increases from �65.39� at �1.04 V to �71.48� at �0.99 V.
At the LF region of 10�1 Hz to 10�2 Hz there is no signicant
difference between the impedance values of the four tested
oxide lms. Each plot on the Nyquist format (Fig. 2c) displays
a feature of two merged distorted semicircle capacitive loops
Fig. 2 Impedance spectra in pH 9.2 bicarbonate buffer solution for ZnO
pH 9.2 borate buffer solution: (a and b) Bode diagrams and (c) Nyquist di
(df).

39324 | RSC Adv., 2018, 8, 39321–39333
with an overall size that continuously increases as the forming
voltage (Va) is raised from �1.04 until �0.99 V. Such behavior
can be attributed to a continuing improvement in the passive
performance of the anodic surface lm with increasing its
processing voltage (Va). The highly similar shapes of Nyquist
plots suggest that the Va value only changes the properties of the
formed passive lm and has no impact on the lm formation
mechanism. Impedance results of un-anodized bare zinc elec-
trode measured in the same buffer solution are also included in
Fig. 2a–c for comparison. The exceptional higher impedance
values of anodic lms compared to that of spontaneously
formed one suggests that anodization can signicantly
enhances the protective capability of the surface lm due to
growing of ZnO passive layer with a better barrier properties on
the substrate surface, that can be further boosted with
increasing Va value.

In order to evaluate the important impedance parameters
necessary to interpret the obtained impedance responses, the
experimental EIS data could be analyzed using the proposed
equivalent circuits (EC) depicted in Fig. 2c inset. This electronic
model was selected based on the high and low frequency
features of the impedance Bode and Nyquist diagrams where it
was found to be appropriate to accurately t the measured EIS
data and to simulate well the results with an average error of
less than 0.4%. The model consists of two parallel time
constants in series with the solution resistance (Rs) between the
reference and working electrode.32 In this adopted electronic
films on pure Zn formed at different anodic voltages (Va vs. Ag/AgCl) in
agrams. (d) Effect of Va on the total film resistance (Rf) and its thickness

This journal is © The Royal Society of Chemistry 2018
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model (Fig. 2c inset) the rst time constant parallel combina-
tion (R1C1) is linked to the system behavior at the low LF region
which comes from the resistance and capacitance effects due to
the inner barrier oxide layer. On the other hand, the second
time constant is the parallel combination (R2C2) describing the
behavior in the MF to HF region of the charge transfer resis-
tance and the capacitance at the outer oxide layer/solution
interface.32,33 This explanation is based on the well-established
notion that passive lm formed on zinc normally is bi-layer
structure comprising an inner barrier layer in direct contact to
the metal substrate covered by an outermost layer facing the
solution.9 In order to modify the suggested EC model due to
non-ideal behavior, a constant phase element (CPE) had
replaced the pure capacitor (C2) in real electrochemical process.
The used CPE is not an ideal capacitor accounting for the non-
uniform current distribution caused by roughness and inho-
mogeneity of the outermost layer. The CPE impedance is
dened by the following equation:28,32–34

ZCPE ¼ [Q(ju)n]�1 (4)

where n is a CPE empirical exponent ranging from zero to one (0
# n # 1), Q is the CPE admittance (U�1 cm�2 sn) and j is the

complex unit ðj ¼ ffiffiffiffiffiffi�1p Þ. The two factors Q and n are both
independent of the frequency f (s�1) of applied ac signal during
the impedance scan. The deviation of n from unity is an indi-
cation of deviation of Q from ideal capacitance. At frequency f¼
1/2p, the angular frequency u¼ 1, where u¼ 2pf (rad s�1), then
Q would be equal to the capacitance C (F cm�2).35 A good
agreement between experimental data and simulated ones are
noticed for all tested anodic lms, which are also imbedded in
the impedance plots of Fig. 2a–c.

Table 1 summarizes the obtained tted impedance param-
eters of the used ECmodel. As can be seen, R1 is of kU cm2 order
and R2 is of only U cm2 order, while C1 is inferior to C2 (at least
30 times less). This behavior clearly indicates that the inner
layer of the anodic passive lm is more resistive and has much
higher insulting properties than its outermost layer. As the
processing anodic voltage (Va) is increased the total resistance
(Rf ¼ R1 + R2) of the formed oxide lm increases, while its total
capacitance (Ct ¼ C1 + C2) is decreased. This behavior hints to
a decrease in the corrosion susceptibility of the metal substrate
owing to an increase in the protective efficacy of the formed
passive lm with increasing its processing Va value.36,37 Based
on the parallel plate capacitor model, the capacitance of the
interface is related to the passive lm thickness (df) according to
the following relation:28,38,39
Table 1 Equivalent circuit parameters of the impedance data in pH 9.2
forming anodic voltage (Va)

Va (VAg/AgC) R1 (kU cm2) C1 (mF cm�2) R2

�1.04 1.23 0.23 7.9
�1.02 1.55 0.18 8.0
�1.00 1.89 0.08 8.8
�0.99 2.90 0.06 9.1

This journal is © The Royal Society of Chemistry 2018
Ct ¼ 330A/df (5)

where 3 is the dielectric constant of the passive lm (8.5 for
ZnO),40 30 is the permittivity of the free space (8.854 � 10�14

F cm�1) and A is the geometric surface area of the electrode. Eqn
(5) indicates a reverse correlation between Ct and df which
points towards a direct increase in the lm thickness (df) with
increasing the anodizing voltage (Va) as depicted in Fig. 2d.
Additionally, the linear plot of log Zim vs. log f shown in Fig. 3a,
has a constant slope with a value of -n conrming the presence
of an oxide layer on bare zinc substrate in pH 9.2 bicarbonate
buffer solution.41

3.1.3 Semiconducting properties. The electronic properties
of the surface oxide lm on a substrate is among the critical
values determining its electrochemical performance in a given
environment. According to the point defect model, the passive
lm on a pure metal is usually a highly defective semiconductor
oxide layer which is best described by Mott–Schottky theory.
This defect structure is formed due to a set of defect generation
and annihilation reactions occurring at the metal/barrier layer
interface and the outer layer/solution interface.42–44 Generally,
the point defect present in a barrier oxide layer are cation
vacancies ðVþ

MÞ, oxygen vacancies ðV�
O Þ and cation interstitials

ðMþ
i Þ. Cation vacancies are electron acceptors resulting in the p-

type conduction, whereas oxygen vacancies and/or cation
interstitials are electron donor resulting in n-type
conduction.45–47

Fig. 3b shows the Mott–Schottky plots for the passive lms
formed anodically on zinc metal measured in pH 9.2 bicar-
bonate buffer solution as a function of the processing anodic
voltage (Va) over the range�1.04 to �0.99 V. A reasonably linear
relationship between C�2 and E with a positive slope observed
for all tested lms reveal their n-type semiconductor behavior.
This implies that conductivity of those passive lms mainly
relies on oxygen vacancies and zinc cation interstitials which
are preponderance over metal vacancies in the barrier layer and
creating shallow donor levels just below the conduction
band.40,48–52 The evolution of the main charge carrier density as
a function of the lm anodizing voltage conrms well the
impedance results. In fact, for a semiconductor/electrolyte
interface its capacitance (C) is related to the space charge
capacitance (Csc) and the Helmholtz capacitance (CH), where
C�1 ¼ Csc

�1 + CH
�1. Commonly, Csc � CH and therefore C z

Csc. Hence, according to Mott–Schottky theory, the relation
between the space charge capacitance and the applied electrode
potential (E) can thus be described by eqn (6):53–55
bicarbonate buffer solution for undoped ZnO film as a function of the

(U cm2) C2 (mF cm�2) n RS (U cm2)

6 6.62 0.860 22.9
8 6.23 0.863 17.8
5 6.12 0.859 17.0
0 5.29 0.856 29.6

RSC Adv., 2018, 8, 39321–39333 | 39325
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Fig. 3 (a) Logarithm of the imaginary part of the impedance (log Zimg) for bare zinc substrate in pH 9.2 bicarbonate buffer solution as a function
of log f. (b) Mott–Schottky plots in pH 9.2 bicarbonate buffer solution for the formed anodic ZnO films on pure Zn in borate buffer solution as
a function of the processing anodic voltages (Va).
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1

C2
¼ 2

q330NDA2

�
E � EFB � kT

q

�
(6)

where q is the electron elementary charge (1.602 � 10�19 C), ND

is the charge carrier donor concentration and EFB is the at
band potential. Based on the Mott–Schottky (MS) analysis of the
plots in Fig. 3b, the slope of the linear MS plot is commonly
used to determine the free charge carrier concentration:

ND ¼ 2
q330A2ðslopeÞ. While the intercept of the plot as well as

the slope can be both used to calculate the atband potential:

EFB ¼
�ðinterceptÞ

ðslopeÞ þ kT
q

�
, where

kT
q

¼ 25 mV at room tempera-

ture which is a very small quantity and thus can be neglected (k

being the Boltzmann's constant, 1.38 � 10�23 J K�1).

The values of ND and EFB obtained from the linear part of MS
plots in Fig. 3b are summarized in Table 2 which includes also
df values. The calculated donor concentrations are relatively
higher than the value for the unanodized bare zinc substrate
being equal to 1.81 � 1020 cm�3 as obtained in the same pH 9.2
bicarbonate buffer solution.28 The donor density concentration
(ND) obviously increases with increasing Va value and subse-
quently as the lm thickness (df) is increased. On the other
hand, the obtained at band potentials (EFB) are in good
agreement with previously relevant values28,36 and becomes
more negative with the increase of the processing anodic
Table 2 Mott–Schottky plots data in pH 9.2 bicarbonate buffer
solution for the undoped electrodeposited ZnO thin film as a function
of the forming anodic voltage (Va)

Va (VAg/AgC) ND (cm�3) EFB (V) df (nm)

�1.04 6.32 � 1021 �0.031 1.09
�1.02 8.21 � 1021 �0.128 1.17
�1.00 9.79 � 1021 �0.276 1.21
�0.99 12.56 � 1021 �0.280 1.40

39326 | RSC Adv., 2018, 8, 39321–39333
voltage (Va). The observed results can be generally understood
based on the fact that existing donor level arises due to highly
disorder nature of the formed passive lm and its relation to the
width of the depletion layer, i.e. the thickness of space charge
region (dsc) through the following expression (eqn (7)):28,53

dsc ¼
�
2330

qND

�1=2

ðE � EFBÞ1=2 ¼ d0ðE � EFBÞ1=2 (7)

A further simplication can be made by observing that dsc ¼
dfCsc. In this way, calculated values of dsc as a function of Va
should give the same trend as the lm thickness (df) with the
growth of its processing anodic voltage (Va) (Table 2). It follows
that ND of the anodic passive lm on zinc substrate is a direct
function of its processing voltage (Va), and the shi in its band
potential towards more negative values is a consequence of the
increase in lm formation voltage and the impact it has on
rising donor concentration level in the applied bicarbonate
buffer solution as an electrolyte.56,57 Taking degeneracy into
consideration, high dopant levels are generally not accessible in
the bulk oxides. The order of the donor densities in this process
are 1021 cm�3 which is analogous with that reported in
literature.28,58,59
3.2 Effect of doping by lithium and indium

3.2.1 Chronoamperometric behavior. Among the various
doping methods, electrodeposition growth in aqueous solution
has been an important approach for ZnO deposition with
doping capabilities. This is due to variety of advantages such as
low-cost, non-vacuum and easy doping.60,61 Dopant nature and
concentration are two essential growth parameters worth to be
studied, as they can modulate the deposition conditions for
doped ZnO materials, and thus modied its electrochemical
and electronic characteristics for some useful technical appli-
cations.1,62 The dopant acts as a donor when it occupies
This journal is © The Royal Society of Chemistry 2018
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a substitutional position for Zn2+ cation or an interstitial posi-
tion in the ZnO lattice. In the current work lithium (Li) and
indium (In) are selected as doping candidates, where Li is
considered as an acceptor dopant while In is considered as
a donor one.1,63,64

Before commencement the electrochemical experimenta-
tion, chronoamperometric behavior of zinc as a substrate is
needed to be measured for 15 min which is the time duration
for electrodeposition of doped ZnO passive lms in pH 9.2
borate buffer solution containing the dopant cations Li+ or In3+

at various concentrations. At the chosen xed applied voltage of
�1.00 V vs. Ag/AgCl, Fig. 4a displays a non-signicant decrease
in current density with the increase of Li+ ion level in borate
solution loaded with 4 � 10�5, 6 � 10�5 and 8 � 10�5 M LiCl,
but it falls rapidly with time.4,51 On the other hand, Fig. 4b
reveals that the current density increases with time and signif-
icantly with increasing In3+ ion level in solution within the
range 6 � 10�5 to 10 � 10�5 M InCl3.65,66 It should be noticed
that the recorded dissolution current densities during In–ZnO
deposited lms have higher negative values than those for the
Li case.67 The results remarkably demonstrate that during
potentiostatic anodizing growth, Li can sustain dissolution
more than the formation process with time laps. Meanwhile, In
can help to shi the formation-dissolution process more
towards a net growth development in good agreement with the
well-known fact that In content in ZnO thin lms decreases the
resistivity of the deposited lms.68 It is worth to note that, under
the same deposition conditions and current efficiency the
incorporated amount from Li and In atoms in the crystalline
structure of the fabricated doped ZnO would be, in all cases,
a direct function of the dopant concentration in the borate
buffer processing solution.

3.2.2 EIS measurements. In order to investigate the inu-
ence of Li and In doping on the electrochemical characteristics of
the doped anodic passive lms on pure zinc metal, EIS
measurements were performed in pH 9.2 bicarbonate buffer
solution for the resultant six passive lms fabricated as described
in Section 3.2.1. The impedance spectra traced aer 15 min
Fig. 4 Chronoamperometric plots during the formation of doped ZnO film
a function of the dopant concentration. (a) Li+, and (b) In3+.

This journal is © The Royal Society of Chemistry 2018
anodization are presented on Bode and Nyquist diagrams as
a function of the dopant concentration in Fig. 5a–c for Li doped
lms and in Fig. 6a–c for In doped ones. The results validate that
nature and concentration of the dopant ions have both
a substantial inuence on the impedance spectra of the undoped
passive lm, which is also incorporated for comparison in Fig. 5c
and 6c. By comparing the size of the capacitive loop, it is evident
that undoped passive lm exhibits always higher impedance
behavior than those for the doped lms, albeit having the same
shape. Obviously, for lithium doped lms the increase of Li+

doping spawns in decreasing the absolute impedance (|Z|) and
phase maximum as shown in Fig. 5a and b with a concomitant
reduction in the size of the capacitive loops on the Nyquist
diagrams (Fig. 5c). Nonetheless, for indium doped lms a reverse
trend can be realized for the change of impedance spectra and
phase with raising In3+ ion doping as observed in Fig. 6a–c. Such
behavior indicates relative continuous improvement of passive
lm on zinc substrate with the increase of indium amount in the
doped lm. In all cases a broad phase maximum is observed in
the Bode ɸ-log f plots at the medium frequencies. At high
frequencies, the impedance and phase have both similar shape
irrespective of the dopant concentration but a big variation can
be seen at the low frequency range (<50 Hz).

The obtained EIS spectra for both Li and In doped passive
lms on zinc substrate measured in pH 9.2 bicarbonate buffer
solution can be described by an equivalent circuit model
comprised two time constants similar to the one used for the
EIS data analysis of undoped anodic ZnO lms, as given in
Fig. 5c and 6c insets. In the case of In doped lms two effective
CPE exponent parameters were used24 (Fig. 6c inset) to allow
a more accurate analysis for their impedance data. The tted
EC impedance parameters thus obtained are all summarized
in Table 3. For both Li and In doped lms, upon increasing
dopant concentration in solution an inverse relation can be
realized between total lm resistance (Rf) and capacitance (Cf).
Nonetheless, for Li doped lms Rf decreases while Cf increases
with doping concentration, while a reverse trend can be
recognized in the case of In doped lms.
s for 15min in pH 9.2 borate buffer solution at�1.00 V vs. (Ag/AgCl) as

RSC Adv., 2018, 8, 39321–39333 | 39327
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Fig. 5 Impedance spectra in pH 9.2 bicarbonate buffer solution for the anodized Zn at�1.00 Va as a function of Li+ dopant concentration (a and
b) Bode diagrams and (c) Nyquist diagrams. (d) Effect of dopant amount on the total film resistance (Rf) and its thickness (df).

Fig. 6 Impedance spectra in pH 9.2 bicarbonate buffer solution for the anodized Zn at�1.00 V as a function of In3+ dopant concentration (a and
b) Bode plots and (c) Nyquist plots. (d) Effect of dopant amount on the total film resistance (Rf) and its thickness (df).

39328 | RSC Adv., 2018, 8, 39321–39333 This journal is © The Royal Society of Chemistry 2018
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Table 3 Equivalent circuit parameters of the impedance data in pH 9.2 bicarbonate buffer solution for doped ZnO films formed on pure Zn at
different dopant concentrations (Li+ and In3+)

Dopant (M) R1 (kU cm2) C1 (mF cm�2) n1 R2 (kU cm2) C2 (mF cm�2) n2 RS (U cm2)

Li+

4 � 10�5 0.40 3.22 — 0.74 6.57 0.837 20.4
6 � 10�5 0.35 4.20 — 0.64 7.53 0.839 17.3
8 � 10�5 0.28 4.41 — 0.53 8.00 0.887 18.1

In3+

6 � 10�5 0.12 54.0 0.590 0.21 18.8 0.812 6.9
8 � 10�5 0.25 45.4 0.568 0.40 21.4 0.850 3.4
10 � 10�5 0.97 27.7 0.765 0.90 24.4 0.825 4.2

Fig. 7 FE-SEMmicrographs of ZnO thin films formed on zinc substrate at anodizing voltage Va ¼ �1.00 V (vs. Ag/AgCl) (a) undoped ZnO, (b) Li+

doped ZnO, and (c) In3+ doped ZnO at concentration of 6 � 10�5 M from each dopant in the processing borate buffer solution.
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Determination of the thickness (df) for doped ZnO passive
lm was also intended using eqn (5) mentioned above. With
increasing dopant amount in the processing solution, it is clear
from Fig. 6d that for In doped lms of thickness (df) and total
resistance (Rf) are both increased,69 yet these two parameters are
decreased for the case of Li doping (Fig. 5d). In good corrobo-
ration with the present ndings, Shinde et al.70 have previously
reported that the increase of indium content in solution
increases the resistivity of ZnO lm for [In]/[Zn] ratio higher
than 3 at% due to the deterioration of the (101) preferential
Fig. 8 Mott–Schottky plots in pH 9.2 bicarbonate buffer solution of dope
In3+.

This journal is © The Royal Society of Chemistry 2018
growth. On the other hand, for Li doped ZnO thin lm Chiu and
Wu71 observed a decrease in the grain-boundary resistance from
60 to 2 kU with increasing Li content from 0.1 to 0.5 mol%.
Fig. 7 shows a quick comparison between FE-SEM micrographs
for undoped and doped ZnO thin lms formed on zinc
substrate at the same anodizing voltage (Va) of �1.00 V and
same dopant amount of 6 � 10�5 M from Li+ or In3+. As can be
shown, the undoped lm has an intact and compact micro-
structure in comparison with the doped ones. In the mean-
while, the morphology of In doped lm has somewhat more
d ZnO films on pure Zn as a function of dopant concentration (a) Li+ (b)

RSC Adv., 2018, 8, 39321–39333 | 39329
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Table 4 Mott–Schottky plots data in pH 9.2 bicarbonate buffer
solution for doped ZnO films formed on pure Zn at different dopant
concentrations (Li+ and In3+)

Dopant (M) ND (cm�3) EFB (V) df (nm)

Li+

4 � 10�5 1.33 � 1020 �1.10 0.769
6 � 10�5 6.64 � 1019 �0.70 0.642
8 � 10�5 6.58 � 1019 �0.39 0.606

In3+

6 � 10�5 1.60 � 1020 �0.45 0.103
8 � 10�5 1.71 � 1020 �0.51 0.113
10 � 10�5 1.81 � 1020 �0.60 0.144
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defective feature than that of Li doped one, which is in good
support of EIS results.

3.2.3 Mott–Schottky analysis. Vacancies, interstitials and
antisites of Zn and of O are considered to be the native point
defects in ZnO connected with its n-type conductivity.1,72 Zinc
interstitials is a shallow donor but it has high formation energy.
Oxygen vacancy has low formation energy but it is a deep donor
with very high ionization energy that cannot produce high
concentration of carrier electrons. The low formation energy of O
vacancy makes it responsible for the non-stoichiometry in n-type
zinc oxide material (Zn1+dO). Zn antisites are also shallow donors
and have even higher formation energies than Zn interstitials.
Doping some ions into ZnO material can simply modify and/or
control its electrical properties for a wide range of applications.
The efficiency of the dopant element is highly related not only to its
ionic radius and electronegativity but also to its oxidation states.73

Fig. 8a and b presents theMott–Schottky plots measured in pH 9.2
bicarbonate buffer solution for doped ZnO lms as a function of
the dopant concentration Li+ and In3+, respectively. As it can be
seen, the dopant nature and its concentration have both signi-
cant effect on the electronic properties of the anodic ZnO passive
lm grown at�1.00 V (vs. Ag/AgCl) for 15 min in the borate buffer
solution loaded with dopant ion at different levels. Over the
potential range of around 0.45–0.90 V (vs. Ag/AgCl) a reasonably
linear relationship with positive slope is observed betweenC�2 and
E. This suggests that conductivity of all doped passive lms formed
on zinc substrate behave like the undoped ones which mainly
Fig. 9 Schematic illustration for the trend of charge carrier density (ND) an
each arrow for undoped, Li-doped, and In-doped ZnO semiconductor m

39330 | RSC Adv., 2018, 8, 39321–39333
relies on n-type semiconducting character. According to eqn (6)
charge carrier concentration (ND) and at band potential (EFB) can
be estimated from the slope and intercept of the experimental MS
plots and listed in Table 4, which includes also the lm thickness
(df) as obtained from EIS results outlined in Section 3.2.2. It can be
seen that, increase of Li+ dopant concentration from 4� 10�5 M to
6� 10�5 M in solution decreases ND value from 1.33� 1020 cm�3

to almost half its value (6.64 � 1019 cm�3) and continues to
decrease a little when Li+ ion is further increased to 8� 10�5 M. As
for In doped ZnO lms a reverse trend can be noted, whereby the
increase of In3+ dopant concentration from 6 � 10�5 M to 10 �
10�5 M leads ND value to increase from 1.60� 1020 cm�3 to 1.81�
1020 cm�3. In such two cases, the decreasing and increasing trends
in ND value mirrors completely the trend of the lm thickness (df)
as shown in Table 4. Furthermore, the shi of at band potential
(EFb) towards less negative value with the increase of Li+ doping is
likely considered as a consequence of the decrease in its charger
carrier donor concentration (ND). While the reverse is obtained for
the indium doped lms as EFb is found to continuously move in
the more negative direction with the increase of In3+ doping
coincidentally with the increase in its ND value.67,70 A comparison
between the three types of ZnO passive lms studied in the present
work is illustrated schematically in Fig. 9.

It is well established that, depending on its relative size
doping can induce crystal distortion of the host ZnO lattice
causing an increase of its internal energy and hence a major
decrease of its stability (Rt decrease).73 The doped In3+ ion with
larger radius (80 pm) tends to occupy the grain boundaries of
expansion lattice and doped Li+ ion with smaller radius (76 pm)
trend to occupy the grain boundaries of compression lattice.
This means that concentration of doped ion at the grain
boundary is higher than that in the bulk. At the grain boundary
these enriched ions can form a diffusion barrier, which would
suppress the growth of ZnO crystal when compared to the
undoped lm, being of higher Rt value than Li or In doped
lms. Additionally, electronegativity can verify rational doping
effect of Li and In. thus, Li element has lower electronegativity
value (0.98) compared with that of Zn (1.65) and the presence of
Li atom for the interstitial cation site is thus due to the ease by
which it loses its valence electron.20 On the other hand, indium
has larger ionic radius (80 pm) than Zn (74 pm) with a somehow
d anodic film thickness (df) dependence on the parameter indicated on
aterials.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Schematic representation for undoped and doped electrodeposited ZnO films.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 9
:2

5:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
higher electronegativity (1.78–2.2) and presence of In3+ cation in
a substitutional position for Zn2+ cation would expand the host
lattice with increasing In doping amount (Fig. 10). More
recently, Yu et al.74 found that with increasing In doping
concentration in the synthesized indium doped n-ZnO nano-
rods, the average diameter increased and the number of
nanorods per area decreased. At the same time, the incorpora-
tion of In also affects the optical properties of ZnO nanorods,
whereby among others, the intensity of visible emission peak
increased due to the increase of oxygen vacancies ðV�

O Þ by In
doping. Such results conrm well our present ndings which
reveals that upon increasing In doping level in the host n-ZnO
lm both of df and ND values increase and EFb shis towards
more negative potential values (Table 4, Fig. 10).

4. Conclusions

Herein, we report the electrochemical and semiconducting
properties of electrodeposited undoped and doped ZnO thin
passive lms on pure Zn metal as investigated in pH 9.2
bicarbonate/carbonate buffer solution. The undoped lms were
processed in pH 9.2 borate buffer solution at controlled anodic
voltages (Va) of �1.04, �1.02, �1.00 and �0.99 V (vs. Ag/AgCl),
whereas the doped lms were fabricated at �1.00 V as a func-
tion of the dopant amount (Li+ or In3+ ions) in the same borate
buffer solution. The following are the main conclusions which
can be drawn from the obtained results.

(1) Anodization can signicantly enhances passive lm
formation on Zn substrate with higher barrier capability. For
undoped passive lms grown within the potential range from
�1.04 V to �0.99 V (vs. Ag/AgCl), the anodic dissolution current
density decreases continuously with increasing the processing
anodic voltage due to the growth of ZnO passive lm on the
surface. Comparing the chronoamperometric curves for the
This journal is © The Royal Society of Chemistry 2018
doped lms, it is noticeable that Li+ ions can sustain the
dissolution more than the formation process with time laps.
Meanwhile, In3+ ions can help to shi the formation-
dissolution process more towards a net growth process, as the
dissolution current density decreases during In–ZnO deposited
lms and increases for the Li–ZnO case.

(2) EIS results showed that the total resistance (Rf) of undo-
ped ZnO passive lm and its thickness (df) are both increased by
increasing the processing anodic voltage (Va). These two
parameters are found to decrease signicantly for the Li or In
doped lms when compared to their corresponding values for
the undoped lm grown at �1.00 V. Noting that, with the
increase of dopant concentration the general trends for Rf and df

values are boths to decrease for Li-doped lms and to increase
for the In-doped case.

(3) Mott–Schottky plots reveal unintentional n-type conductivity
with high electron density for both undoped and doped ZnO
passive lms. Mott–Schottky analysis showed also that with
increasing Va value the increase in charger carrier donor concen-
tration (ND) of undoped ZnO lms matches well the increase in
lm thickness as obtained from the impedance results.

(4) Upon increasing each dopant level in ZnO host materials,
the analysis revealed a direct correlation between the charge
carrier donor concentration (ND) and passive lm thickness (df).
Additionally, the shi in the at band potential (EFb) towards
more negative values with the increase of either Va value or In

3+

doping amount is likely considered as a consequence of the
increase in charge carrier donor concentration, while the
reverse would be true for the Li+ doping case.
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26 T. K. Mikić, I. Milošev and B. Pihlar, J. Appl. Electrochem.,

2005, 35, 975–984.
27 K. K. Naik, R. Khare, D. Chakravarty, M. A. More, R. Thapa,

D. J. Late and C. S. Rout, Appl. Phys. Lett., 2014, 105, 233101.
28 F. El-Taib Heakal, W. Abd-Ellatif, N. Tantawy and A. Taha,

RSC Adv., 2018, 8, 3816–3827.
29 G. Béranger, F. Dabosi and G. Baroux, Corrosion Localisée,

EDP Sciences, Paris, 1994.
30 G. Kahanda and M. Tomkiewicz, J. Electrochem. Soc., 1989,

136, 1497–1502.
31 A. Lasia, in Modern aspects of electrochemistry, Springer,

2002, pp. 143–248.
32 A. M. Awad, O. S. Shehata and F. E.-T. Heakal, Appl. Surf. Sci.,

2015, 359, 939–947.
33 F. Mansfeld and M. Kendig, J. Electrochem. Soc., 1988, 135,

828–833.
34 M. E. Orazem, I. Frateur, B. Tribollet, V. Vivier, S. Marcelin,
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