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g r a p h i c a l a b s t r a c t
� An accurate correlation between STS
data and Volta potential of oxidized
Ti/Cu couple was explained.

� TiO2 matrix has higher Volta poten-
tial and energy band gap in compar-
ison to Cu2O.

� Formation of oxide compounds with
new arrangement of energy levels
detected after immersion test.

� TiO2 becomes the nobler component
of the galvanic couple over the time
in 0.6M NaCl electrolyte.
a r t i c l e i n f o

Article history:
Received 10 December 2017
Received in revised form
20 February 2018
Accepted 24 March 2018
Available online 26 March 2018

Keywords:
TiO2/Cu2O oxides
Volta potential
Density of states
Paratacamite
Scanning probe microscopy
a b s t r a c t

In this study, a combination of scanning tunneling microscopy (STM), scanning tunneling spectroscopy
(STS), atomic force microscopy (AFM), scanning Kelvin probe force microscopy (SKPFM), and density
functional theory is applied to investigate the evolution of Volta potential and electronic properties of
TiO2/Cu2O coupled oxides in presence of chloride-containing corrosive solution. Volta potential and the
band gap of Cu2O are increased in presence of chloride ion due to paratacamite (Cu2(OH)3Cl) formation
whereas the opposite is seen for TiO2 due to the formation of H4TiO4. The results shows a good corre-
lation between the measured Volta potential difference and the observed corrosion behavior.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Metal oxide surfaces are one of the most widely investigated
topics in physics, chemistry, and materials science due to their
fundamental importance in applications such as catalysis,
microelectronics, magnetic storage media, and especially protec-
tive coatings against corrosion [1e3]. Meanwhile, many studies
have focused intensively on the formation mechanisms, surface
energies and electronic properties of oxide films on Ti and Cu pure
metals in different media and conditions by transmission electron
microscopy (TEM), atomic force microscopy (AFM), scanning
tunneling microscopy (STM) and ultraviolet photoemission spec-
troscopy (UPS) [4e6].

TiO2 is the most stable oxide of titanium and has an outstanding
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resistance to corrosion and photocorrosion in atmospheric and
aqueous environments in comparison with other semiconductor
oxides [7]. Also, copper with high electrical and thermal conduc-
tivity slowly oxidizes in contact with an atmospheric ambient.
Cuprous oxide (Cu2O) is the most common initial corrosion product
of the copper [8]. Thus, association of properties of both oxides can
provide multiple necessities of good corrosion resistance and high
thermal and electrical conductivity for specific applications such as
aerospace, electronics, electrochemical and metallurgical equip-
ment [9,10]. Despite numerous experimental and theoretical
studies on titanium and copper oxides, there are limited data
available evaluating the solid-liquid interface and electronic prop-
erties of these types of oxides as a function of time in the vicinity of
each other [6]. In the case where a complete connection is available
between oxides, many changes could be happened to the Volta
potential, electronic property and galvanic interactivity between
both oxides. Simultaneous responses of both oxides to gas or liquid
media have severe effects on the adsorption mechanism and
reactivity of the adsorbates on their surfaces [4,7,11e13].

In this study, multi-technical analysis including atomic force
microscopy (AFM), scanning Kelvin probe force microscopy
(SKPFM), scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) was performed in order to have a
deeper understanding of electrochemical nobility and the density
of states on TiO2/Cu2O surface. The distribution of the Volta po-
tential along with the normalized differential conductance (dI/dV)
extracted from the I-V curves of STS which are proportional to the
surface density of electronic states [14e16].

2. Experimental

To produce a TiO2/Cu2O coupled sample, an industrial explo-
sively welded pure Ti-Cu bimetal sheet was used. The flyer plate in
the explosively joint sample is Ti sheet with a thickness of 3mm
and the base plate is a copper sheet with a thickness of 27mm. The
sample was received as a large plate with a size of
200� 200� 30mm. A massive specimen of Ti-Cu bimetal was cut
into a cube for STM/STS and AFM/SKPFM analysis with a surface
area of 1.25 cm2. The specimen was ground with SiC paper up to
3000 grit, polished and ultrasonically cleaned in ethanol. Two
automatically interchangeable measuring heads (SKPFM and STM),
which are integrated into the Solver Next AFM instrument, were
used. An n-doped silicon pyramidally-shaped tip was used for all
SKPFM measurements. SKPFM measurements were performed in
amplitude modulation (tapping mode) at ambient temperature
with relative humidity of 25%, pixel resolution of 512� 512 and
scan frequency rate of 0.3 Hz. For STM/STS measurements, PteIr tip
was sharpened by cut-and-pull technique at about 60� angle with a
special cutting scissor. The tip-sample distance was fixed by
applying a constant bias voltage of 1 V and a set point current of
0.4 nA. In order to investigate the normalized differential conduc-
tance spectra, the tunneling currents were recorded in the scanning
voltage range of �1.5 V to þ1.5 V with a scanning rate of 400 mV/s.
In order to perform the quantum chemical calculations of para-
tacamite, DMol3 modulus based on density function theory (DFT)
in “Materials Studio 5.0” software was employed for investigation
of Quantum chemical parameters such as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO).

Galvanic measurement of TiO2/Cu2O couple was carried out in
two separate electrodes with same area (1 cm2) in 0.6M NaCl so-
lution for investigation of the polarity reversal time. Galvanic ex-
periments and potentiodynamic polarization measurement were
performed with a Gill AC potentiostat (ACM) along with a saturated
calomel electrode (SCE) and a platinum foil used as the reference
and counter electrode, respectively.

3. Results and discussion

3.1. SKPFM and STS investigations

A schematically illustration for the energy-level diagram of TiO2
and Cu2O oxides is illustrated in Fig. 1a using analysis of SKPFM
mapping (Fig. 1b) and STS data (Fig. 1f) of STM images (Fig. 1d and
e). SKPFM image showed that the highest value of Volta potential is
related to TiO2 matrix with the mean value of 400mV while the
lowest value corresponds to Cu2O matrix with the mean value of
52mV. This large Volta potential value difference (Fig.1c) or driving
force (DV¼ 348mV) indicates the difference in work function
values which is equivalent to their difference in Fermi level position
in non-contact state [17,18]. In fact, Cu2O has the Fermi level (Ef)
close to the conduction band (Ec) while the Fermi level of TiO2 is
near to valence band (Ev), as shown in Fig. 1f which is similar to UPS
band edges results of Greiner et al. [3].

The minimum density of states is assigned to the surface elec-
tronic gap (Eg) of the oxide films. TiO2 and Cu2O show band gap
values of 2.1 eV and 0.5 eV along with steeply rising lines in Fig. 1f
which are lower than expected values for the bulk oxide films
(3.2 eV and 2.17eV, respectively) due to the presence of different
surface states (or surface defects) [3,19,20]. Total tunneling current
depends on the number of surface electronic states because the
presence of numerous surface states (peaks) regarding surface
defects and other adsorbates from the air (surface adsorbed OH�)
increases the specific surface area of the oxide films which leads to
act as the new electronic states for electron tunneling [15,21].

Oxide films with more n-type conductivity exhibit larger
tunneling current at negative sample bias voltages in IeV or dI/dV-
V curves in comparison to positive sample bias voltages. The ratio
between tunneling charge of occupied states and unoccupied states
of the oxide surface can be used as n-type or p-type semiconductor
character [22]. According to Fig. 1f, TiO2 and Cu2O show high charge
ratio along with higher tunneling current at negative bias voltages
which means that both oxides have more n-type semiconductor
character. The work functions of most noble materials are usually
higher than those with lower nobility [14,17]. As a result, TiO2 be-
haves as the noble site during immersion in the electrolyte, while
Cu2O behaves like the active region which finally leads to the net
flow of electrons from Cu2O to TiO2, as shown in Fig. 1c. In fact, the
Volta potential distribution onmetal oxide surface has usually been
detected in air using SKPFM technique and its value depends on the
work function of the metal oxide, surface condition and environ-
mental conditions [21,23]. So, high value of work function and Volta
potential indicate a high electrochemical nobility and it can be
considered as a criterion for prediction of corrosion behavior [23].

The surface electronic properties of Cu2O and TiO2 are important
because the surface conductivity is the important quantity for
electrochemical activity. An increase in work function of TiO2 re-
flects a higher stability of valence electrons leading enhanced
resistance to corrosion attack in comparison with Cu2O because a
more stable electron state in TiO2 limits valence electrons to
participate in electrochemical reactions [24]. Also, the low value of
Volta potential or work function on Cu2O in comparison with TiO2
can be explained as an increasing tendency for electron transfer.
Therefore, Cu2O in the electrolyte media could be susceptible for
more corrosion attacks and anodic electrochemical reactions.

During immersion of the TiO2/Cu2O coupled sample in 0.6M
NaCl solution for 3600 s, a noticeable evolution observed in the
microstructure, Volta potential and electronic properties of both.
SKPFM analysis showed that the Volta potential distribution on
TiO2/Cu2O changed along with the formation of new oxide films.



Fig. 1. (a) Schematic illustration of the energy levels for Cu2O and TiO2 oxides, (b) Volta potential map and (c) Volta potential line profile of TiO2/Cu2O oxides of the line shown in (b),
(d,e) STM images of TiO2 and Cu2O (1 V voltage bias, 0.4 nA current tunneling), (f) differential conductance spectra numerically obtained from the STS curve (I-V) for TiO2 and Cu2O.
All experiments were performed in 27�C and relative humidity of 27%±1.
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Cu2O during interaction with chloride ion results in the formation
of nantokite (CuCl) which commonly transforms to atacamite or the
isomorphous phase paratacamite (Cu2(OH)3Cl) [8,25]. The reac-
tivity of n-type TiO2 and water along with dissolved oxygen and
chloride ions involves various processes at TiO2/H2O interface
which leads to the formation of chemisorbed species in the
adsorbed layer and changes in the lattice defect disorder [7]. The
interaction of TiO2 with Hþ (due to decomposition of H2O in an
adsorbed layer on TiO2 surface) may lead to the removal of oxygen
Fig. 2. (a) Schematic energy levels of Cu2(OH)3Cl and H4TiO4 oxides extracted by SKPFM and
(c) line profile of Cu2(OH)3Cl/H4TiO4, (d,e) SEM and AFM images of TiO2/Cu2O coupled oxi
spectra numerically obtained from the STS curve (I-V) for Cu2(OH)3Cl and H4TiO2. All expe
vacancies in TiO2 lattice and finally leads to the formation of a low
dimensional H4TiO4 surface structure [7]. Therefore, the lowest
Volta potential is related to H4TiO4 and the highest value of it
correspond to Cu2(OH)3Cl (Fig. 2b and c).

Scanning tunneling spectroscopy on TiO2 surface immersed in
0.6M NaCl solution depicts a decreased surface electronic gap
while this was the reverse for Cu2O. The occupied and unoccupied
states have significantly increased for H4TiO4 which indicates that
TiO2 vacancies are frequently considered as an acceptor-type of
STS after interaction with 0.6M NaCl solution for 3600 s, (b) Volta potential maps and
de after immersion in 0.6M NaCl solution for 3600 s, and (f) differential conductance
riments were performed at ambient temperature and relative humidity of 27%±1.
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foreign defects such as Hþ [7]. Also, it can be observed that the
value of conduction band energy for H4TiO4 (Ec¼ 0.2eV) is lower
than TiO2 (Ec¼ 1.2eV) due to a significant increase of unoccupied
surface states. Subsequently, the density of surface states on
Cu2(OH)3Cl matrix is decreased in the occupied and unoccupied
states in comparison with Cu2O due to the formation of oxide
compounds with new energy level arrangement.

3.2. DFT calculation

Paratacamite and atacamite have the same chemical composi-
tion but paratacamite with trigonal crystal system is the most
probable corrosion product of Cu2O in comparison to atacamite
with orthorhombic crystal system during interaction with NaCl
solution [26]. Fig. 3 shows the molecular structure of paratacamite
which was calculated using DFT. According to DFT calculation and
frontier molecular orbital theory, three quantum chemical param-
eters of paratacamite can be defined including the energy of the
highest occupied molecular orbital (EHOMO¼�8.748eV), energy of
the lowest unoccupied molecular orbital (ELUMO¼�5.571eV) and
band gap energy (DE¼ ELUMOeEHOMO¼ 3.177eV) [27]. The surface
electronic gap value of Cu2(OH)3Cl from STS data is lower than the
DFT calculation because in STS the density of occupied and unoc-
cupied states of Cu2(OH)3Cl surface will be considered as a real
condition.
Fig. 3. (a) Optimized geometry of paratacamite (Cu2

Fig. 4. Galvanically polarized current and potential measurements of Ti/Cu couple obta
3.3. Electrochemical measurements

Fig. 2d and e shows SEM and topography images as direct evi-
dences for Volta potential mapping predictions. Post-exposure
examinations of the surface in an SEM image confirmed that less
noble sites which have been previously indicated by SKPFM Volta
potential assessment, are electrochemically anodic. Therefore, in a
galvanic corrosion, TiO2 will be a site with higher Volta potential in
comparison to Cu2O.

In order to investigate the galvanic corrosion between TiO2 and
Cu2O oxide films after immersion in the Cl� containing electrolyte,
galvanic measurements were performed (Fig. 4). A dramatic in-
crease in current and potential in the beginning of the measure-
ments was observed which indicates the formation of an oxide film
on Ti side. The noble behavior of TiO2 in electrochemical mea-
surements is incomparable with SKPFMmapping results because in
the electrochemical measurements the metal/oxide/electrolyte
interfaces are considered while the focus of SKPFM is on oxide/air
interface [1,14]. In addition, a space charge similar to a Gouy-
Chapman diffuse region forms by a rearrangement of the charge
carriers brought about by the intense field caused by the interaction
of the ionic conductors [28]. Therefore, a special difference exists in
the oxide/air interface in SKPFM technique and oxide/electrolyte
interface in electrochemical measurement. According to the
galvanic current curves in Fig. 4, negative galvanic current values
(OH)3Cl), (b) HOMO orbitals, (c) LUMO orbitals.

ined after interaction with 0.6M NaCl solution in ambient temperature for 6000 s.
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below the zero galvanic current indicate the net flow of electrons
from TiO2 with anodic behavior to Cu2O with cathodic behavior
[29]. In addition, a gradual increasing can be observed at first
moments of immersion of TiO2/Cu2O coupled oxides in the galvanic
potential curve. In fact, the rapid and more growth of TiO2 film
leads to higher corrosion resistance and the tendency for cathodic
behavior.

Polarity reversal will happen after approximately 3000 s and the
net flow of electrons invert from Cu2O to TiO2 because a new dense
oxide film presents on the surface with different properties. A video
of this process (5x times speeded down) is provided by potentio-
dynamic polarization test which is available in the online version of
this article (Video 1).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.matchemphys.2018.03.066.

4. Conclusions

In summary, Volta potential and electronic properties of TiO2/
Cu2O coupled oxides in presence of chloride-containing corrosive
solution investigated by STM/STS and AFM/SKPFM multi-technical
analysis. SKPFM and STS investigations well demonstrated the
Volta potential and band edges during interactions on TiO2/Cu2O
surface in presence of the chloride-containing corrosive solution.
Volta potential and the band gap of Cu2O increased in presence of
chloride ion regarding paratacamite (Cu2(OH)3Cl) formation while
this was the reverse for TiO2 due to the formation of H4TiO4. AFM
and SEM images clearly demonstrated that the severe corrosion
attack in Cu2O side which agrees with Volta potential maps. Results
showed an accurate correlation between STS data and Volta po-
tential which in turn provide a new viewpoint for TiO2/Cu2O
coupled oxides to be used simultaneously in multifunctional ap-
plications such as providing good corrosion resistance and high
thermal and electrical conductivity.
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