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The destructive role of chloride ions on the defect structure of barrier layers (bl) is vitally important for
understanding the initial breakdown of passive films on metals. Here photo-electrochemical and density
functional theory (DFT) were applied to investigate the influence of chloride on the defect structure of
the bl in passive films. The results show a bl with a narrow band gap, in which the valence band
maximum (VBM) increased upon introducing chloride into the electrolyte. DFT calculations indicate that
an increase in the copper vacancy concentration, due to cation extraction at the bl/solution interface
could increase the VBM while oxygen vacancy generation results in a decrease in the conduction band
minimum (CBM). The combination of these results verifies the aggressive role of chloride as proposed by
the Point Defect Model (PDM) where an enhancement of the cation vacancy concentration across the bl
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1. Introduction

Copper generally exhibits excellent chemical stability under
oxidizing conditions in contact with aqueous solutions owing
to the formation of a thin oxide film that is only a few nano-
meters thick. Unfortunately, in spite of having this self-
protective function, copper still suffers serious damage in
some highly aggressive environments.'® Early investigations*~”
established the susceptibility of Cu to pitting corrosion
resulting from the rapid breakdown of the protective film
in aqueous halide solutions, especially in chloride-containing
solutions. The overall reaction can be written as:

1 1
ECuZO(s) +2Cl” +H"—>CuCl,” + EHZ8 However, the role of

highly defective structure of the passive film should not be
neglected when we discuss the detailed mechanism of chloride
ion-induced breakdown. Our previous work® has demonstrated
that the breakdown of passive films on copper in chloride
solution is due to the adsorption behavior rather than the
penetration of Cl™ into the barrier oxide layer (bl) by both
experiment and Density Functional Theory (DFT) calculations.
A further investigation should be performed aimed at the
detailed process of initial breakdown of the passive film
induced by adsorbed chloride ions in solution. It is evident that
the point defect structure of the bl is vitally important in
understanding the physico-electrochemistry of passivity break-
down on metals and alloys.” Thus, how the chloride ions
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occurs in response to the absorption of Cl™ into oxygen vacancies on the bl.

impact the defect structure of passive film would be crucial to
understand the initial breakdown. Not surprisingly, this has led
many workers to examine the defect structure of bls using
a variety of techniques."™ However, the defect structure of
a barrier layer is difficult to define directly using conventional
methods, such as photoluminescence excitation'* and positron
annihilation spectroscopy (PAS)," since the bl of a passive film
is generally so thin (1-10 nm) that it is impossible to separate its
response from that of the metal substrate. In past studies,
researchers usually measured the carrier concentration in
passive film using Mott-Schottky analysis (MSA) and used the
results to reflect upon the variation of the point defect
concentration.’*™ Nevertheless, the value of point defect
concentration in the bl, as determined by MSA, is problematic,
as noted elsewhere,” and the relationship between point defect
and carrier (electron and hole) concentrations is not well-
defined because a lack of confluence between Mott-Schottky
theory and the bl, which is not a simple p-n junction. Fortu-
nately, the variation of the band structure also could reflect the
change in the point defect concentration, since the point
defects act as the dopants. Taking cuprous oxide (Cu,O) as an
example, Paul et al.>* pointed out that the presence of copper
vacancy could introduce hole states located on about 0.45 eV
above the valence band maximum (VBM) in the band structure.

Furthermore, exploring the relationship between point
defects and electronic structure of material by first principle
calculations to explain reaction mechanism or guide material
design has been generally accepted and has made significant
progress in recent years. Raebiger et al.>* studied the formation
enthalpies of copper vacancy (V,) and oxygen interstice (O;)
using DFT and found that the cation deficiency of Cu,O is
accommodated mostly by Cu vacancies Vg, rather than by

This journal is © The Royal Society of Chemistry 2019
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oxygen interstitials O; (that is, the stoichiometry of the bl is
Cu,_,O0 rather than Cu,0y,,, both of which give Cu/O < 2). Thus,
in this paper, we used photo-electrochemical spectra to
measure the band gap and ultraviolet photoelectron spectros-
copy (UPS) to assess the position of VBM relative to the Fermi
level. In this way, a simplified band structure of passive film
could be obtained. Furthermore, defective Cu,O slab models
were employed to simulate the barrier layer on copper. The
characteristic band structures were identified for various kinds
of point defects using HSE functional. Finally, a rational,
theoretical explanation combined with experimental observa-
tion, was proposed to explain the effect of chloride on the defect
structure of bl and hence for the occurrence of initial passivity
breakdown.

2. Methods and material
2.1 Experiments

Electrochemical experiments were performed at ambient
temperature (22 £ 2 °C) in a special, three-electrode cell con-
taining two quartz windows for optical access. The working
electrode, fabricated from a pure copper rod (99.99%), was
mounted in epoxy resin with a 0.3 cm” area exposed to the
electrolyte. A saturated calomel electrode (SCE) and a Pt plate
were employed as the reference electrode (RE) and the counter
electrode (CE), respectively. A solution of pH = 7.6 + 0.02 was
established with borate buffer (Na,B,0,-10H,O 99.5% and
H,BO; 99.5% assay) reagent-grade sodium chloride (NaCl
99.5%). During the entire experimental time, continuous
nitrogen sparging into electrochemical cells were performed to
avoid contamination from atmospheric oxygen.

Potentiodynamic polarizations (PDP) were commenced in
the negative-to-positive direction at a scan rate of 0.1667 mV s~
after pre-performed cathodically polarization at —0.6 V vs. SCE.
Subsequently, anodic polarization at 0.2 V in passivity range was
performed for 24 h to generate a steady-state passive film. Then,
the work functions of passive films were measured using
a Thermo Scientific ESCALab 250Xi system employing UPS. The
gas discharge lamp was used with admitted helium gas and the
Hel (21.22 eV) emission line employed. In the meantime, we
performed photo-electrochemical measurements using a 150 W
xenon lamp and a 1200/mm grating monochromator just after
anodic polarization. The photocurrent spectra were obtained by
scanning the light wavelength in steps of 10 nm from 800 to
300 nm. All of the electrochemical and photo-electrochemical
experiments were achieved on a Solartron Analytical Modulab
photo-electrochemistry workstation.

2.2 Computational studies

HSEO06 functional® was applied in all calculations to obtain more
accurate descriptions of electronic properties, in which the value of
the exact nonlocal exchange correlation was set as 0.325 according
to our previous work.* Similarly, norm-conserving pseudopotentials
(NCPP) were used to describe the interaction between electron and
ion. For a cubic Cu,O supercell, the plane-wave energy cutoff and &
point meshes were set as 520 eV and 4 x 4 X 4 respectively.
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Extensive tests have been carried out to ensure convergence when
the total force on each ion was reduced to less than 0.01 eV A%,
Then, three 5-layer (3 x 3) Cu,O unit cells with a 15 A vacuum
region were constructed for modeling Cu,O (100), (110) and (111)
surfaces as ultrathin passive film on copper. The surface energies
and electronic properties of three different facets models were
calculated after structure optimization. To estimate the contribu-
tion of point defects to the electronic structure, vacancies were
created by removing Cu/O ions individually from Cu,O slab, fol-
lowed by structure optimization. Meanwhile, configurations with
chloride ions inserting into surface oxygen vacancies were employed
to investigate the breakdown effect of chloride ions (negative chlo-
ride ions have same charge with cation vacancies, thus, it's unrea-
sonable that anions interact with cation vacancy). Finally, band
structures and density of states (DOS) calculations were performed
for these defective models using PWmat software.*?*

3. Results

3.1 Experimental results

Fig. 1(a) shows the potentiodynamic polarization curves of Cu
in pH = 7.64 buffer solution containing chloride. Clearly, the
passive range of copper in neutral solution was gradually nar-
rowed as the chloride concentration increased. Even no
passivity, as evidenced by the passive current higher than ~107°
A cm ™2, was observed in 1 M NaCl. Then 0.2 V, which lies within
the passivity range of copper in all electrolytes, was chose to
form the passive film. Photocurrent spectra relating to anodic
passive films grown in various solutions were measured and are
shown in Fig. 1(b). The photo-absorption coefficient, «, depends
on the photon energy related to the band gap of samples:*”

o = A(hv — E,)"lhy (1)

where A is a constant, E, is the band-gap energy; n relates to the
electron transition type of semiconductor, 1/2 for a direct
transition and 2 for an indirect transition (Cu,O, the main
composition of the bl, is a direct transition semiconductor®).
The photocurrent, i,,, was demonstrated®” to be linearly
dependent on absorption coefficient, a. Therefore, as Fig. 1(b)
insets showed, the band-gap value can be determined from an
(ipnh)"'* or (ipnhv)* versus hv plot by extrapolating to ip, = 0.
This analysis indicates that the bl generated in non-chloride
containing electrolyte at 0.2 V has a 1.95 eV bandgap, which is
slightly lower than the band gap of crystalline cuprous oxide
(2.1 eV).** For the electrolyte containing chloride, the bl has an
obviously narrower band gap of 1.72 and 1.53 eV in 0.1 M and
0.5 M NaCl solutions, respectively. Moreover, we subjected the
valence band (VB) edges of the bl grown in different electrolytes
to UPS analysis. Fig. 1(c) shows all of the photoemission spectra
for the VB of the bl. The energy of the VB edge was obtained by
extrapolating the linear part of the absorption edge to its
intersection with the baseline. The figure shows that the elec-
tron binding energies of the VB edges of the bl formed in
chloride-containing neutral solutions are slightly higher than
their Fermi levels by 0.83, 0.72 and 0.35 eV, respectively. These
results, especially in 0.1 M NacCl and no chloride solutions, are
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(a) The anodic polarization curves of Cu in pH = 7.64 buffer solution and chloride-containing solution; (b) photocurrent spectra of passive

film formed at 0.20 V; (c) photoemission spectra for the VB of passive film obtained from UPS analysis; (d) the band structure of passive film
formed in various solutions, where CBM is conduction band minimum and VBM is valence band maximum.

consistent with the energy difference of the upper VB edge and
the Fermi level of crystalline cuprous oxide (0.7 eV)* and
previous work (0.8 eV).** The work functions of the bl were also
measured by UPS. The value decreased with increasing chloride
concentration; 4.86, 4.70 and 4.48 eV for 0, 0.1 and 0.5 M NacCl,
respectively (Table 1).

Taking the results of band gap, position of the VBM, and
work function into consideration, the band structures of the bl
can be represented as Fig. 1(d). The bl of the passive film grown
in 0.5 M NaCl had the narrowest band gap and the highest
Fermi level (lowest work function), while the band gaps and
Fermi levels were similar for the bls formed in two other solu-
tions. Combining with the introducing of doping states by point
defect, this change in band structure of passive film

Table 1 The surface energies and work function results of experi-
ments and calculations

Experimental results Calculation results

Surface
Electrolyte Work function/eV Orientation energy/eV A~>
0.0 M NaCl 4.86 Cu,0 (100) 0.10
0.1 M NaCl 4.70 Cu,0 (110) 0.08
0.5 M NaCl 4.48 Cu,0 (111) 0.04

15774 | RSC Adv., 2019, 9, 15772-15779

demonstrated that the chloride ions in electrolyte play a signif-
icant role in determining the defect structure of the bl by
creating fresh vacancies. A similar increasing tendency of
carrier density was also reported by Fattah-Alhosseini** by Mott-
Schottky analysis. However, the interaction between chloride
ions and the bl still lacks detail. Oxygen vacancies (V;) and
cation vacancies (V{,) in the bl, and even chloride absorbed
into surface oxygen vacancies (Cl,) in bl, can all generate
electronic doping states in the band gap, which renders the
process difficult to be analyzed only from experiment. Thus,
a more detailed analysis is warranted by using first-principles
calculations.

3.2 Calculational results

In this section, the most stable facet with lowest surface energy
(Table 1), Cu,O (111), which is also observed to be similar to
that of the barrier layer of the passive film on copper by scan-
ning tunneling microscope,* was used to study in detail the
breakdown mechanism of chloride ions on the aspect of elec-
tronic properties.

On the most stable O-terminated Cu,O (111) surface, 4 kinds
of ions exist, named as Cu-1, Cu-2, O-3 and O-4 according to
their coordination numbers [Fig. 2(g)]. We first investigated the
surface work functions for complete and defective surface. For

This journal is © The Royal Society of Chemistry 2019
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which is very similar with our experimental result in Table 1.
However, when we introduce surface point defect on our slab

° Cu in 1* layer
© Cuin 2™ layer
© Cuin 39 layer

Qo

Fig.2 Band structures and DOS of Cu,O (111) with (a) V¢,,_;: (b) V&, (€) VE 5 (d) VE_y: (e) Cly_s: (f) Cly_y: (9) side view of Cu,O (111) slab model.

a perfect Cu,O (111) surface, the work function equals to 4.87 eV model, the work function values all decreased obviously where
4.77 and 4.75 eV for V{,, and V(,,, 4.73 and 4.70 eV for V , and
V5.4, Tespectively. We also calculated the work function for the

RSC Aadv., 2019, 9, 15772-15779 | 15775
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adsorption model of chloride, where 5.04 and 5.35 eV for the
configurations of Cl absorbed on Cu-1 and Cu-2. Therefore,
areasonable explanation for the decreasing work functions with
increase in molarity of Cl observed in experiments was
proposed “The barrier layer formed in a dense Cl-containing
solution has a more defective structure”. Furthermore, Fig. 2
displays the band structures and DOS of Cu,O (111) with
a copper or oxygen vacancies or an oxygen vacancy occupied by
chloride. We have discussed the effect of cation vacancies on
electronic properties and magnetic moments in detail in our
previous work,** where O 2p and Cu 3d states dominate an
additional acceptor state above VBM in band gap. On the
contrary, for oxygen vacancies, especially Cl-occupied oxygen
vacancies, a clear shift down of CBM was observed by intro-
ducing a donor state in the band gap [Fig. 2e and f]. Similarly,
3d states of copper atoms surrounding oxygen vacancy domi-
nate the extension of the conduction band owing to the unsat-
urated dangling bonds appearing around the vacancy. The
donor state introduced by Cl-occupied oxygen vacancy never
changes the direct gap feature of stoichiometric Cu,O
compared with an unoccupied oxygen vacancy, which shifts the
direct transition point in the Brillouin zone from Point y- to
Point B point for V{; and introduces an indirect gap for V.
It should be noted that the real bl is inhomogeneous with
gradients of the electric field and of the distribution of vacancies.

(a) 0 Vem! -V,

N = _ R, T
=
5h

s 2f  —t— |
g

Energy/eV
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Naturally, the field penetration and band bending must exist
across the bls on metals owing the variational phase environment.
However, it's almost impossible to create a model with the same
distribution of vacancies and also electric field as a real passive
film which is still a mystery on characterization experiments.
Similarly, we have to be honest to say we cannot calculate the exact
band structure of bl. But, we can apply the calculated electronic
structure of cuprous oxide in a specific defective structure to
analyze the effective role of a specific defect on electronic proper-
ties for bl by comparing calculation results of defective model and
complete one. That's because the effective role of a specific vacancy
for a semiconductor whether perfect or defective remains
unchanged. Taking copper vacancy as an example, copper vacancy
always acts as acceptor introducing hole states over valence band
in band structure for Cu,O (1 < x < 2).»*>*¢ To demonstrate that in
detail, we also supplemented many electronic structure calcula-
tions under electric field of various values and with different defect
concentrations.

Fig. 3 shows the band structures of Cu,O (111) slab model
with one V,,, under 0, 1,3 and 5 x 10° V em ™" electric field.
Meanwhile, the direction of applied electric field is parallel to
z axis and the vacuum layer. As seen, the copper vacancy Vcy.1
always acts as acceptor and introduce a shallow hole state
above valence band no matter in which electric field. The
electronic structures of cuprous oxide with different defect

(b) 1x10°Vem™ - V¢ 4

— <

I
)
}1

Energy/eV

__e—r—r

Energy/eV

-2

F | B G Y

Fig. 3 Band structures of Cu,O (111) with one V.1 under (a) 0, (b) 1, (c) 3 and (d) 5 x 10° V cm™? electric field.
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Fig. 4 Band structures of Cu,O (111) with different concentrations of copper vacancies or oxygen vacancies.

concentration were calculated to indicate the effective role of
a specific defect on band structure for oxide is not going to
change due to varying concentration. The results were shown
in Fig. 4. We improved the vacancy concentration by
removing more cations or oxygen ions from Cu,O (111)
model. All of the band structures were obtained after relax-
ation calculations. From Fig. 4, it's clearly that the copper
vacancy always can increase valence band maximum by
introducing acceptor states in band gap no matter with any
concentration of itself or oxygen vacancies. Similarly, the
oxygen vacancy always cannot increase valence band
maximum in any conditions. Thus, transplanting these
results to passive film, only copper vacancy in bl could
increase the VBM, while oxygen vacancy and chloride-
occupied oxygen vacancy just result in a decrease in CBM.
Combining with experimental where VBM
increased significantly with introducing chloride into the
electrolyte, a reasonable speculation could be concluded that
an increase of copper vacancy concentration in passive film
would be substantial indeed owing to the participation of

results

chloride ions. This conclusion is coincidentally in agreement
with the assumption of Point Defect Model (PDM). In PDM,
the aggression process of chloride ions for passive film was
described as chloride absorbs into surface oxygen vacancies
at bl/outer layer (ol) interface and extract a cation in an
autocatalytic process that leads to the continual generation
of cation vacancies that are then migrate across the bl to
condense at the metal/bl interface to separate the bl from
substrate.

This journal is © The Royal Society of Chemistry 2019

4. Summary and conclusions

In this paper, we investigated the band structure of the barrier
layer of the passive film on copper in Cl-containing solutions by
photo-electrochemical measurements and DFT calculations.
The results were showed as follows:

(1) The band gap of passive film narrows with introducing
chloride into the electrolyte, where VBM increased significantly
from photo-electrochemical and UPS measurements.

(2) DFT calculations indicated that only copper vacancy in the
oxide model could increase the VBM, while oxygen vacancy and
chloride-occupied oxygen vacancy just result in a decrease in CBM.

(3) The combining results verified that an increase of copper
vacancy concentration in passive film would be substantial
indeed owing to the participation of chloride ions, which is
consistent with the description of aggression role of CI™ on the
initial breakdown of passive film in PDM where Cl™ in solution
could extract cation vacancy in the barrier layer of the passive
film by interacting with a surface oxygen vacancy.
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