RESEARCH ARTICLE

W) Check for updates

physica
status
solidi
[+))

60 years of pss

Www.pss-a.com

Photocorrosion of n- and p-Type Semiconducting
Oxide-Covered Metals: Case Studies of Anodized

Titanium and Copper

Havard Wilson, Arnoul Van Rooij, Ken Jenewein, Julius Kndppel, Attila Kormdnyos,

Serhiy Cherevko, Svein Sunde, and Andreas Erbe*

lllumination affects corrosion of oxide-covered metals via photoinitiated
dissolution processes. Herein, anodized titanium with n-type semiconducting
anatase TiO, and anodized copper with p-type semiconducting cuprite Cu,0 of
thicknesses up to ~90 nm are prepared, and investigated under controlled
convection in photoelectrochemical experiments illuminated at grazing inci-
dence. Illlumination with photon energies above the bandgap triggers anodic
photocurrents for titanium above the flat band potential, and cathodic photo-
currents for copper below the flat band potential. Increased corrosion rates are
evidenced via measurements of polarization curves, electrochemical impedance
spectra (EIS) and concentration determination via inductively coupled plasma
mass spectrometry (ICP-MS). The increase in corrosion current with illumination
is slightly lower than photocurrents, and scales linearly with intensity as expected
if triggered by linear absorption. Following the Gerischer model, for titanium,
electron-hole pairs cause oxide dissolution by hole annihilation through cation
dissolution. For copper, increased corrosion rates are caused by increased
cathodic reaction rate through photoexcitation. The maximum nonthermal
increase in corrosion rate is ~1 pAcm 2 for copper, and ~7 pA cm 2 for tita-
nium, few micrometers per year and negligible for structural materials.
Photocorrosion may affect localized corrosion, and nanostructures, for example,
if morphology is crucial for a functional surface, as in catalysts.

1. Introduction

In many applications, structural materials
are exposed to illumination. It is thus a nat-
ural question to ask if, how, and under
which circumstances illumination can affect
corrosion processes of metals. For
oxide-covered iron and steels, different
mechanisms have been attributed to cause
the observed effect of light on corrosion,
i) the typical upward band bending for
n-type semiconducting oxides (as most
spontaneously forming oxides are!")) leading
to hole migration to the oxide/solution inter-
face and thus metal dissolution,>?! ii) the
nontypical downward band bending where
electrons migrate to the oxide—electrolyte
interface and reduce O, while holes oxidize
the metal at the metal-oxide interface,/*”!
iii) induced convection through heating,")
and iv) thermal effects in oxide films."
There is thus some controversy regarding
the mechanism of how light can affect a cor-
rosion process. From the different models
referred to previously provided details,
(i) and (i) are mutually exclusive,” and
(iii) may lead to experimental observations
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which could be mistaken for (ii).®! However, on a more general
basis, seemingly contradictory results have been obtained for
some systems. For example, both cathodic!'® and anodic™* pho-
tocurrents have been reported for illuminated zinc. For iron and
steel, both positive and negative open-circuit potential (OCP) shifts
have been reported.*® Analyzing only the OCP as done in some
works!*>13! can, however, lead to misinterpre,'ta’cions.[3 8l

Table 1 shows an overview of relevant photocorrosion studies
of metals, and the diversity of suggested mechanisms. It must be
noted here that photoeffects on the dominating corrosion prod-
ucts do of course also affect the band structure and character of
the corrosion products. Summarizing, there are a number of
works in the photocorrosion literature including models with
unconventional band bending for several systems.[*>!>!*
These models are not physically impossible; they could explain
results if, for example, for a metal with an n-type oxide the flat
band potential is higher than the corrosion potential, but still
effects of light are observed.[*) However, for strongly disordered
oxides which are typical for thin oxide films in corrosion, the flat
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Table 1. Overview over photocorrosion studies; studies without strong mechanistic discussion element and studies pre-1990 have not been included.
Cond.—conditions, Irrad.—irradiation.

Metal Cond. Irrad. Effect of illumination Explanation Ref.
Carbon steel Natural sea water Sunlight Slightly increased current Heating of steel surface, induced convection and [7,6]
consumption during cathodic thus increased oxygen transport
protection; increased corrosion rate
Carbon steel 3.5% NaCl uv Corrosion rate 9x higher when Increased conductivity of oxide through [67]
illuminated illumination; hole migration to oxide/solution
interface
Carbon/weathering NaCl-ind. atm. corr. uv Increased corrosion rate Photogenerated holes migrate to n-type oxide/Fe  [81,4,15,5,82]
steel interface and oxidize Fe; effect on dominant
corrosion products and transformations between
those; holes facilitate chloride adsorption
Carbon steel Running water uv Increased mass loss Photogenerated holes migrate to solution/oxide 2]
interface, dissolve oxide
Carbon steel NaCl soln. + cysteine VIS Increased inhibitor efficiency Photogenerated holes migrate to oxide/metal [83]
interface, oxidize metal; decreased interfacial
electron transfer
Iron Buffered CI™ 325nm Inhibition of pit nucleation Photoquenching of electric field; modification of [84,85]
the vacancy/electronic structure
Stainless steel NaCl sol., different pH uv Inhibition of pitting corrosion Photoquenching of electric field in passive film [86-88]
Stainless steel NaCl sol., different pH uv Higher pitting potential, extended Illumination affects the composition of the passive [89]
initiation time, also when illuminating  layer; photoinactive outer layer formed at higher
before electrochemical experiments; pH
differences with pH
Stainless steel 0.1 M H,SO, uv Increased stability of passive film, Illumination affects the composition and [90]
decreased passive current electronic structure of the passive layer
Stainless steel NaCl; acidic Cl uv Higher light intensity accelerated Photoactivation of MnS inclusions; reduced [91,92]
pitting stability of passive films
Brass NaCl-ind. atm. corr. uv Increased corrosion rate Photogenerated holes migrate to oxide/metal [93]
interface, oxidize metal
Bronze Cl~, SO2-, HCO;~ UV/VIS Increased (VIS) and decreased (UV) Electron-hole pair formation and transfer in [94]
corrosion rates different oxides
Copper Waste water uv Increased corrosion rate Upward band bending, migration of holes to [2]
oxide/electrolyte interface
Copper Atm. corr. + NaCl uv Increased oxide formation rate n-type cuprite formation enhanced by illumination [95]
Copper Borate + NaCl VIS Increased pitting resistance short Photoquenching of electric field in oxide layer; [14]
term; increased oxide dissolution holes migrate to p-type oxide/solution interface
long term
Copper NaCl-ind. atm. corr. uv Increased corrosion rate photogenerated holes migrate to oxide/metal [57]
interface
Copper atm. corr. + NaCl uv Increased corrosion rate Change in dominating corrosion product [56]
Cu-alloys Borate-buffered NaCl uv Increased pitting resistance Photo-induced modification of passive film [79]
Nickel Waste water uv No effect - [2]
Titanium Running water uv No change in corrosion rate - [2]
Titanium H,SO, uv Increased oxide dissolution hole accumulation at n-type oxide/electrolyte [96,74,97,98]
interface; weakened Ti-O bonds
Titanium H,SO4 + Br- uv Decreased pitting potential Hole accumulation at n-type oxide/electrolyte [97,98]
interface; weakened Ti—-O bonds
Titanium Brine uv Increased oxide growth, no effect on Different layer structure during illumination [99,100]
pitting potential
Titanium atm. corr. + chloride uv Increased oxide growth Photolytic H,SO, formation in solution [1o1]
Silver atm. corr., NaCl, ozone uv Increased corrosion rate Generation of oxygen radicals from ozone [102-104]
Zinc NaCl-ind. atm. corr. uv Increased corrosion rate photogenerated holes migrate to n-type oxide/Zn [13]
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Metal Cond. Irrad. Effect of illumination Explanation Ref.

Zinc Nat. aerated NaCl 488/515 hm Increased E.,,,, anodic current Excitation via intragap states? [105-107]

Zinc pH 13 Xe arc lamp Anodic photocurrent, increased Hole migration to n-oxide/electrolyte interface [11,12]
dissolution

Zn-based Stream water/tap water uv Increased mass loss Other corrosion products than n-ZnO, electron- [10]

metallic coatings

hole pairs migrate to oxide surface and increase
cathodic reaction rate

band potential is typically not very well defined and thus difficult to
determine directly from Mott—Schottky analysis.>'® This difficulty
thus contributes to the difficulties of building up consistent band
diagrams for corroding metals with semiconducting oxides.

One issue which is especially severe in applications is the
frequently poorly defined or even changing Fermi level of the
electrolyte. In addition to the often poor control of convection
in many photocorrosion studies which was already pointed
out,® the frequently nonideal control of illumination also
contributes to the difficulties of consistently analyzing photocor-
rosion. In almost all experimental studies, illumination is
conducted at normal incidence, an illumination geometry which
hinders efficient light absorption in the first nanometers at the
metal/oxide interface.™”! To that end, our group developed a cell
with illumination at grazing incidence, 70° angle of incidence,
that enables efficient light absorption for the thin oxide films,
which are important especially in the initial stages of corrosion
processes’®; this cell was also used for photoelectrochemical
experiments in this work.

In photoelectrochemical energy conversion, the problem of
photocorrosion of, for example, anodes in photoelectrochemical
water splitting is even more critical than in structural materi-
als."® Cu,0 as one system discussed in this work is of interest
for use in composite photocatalysts,***! and photocathodes.*?!
In contrast, photocorrosion is an issue with this system.?*! Other
relevant materials for which photocorrosion data has recently
become available are tungsten oxide-based photoanodes,*
and zinc oxide single crystals.**) Overall, special surface modifi-
cation methods are used for inhibition.[?*2”)

The phenomena investigated in this work can have some rele-
vance for the mechanisms exploited in photocathodic protection.
One photocathodic protection method is to connect the material
in need of protection to a panel of photoanodes to produce
current through semiconductor photoelectrochemistry,2%%%!
for example, using Ti0,.”**" A combination with energy stor-
age, for example, via photocharging and discharging of
WO;,2? or via electrochemical double layer capacitors,** is a
more recent approach to overcome the limitations of photocatho-
dic protection to periods with illumination.*”

Goal of this work is to conduct a systematic study of the
semiconductor aspects of photocorrosion comparing a metal
with an n-type oxide and a metal with a p-type oxide.
Titanium and copper were studied here; TiO, is a prototypical
n-type oxide, whereas Cu,O is one of the few p-type oxides that
forms spontaneously on metals."! However, Cu,0 formed in the
presence of chloride,?**” very thin films in chloride-free
NaOH,P or electrodeposited films®”) may also become n-type.
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Experimentally, anodizing was used to grow oxides anatase TiO,
and cuprite Cu,O with different thickness based on literature
procedures (see Supporting Information).*®! These oxides were
characterized to verify their identity and their semiconductor
nature. Polarization curves and electrochemical impedance spec-
tra (EIS) were measured in 0.5M H,SO, for titanium, and in
borate buffer at pH 9 for copper. The choice of the different
electrolytes is based on different oxide solubilities and other
practicalities. Dissolution measurements were conducted both ex
situ and in situ®®*% by concentration determination through
ICP-MS. Electrode potentials in this work are referenced against
Ag/AgCl/3m KCl, unless noted otherwise. Full experimental
details, including details on repeats are described in Section 1,
Supporting Information. Uncertainty estimates are presented as
standard deviation in the last digits given in brackets. Raw data
for this work is available via NTNU's institutional repository.[*"

As in previous work,”! we will discuss a net photocorrosion
current density as difference between the corrosion current densi-
ties i 8™ in the presence and 1% in the absence of illumination

A ) _ (i 0
which in general depends on the wavelength and intensity of illu-
mination. This quantity is compared to detected photocurrent den-
sities ippoto- In this work, thus, photocorrosion is considered as
“loss of metal,” which is different from the consideration as “dis-
solution of a solid compound.” The latter view is frequently used in
photo(electro)chemical energy conversion.

2. Results

Figure 1 shows photocurrent and photovoltage measurements
for copper and titanium samples with different oxide thick-
nesses. The respective initial dark currents and potentials
were subtracted. Anodic current increased when illuminating
titanium, while the cathodic current increased for copper
(Figure 1a). The absolute current increased with increasing oxide
thickness for both materials. The OCP shifted to more negative
values when titanium was illuminated, while the opposite was
found for copper (Figure 1b).

Typical EIS results for copper are shown in Figure 2. When
two semicircles were observed in the complex plane diagrams,
the measurements were fitted to the circuit diagram in
Figure 2e, which is commonly used to analyze oxide-covered
metals.***’ The reasoning behind the selected equivalent circuit
is also illustrated in Figure 2e. In addition to the Randles circuit,
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Figure 1. a) Photocurrent and b) photovoltage for anodized titanium in
0.5 M H,SOy illuminated with 320 nm monochromatic light, and anodized
copper in borate buffer (pH =9) illuminated with white light. Titanium
with native oxide is not included because no response was found.
Initial dark current and average potential have been subtracted.

another RQ circuit was added to account for the added capaci-
tance of the space charge layer and the resistance of the current
through the oxide. The additional elements were added in series
to the Randles circuit because the space charge layer is in series
with the double layer. In the case of copper, two semicircles were
found for all oxide thicknesses. A general decrease in the diame-
ter of the larger semicircle, found at lower frequencies, was
observed under illumination with white light. No significant
differences were found for the smaller semicircles at higher
frequencies for the dark and illuminated samples. Parameters
obtained from the EIS fitting are compiled in Table 2.

EIS measurements for titanium (Figure 2) show the begin-
ning of a single semicircle; therefore, this data was fitted to a
simplified equivalent circuit, where Ry, and Q.. were excluded.
Previously, this model has been used for TiO, films™** and
hematite electrodes,'*>*®! however, the physical equivalent to
the electrical circuit elements differs between the two. A general
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decrease in charge-transfer resistance is found when illuminat-
ing the samples with 320 nm monochromatic light.

Figure 3 shows polarization curves for titanium and copper in
0.5M H,SO, and borate buffer, respectively. Monochromatic
light with wavelength of 320 nm was used for illuminating the
titanium samples, while white light was used for the copper sam-
ples. For titanium, a general increase in anodic current was
found, while for copper, a general increase in cathodic current
was found. Corrosion current densities i.,,, corrosion potentials
Eorr, and the Tafel slopes obtained from the polarization curves
are summarized in Table 2. An unexpected difference in the
shape of polarization curves was observed for the different
copper oxide thicknesses. The cause of the observed difference
is not known; however, the XRD measurements (see Section 2.2,
Supporting Information) showed some differences in the struc-
ture for the different copper oxide films, which could explain the
different shapes of the polarization curves.

Photocurrents were measured while scanning the wavelength
of the illuminating monochromatic light from 800 to 300 nm
(Figure 4a). When the wavelength became sufficiently short, a
photocurrent was observed. The photocurrent onset was
observed around 600 nm (x2.1eV) for copper and around
390nm (=3.2 eV) for titanium.

Polarization curves both in the dark, and with monochromatic
illumination of different wavelengths, are shown in Figure 7,
Supporting Information. The polarization curves only show an
effect of illumination for photon energies above the bandgap
of the respective oxides. For titanium, an increase in anodic
current was found, and the current increased with higher photon
energies. For wavelengths 600 and 800 nm, no difference from
dark conditions was found. Copper oxides exhibited a less
noticeable difference between dark and illuminated conditions,
but an increase in cathodic current was observed when the

photon energies were above the bandgap of the copper oxides.

. . (phot
A comparison of Azﬁlgn" °

) and iphoto 1S shown in Figure 4b,c.
By placing a series of different neutral density filters between
the light source and the entrance of the electrochemical flow cell,
different light intensities were obtained. Figure 8, Supporting
Information, shows polarization curves for titanium and copper
illuminated with different light intensity. Figure 5 shows

. (phot . . . .
AiPPo©) and Lshoto as a function of transmittance. Both quantities

scale linearly with intensity, however with significant uncer-
tainty; there was an increase of anodic current for titanium
and of cathodic current for copper.

Mott—Schottky plots were measured in the dark and with illu-
mination for both copper and titanium (Figure 9, Supporting
Information). The flat band potentials estimated from those plots
(Table 2) are summarized in Figure 6. Copper samples showed a
negative slope with flat bands between 25 and 100 mV, depend-
ing on the oxide thickness. Titanium samples showed a positive
slope, with the flat band potential varying from —300 to +250 mV
versus Ag/AgCl/3 M KCl. The measurements shown here were
done at 100 Hz, however, measurements with frequencies rang-
ing between 10kHz and 1 Hz were performed. The flat band
potential was independent of frequency between 1Hz to
1kHz, but the measured capacitance changed, preventing a
more detailed analysis.
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Figure 2. Electrochemical impedance spectra (EIS) measurements of polished and anodized a,b) titanium in 0.5 M H,SO, and c,d) copper in borate

buffer at pH = 9; a) titanium with native oxide, 30 and 50 nm thick oxide, b)

with 70 and 90 nm thick oxide; c) copper with native oxide and 12 nm thick

oxide, d) with 25 and 60 nm thick oxide. e) Fitting parameters to equivalent circuit in (e) are compiled in Table 2. Elements: R,.—resistance through the
oxide; CPEgc (parameters Q.. and nsc)—constant phase element of the space charge layer; R,—charge-transfer resistance; CPEy (parameters Qg and

ng))—constant phase element of the double layer; Ri—solution resistance.

The potential dependence was further investigated by
polarizing titanium and copper samples to potentials above
and below the flat band potential. Photocurrent and EIS
were measured at the different potentials (Figure 7 and 8).
EIS fitting results are compiled in Table 3. No steady-state cur-
rent was observed for titanium below the flat band potential, but
an anodic photocurrent was measurable above the flat band
potential. i, increased with potential. The transient shape also
changed with potential. Close to the flat band potential, the

Phys. Status Solidi A 2022, 219, 2100852 2100852 (5 of 21)

anodic current peaked and then decreased with time until it
reached a steady state. When illumination was turned off, a
cathodic current was measured immediately before the current
returned to zero. However, at more positive potentials, the
decrease in current disappeared and no cathodic current was
measurable after illumination was shut off. The EIS measure-
ments were independent of illumination below the flat band
potential, whereas R, was reduced by illumination at potentials
above the flat band.
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Table 2. Electrochemical parameters for anodized titanium with oxide of different thickness d in 0.5 M H,SO,, and for anodized and polished copper in
borate buffer (pH 9). Oxide thickness d for polished samples given here as 5 nm. lllumination: UV—320 nm monochromatic light; W—white light;
D—dark. Fit results from electrochemical impedance spectra (EIS) to equivalent circuit in Figure 1. From polarization curves (Figure 3): corrosion
current density i, corrosion potential E.,, (versus Ag/AgCl/3m KCI) and apparent estimated cathodic and anodic Tafel slopes, b, and b,,
respectively. Flat band potential Eg, (versus Ag/AgCl/3 m KCl) and slope for the linear region of the Mott-Schottky plot (Slope MS) obtained from

Mott—Schottky plots in Figure 9, Supporting Information.

d L R Rec QOsc Age R Qi Agl icorr Ecorr b, b, Eq Slope MS
[nm] [ cm’ [kQecm?] [FV/me cm™Y kQcm?] [F/m cm™Y [MAcm™?  [mV] [mVdec. '] [mVdec. | [mV] [107 C2V
Ti 5 UV 256(1) NA NA NA 34(4)  5.6(4)E-5  094(1) 1.6(2) 116(8)  —415(2) 243(10)  —275(1) 0.30(2)
D 257(1) NA NA NA 42(1)  66(Q2)E5 092(2) 1.3(1) 1314  —397(4) 265(1)  —248(35) 0.5(2)
30 UV 2.75(3) NA NA NA 15(1) 3.0(1)E-5  0.89(1) 3.57(3) 143(4)  —326(4) 490(38)  —18(46) 3.4(3)
D 272 NA NA NA 18 2.9E-5 0.86  3.44(2) 131(18) —295(57) 360(17)  —27(65) 3.0(2)
50 UV 3.56(8) NA NA NA 27(1) 3.8(1)E-5 0.89(1) 1.9(0)  115(1)  —272(21) 370(37) —5(5) 3.9(6)
D 348 NA NA NA 30 3.60E-5 0.90 1.5(2)  11501)  —226(75) 287(62) —5(5) 4(1)
70 UV 203(1) 03(3) 28(2)E-4 0.70(2) 155(2) 8.9(4)E-5 0.84(4) 26(2)  148(6) —183(8) 317(13) —19(2) 2.5(3)
D 213(9) 003(4) 12(5)E-4 09(2) 18(1) 83(9)E-5 085(7) 2.1(3)  160(9) —172(22) 294(27) 1(10) 4(1)
90 UV 3.75(1) 0.025(1) 8.6(2)E-4 1.11(1) 41.8(5) 1I(1)E-4 0.88(1) 2.4 136 —-320 599 233(6) 1.7(4)
D 3.71(6) 0.022(2) 7.7(6)E-4 1.13(2) 51(7) 1.1(2)E5  0.88(1)  20(1) 137(21) —297(31) 593(7) 225(9) 2(2)
Cu 5 W 101@2) 25(1) 250)ES5 072(0) 17(1) 3.2(1)E-4 0.65(2) 4.7(3) —124(8) —250(14) 153(42) 18(1) —50(10)
D 101(1) 2.5(1)  253)E-5  0.72(1)  19(1) 3.3(1)E-4  0.66(2) 2.6(4)  —55(5) —396(96) 112(3) 19(2) —50(10)
125 W 106(1)  2.7(5)  5.2()E-5 0.67(4) 25(2) 1.94(6)E-4 0.62(3) 4.2(4) —68(12) —253(18) 151(8) 74(2) —23(1)
D 104(2) 3.0(4) 4(ME-5  0.67(1)  37(5) 1.5(4)E-4  059(2) 24(5) —62(12) —309(39) 136(26) 71(1) -21(1)
25 W 1042)  2.0(1) 4(E-5  0.77(5) 28(3) 1.8(3)E-4 0.57(4) 8.0(6) —105(4) —231(14) NA 42(10) —24(4)
D 96(11) 29(4) S(1)E-5  0.71(4) 38(1)  25(5)E-4 060(1) 2.1(8) —71(37) —264(36) 114(19) 25(2) —48(3)
60 W 92(6) 0.786(3) 6.0(4)E-5 0.71(1) 24.2(7) 3.2(E-4 056(2) 3.5(5) —9.2(5) —222(7) 122(26) 82(2) —97(4)
D 94(3) 0.56(1) S5.5(5)E5 0.78(5) 44(5)  2.8(3)E-4 0.53(2) 2.7(2) —2033) —317(76) 142(9) 78(8) —120(8)

For copper, no photocurrents were observed at potentials
positive to the flat band potentials, which is opposite of what
was observed for titanium. At potentials negative of the flat band
potential, a cathodic photocurrent was measurable. However, the
transient shape did not change, as opposed to the behavior for
titanium. No significant effect was observed at potentials above
the flat band potential, though the average values of many of the
EIS fitting parameters differed between the illuminated and dark
samples, the results were overlapping within the relatively large
standard deviations. For potentials below the flat band potential,
however, significant differences between illuminated and dark
EIS measurements were observed, both R, and R, decreased
with illumination. Especially large effects of illumination were
found at —200 mV, which corresponds to the potential with
the highest capacitance measured in the Mott-Schottky plots.

Table 4 shows results from ex situ ICP-MS analysis of electro-
Iyte exposed to anodized titanium or copper for 7.5h with or
without illumination. For both samples, the dissolution rate
was larger when illuminated at all sample times. The samples
were visually inspected after exposure, and no change in the tita-
nium's appearances was found, while the green-gold color of the
copper oxide had changed to a dark brown for both the illumi-
nated and dark sample (Figure 10, Supporting Information).

Figure 9 shows a selected result of in situ ICP-MS measure-
ments. Titanium dissolution was found which steadily decreased
with time. When illuminating the sample, the dissolution rate

Phys. Status Solidi A 2022, 219, 2100852 2100852 (6 of 21)

increased for a short period, and after a while started to decrease
again after illumination was shut off. Overall, thus, an increase in
titanium concentration was found when illuminating at poten-
tials above the flat band potential. Additional measurements
are shown in Section 4.2, Supporting Information.

The effect of oxygen on photocorrosion was studied with
galvanostatically anodized titanium, which had been character-
ized first. First, polarization curves of galvanostatic titanium
oxide films were recorded at different illumination conditions
(Figure 10a). Corrosion current density, corrosion potential,
and Tafel slope values are compiled in Table 5. There was a
40-fold increase in i, for the samples illuminated with
320 nm monochromatic light compared to the dark. The average
corrosion potential for both the illuminated samples were lower
than in the dark; however, the white light illumination was
within the uncertainty. The average difference in corrosion
potential between 320nm illumination and in dark was
154 mV. The cathodic Tafel slopes differed significantly.

The shape of the transients in photocurrent measurements at
the OCP did not differ significantly from the photocurrent tran-
sients for potentiostatically anodized titanium. The steady-state
photocurrent for these specific films was 0.20(2) pAcm™2
White light illumination resulted in a steady-state photocorrosion
current of 0.03(1) pAcm %, which is only a fraction of the
steady-state photocurrent observed for 320 nm monochromatic
illumination.
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Figure 3. a,c,e) Polarization curves for titanium in 0.5M H,SO,4 and b,d) copper in borate buffer at pH =9. Oxide thickness is indicated in the

respective panel.

The effect of oxygen on the photocorrosion process was
investigated for galvanostatically anodized titanium by either
purging the electrolyte with nitrogen or saturating the electrolyte
with oxygen. For copper, the electrolyte was either left naturally
aerated, or purged with nitrogen for 20 min.

Figure 10 shows polarization curves and EIS for titanium and
copper. Corrosion current density, corrosion potential, Tafel
slopes, and parameters from EIS fitting for titanium and copper
are compiled in Table 6.

Phys. Status Solidi A 2022, 219, 2100852 2100852 (7 of 21)

For titanium, polarization curves were almost overlapping at
potentials negative of E,,, however, at potentials positive
of E., the anodic current increased significantly for the
illuminated samples in both electrolytes. For the O,-saturated
electrolyte, there was an increase in the anodic current by an
order of magnitude for the illuminated samples compared to
the dark.

For copper, an increase in cathodic current was found
when illuminating the samples. The relative increase of
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Figure 8. Photocurrent and EIS measurements of 60 nm copper oxide in borate buffer (pH = 9), polarized to different potentials. a,c,e,g) Photocurrents
at 200, 0, —200, and —400 mV, respectively; b,d,f,h) EIS at respective potential.

cathodic current was larger for the N,-purged electrolyte than in ~ for copper; for titanium, the resulting spectra were too noisy
the aerated. to permit an interpretation. Measurements for copper and the

In situ reflectance spectroscopy was used to study structural  corresponding Tauc plots of t=150min are shown in
changes in the oxides more closely. Results are only presented  Figure 11. For copper an increase in absorbance occurred at
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Table 3. Fitting parameters of EIS experiments in Figure 7 for 70 nm TiO, in 0.5 M H,SO,4 with and without 320 nm monochromatic illumination (top),
and in Figure 8 for 60 nm copper oxide in borate buffer (pH = 9) with and without white light illumination (bottom) at different potentials. Illumination:

UV—320 nm monochromatic, W—uwhite, D—dark. Model: Figure 1.

Metal Pot. [mV] 1. R, [Qcm?| Ry [Qcm?] Oy [FV/me cm™? Rec Re [Qcm?] Qq [/ cm™ g
Ti 650 uv 2.97(1) 6.02)E+4 1.75(4)E-5 0.856(3) 5.4(5)E+5 3.10(4)E-5 1.045(3)
D 2.98(2) 5.8(8)E+4 1.8(1)E-5 0.85(1) 6.9(4)E+5 2.9(2)E-5 1.03(2)
450 uv 2.97(1) 5.1(6)E +4 2.1(3)E-5 0.84(1) 5.5(4)E+5 3.4(3)E-5 1.04(1)
D 2.95(2) 47(3)E+ 4 2.5(1)E-5 0.83(1) JME+5 3.4(1)E-5 1.02(1)
200 uv 2.9(2) 0.3(3) 1.3(3)E-5 1.00(1) 3.0(2E+5 2.7(3)E-5 0.82(4)
D 3.1(0) 1(1) 3(1)E-5 0.97(9) 3.23(2)E+5 2.6(3)E-5 0.83(5)
0 uv 3.07(1) 2(2) 3(1)E-4 0.97(9) 5.8(4)E+4 6.31(5)E-5 0.86(2)
D 2.96(7) 1M 3.9(8)E.4 0.99(7) 5.4(4)E+4 6.29(6)E-5 0.88(1)
Cu 200 w 90(8) 3.2(1)E+3 8.7(9)E-5 0.80(1) 20(10)E + 3 1.8(2)E-3 0.85(5)
D 95(1) 3.1(4)E+3 8.1(6)E-5 0.82(1) 18(4)E +3 1.2(2)E-3 0.70(7)
0 w 83(1) 1.3(1)E+3 6(2)E-5 0.70(2) 8.2(4)E+3 5(1)E-4 0.56(5)
D 87(6) 2.4(5)E+3 2.6(4)E-5 0.64(3) 16(1)E+3 2.2(1)E-4 0.60(2)
—200 w 90(1) 1(2)E+3 8(2)E-6 0.9(2) S5(1)E+3 2(1)E-4 0.69(2)
D 87(3) 30(8)E +3 1.8(6)E-5 0.7(1) 26(6)E+3 7(7)E-4 0.72(9)
—400 w 95(2) 8.5(5)E+3 1.34(1)E-5 0.77(4) 9.0(1)E +3 1.2(1)E-4 0.88(1)
D 94(2) 12(2)E+3 7.6(7)E-5 0.78(1) 11.5(7)E+3 1.1(1E-3 0.74(1)

Table 4. Ex situ inductively coupled plasma mass spectrometry (ICP-MS)
analysis of electrolyte exposed to anodized titanium (in H,SO,)
and copper (in borate buffer) for an illumination time &, up to 7.5h.

Dissolution current density igss calculated from the metal
concentration ¢pe. [llumination: 320nm monochromatic (Ti) or
white (Cu).
Bilum [min] Cmet [ngmL7"] igiss [HA cm 7]
Dark Light Dark Light
Ti H,50, blank 0 0 - 0 -
150 753)  21.00)  26(1)  72(1)
d_oxide ~ 50 nm 300 5600  109(2) 1.9(0)  3.7(1)
450 21(2)  45(2)  07()  1.5(1)
Cu  Borate buffer blank 0 0.04(1) - 0.5(1) -
150 0.02(1  0.16(1)  03(1)  1.6()
d_oxide ~ 60 nm 300 013(1) 077(2) 1.2(1)  93(2)
450 020(1) 1.90(8) 2.1(1)  23(1)

similar rates for both the illuminated and dark sample;
however, the shape of the absorbance spectra differs. The
absorbance increased from below 800 nm for the sample kept
in the dark, while it increased below 700 nm for the illuminated
sample. The different shape of the absorbance spectra is
made even more clear in the Tauc plots. Bandgaps of 2.0 eV were
found for the illuminated sample and of ~1.5eV for the non-
illuminated sample, following the standard analysis. Thus,
there is evidence for enhanced oxide growth on copper when
illuminated.
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3. Discussion

3.1. The Role of Electron-Hole Pair Formation

The results presented here show that electron-hole pairs
generated in oxides can increase corrosion rates for metals with
both n-type and p-type oxides. Both the titanium and copper
oxides created in this work have semiconducting properties.
UV-vis spectra showed absorption related to a bandgap.
Monochromatic photocurrent measurement showed |ipoo| > 0
for light with photon energies higher than the bandgap. As
excepted, titanium and copper had directly opposite photocurrent
and photovoltage, because n- and p-type semiconductors have
different minority carriers, which are responsible for the mea-
sured photocurrent. The Mott—Schottky plots indicated p-type
semiconductor behavior for copper and n-type for titanium.
Electron-hole pairs contribute to dissolution of anodized tita-
nium. The increase in titanium concentration in the electrolyte

after illumination found by ICP-MS measurements, the linear

relationship between light intensity and AiZE™

which is expected for a linear absorption process, the shape of

the polarization curves, and that A Phot) ag highest for the

thicker oxide (50-90 nm) all indicate that the holes contribute
to dissolution. The fact that Aiéﬁ?ﬁt") is highest for the thicker
oxides (50-90 nm) also indicates that increased iy, Was related
to higher corrosion current density. For titanium, iypq,

(0.4-0.8pAcm™2 for the 50-90nm oxides) is similar to

A (Photo) (0.4 to 0.5 pA cm™?). The estimated AilPEO) from dis-

solution measurements by ex situ ICP-MS gave a rate of
0.7 pA cm 2, which was in the same order of magnitude as

) .
and ippoto,
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Figure 9. In situ inductively coupled plasma mass spectrometry (ICP-MS)
measurements for 30 nm thick titanium oxide in 0.1 M H,SQy, illuminated
with 385 nm monochromatic light. a) polarized to —200 mV versus
open-circuit potential (OCP), b) polarized to +200mV versus OCP,
and c) polarized to +400 mV versus OCP. OCP was 125mV versus
Ag/AgCl/3 m KCl.

the electrochemical measurements. For titanium, the polariza-
tion curves showed an increase in anodic current when
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illuminated. Additionally, AiBf > 0, yet the Tafel slopes were

not significantly changed. The constant Tafel slopes indicate that
illumination does not fundamentally change the underlying dark
reactions. The EIS results showed for all oxide thicknesses that
R was reduced when illuminated, also indicating that illumina-
tion accelerated the corrosion process.

It is challenging to assign a unique dissolution scheme for
titanium oxide here. Titanium is predominantly in the Ti!V state
in the oxide, thus the ejection of interstitial titanium atoms after
hole activation, or the shrinkage of the lattice by exclusion of a
titanium vacancy are possible pathways of photodissolution. As
some evidence exists also for the presence of Ti'l' species in the
oxides under certain conditions,*”*® a mechanism in which a
hole h* reacts with a lower valent Ti atom under formation of
the soluble titanyl cation TiO3] may be thought of, schematically

Ti¥ +h* + H,0 — TiO%4 + 2Hj; + V§; 2

where the forming vacancy has a charge § that compensates the
excess charges in the solid oxide. This reaction is directly analo-
gous to what has been proposed for iron by Wilson et al.’! At
high temperatures, vacancy condensation was directly observed
in transmission electron microscopy,*® which may also play a
role under the conditions in this work. Thermodynamic defect
levels for the different dominating defects in anatase TiO, are
available in the literature,***% and more recent literature also
discussed the differences obtained in previous calculations.%
As dissolution occurs from the surface, special surface or subsur-
face defects as suggested from density functional theory calcula-
tions®®"! may be crucial in the predominant dissolution channels.
Electric fields also affect the stability of the dominating
defects,®? and are inevitably present at the solid/solution inter-
face. In aqueous solution, hydrogen in defects plays an additional
role,” and could also be involved in the dissolution reaction.

The results also show that Ai P2 < ¢ is possible for metals

covered by both n- and p-type oxides. The observed Ai PR e

decreased R with illumination, and the ICP-MS measurements
showing increased dissolution when illuminated all indicate that
light increases the corrosion rate of oxide-covered copper.
However, the results for copper in the work do not indicate a
dissolution process through hole annihilation. Holes are unlikely
to dissolve the copper oxide because they are not expected to
migrate toward the oxide—electrolyte interface. Instead, they
can directly oxidize metallic copper at the metal-oxide interface.

CLI(S) —+ h+ — Cu+ (3)

Thus, oxide would grow by formation of Cu™ at the metal-
oxide interface, whereas hydroxide is supplied as reaction prod-
uct of the cathodic reaction at the oxide—solution interface.
Indeed, a thickness increase was observed, supporting this
interpretation. At the metal—electrolyte interface, the dissolution
reaction must involve an oxidation, which could, for example,
proceed via a localized reaction with oxygen to a soluble Cu*"
species.[54'55]

Mott—Schottky analysis for copper indicates p-type behavior,
and the positive photovoltage and cathodic photocurrent
measurements indicate that electrons migrated toward the
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Figure 10. a) Polarization curves in 0.5 M H,SO, of galvanostatically anodized titanium with a 50 nm thick oxide. Samples were either illuminated with
white light, 320 nm monochromatic light, or kept in the dark. b—d) Effect of oxygen. The 50 nm titanium oxide (galvanostatic), b) polarization curves and
c) EIS, both in H,SO4; 12 nm thick copper oxide d) polarization curves and e) EIS, both in borate buffer (pH =9). Lines in EIS are fit from model in

Figure 2e.

oxide—electrolyte interface. Therefore, a process where electrons
contribute to accelerated cathodic reaction and thereby accelerate
the corrosion rate is proposed. Some studies postulated that
n-type Cu,O must be formed to explain the increase in photocor-
rosion, because only anodic photocurrent should contribute to
photocorrosion.”®*”) Photocorrosion of semiconductors was
often studied for pure semiconductor crystals, where corrosion
is mostly associated with n-type semiconductors and the hole

Phys. Status Solidi A 2022, 219, 2100852 2100852 (13 of 21)

accumulations at the semiconductor surface. These holes then
cause dissolution of the semiconductor.”® For single-crystal
p-type semiconductors, the cathodic current can be increased
by excited electrons migrating to the semiconductor—electrolyte
interface. Such a migration does not necessarily cause dissolu-
tion. It is therefore expected that metals covered with p-type
semiconductors should not experience photocorrosion.
However, applying semiconductor electrochemistry in this
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Table 5. Corrosion current density, corrosion potential, and Tafel slopes in
0.5 M H,SO, from galvanistatically anodized titanium. Illumination: UV—
320 nm monochromatic, W—white, D—dark.

Hllum. icore [MACM ™2 Ecore [MV] b, [mVdec. ] b, [mVdec. "]

uv 7(2) 36(7) —256(13) NA
0.4(3) 168(18) —132(4) NA

D 0.16(5) 190(21) —122(7) NA

Www.pss-a.com

manner may not be suitable for the oxide-covered metals in this

work. A passive current related to the growth or dissolution of the

passive film is still present, as ngark) > 0. Applying equilibrium,

semiconductor theory might not always be suitable, due to the
ionic movement in the passive films.*® Indeed, results obtained
here indicate that defects generated by illumination increase ion
mobility in the semiconductor films. The increase in corrosion
rate when illuminating the copper covered with p-type Cu,O may

Table 6. Parameters from polarization curves and EIS fitting for 50 nm titanium oxide (galvanostatic) in 0.5 M H,SO, either saturated with oxygen or
nitrogen. Same parameters for 12 nm copper oxide, in borate buffer (pH 9) either naturally aerated or nitrogen purged. The values for the aerated samples
are the same as shown in Figure 1 and 2. lllumination: UV—320 nm monochromatic, W—white, D—dark.

Metal Gas Hlum. icorr Ecorr b, b, Rs Rsc s fse Rt Qul ng)
MAcm ™ [mV] [mVdec. ?] [mVdec] [Qcm’] [Qcm?  [F/mecmY [Qcm?  [FV/na cm—z]
Ti O,-sat. D 0.11(2) 222(12) —121(4) NA 27(1)  VLI(1)E4  1.92(7)E5  0.90(2)  4(7)E7 5.9(7)E- 0.90(0)
uv 0.21(2) 185(8) —129(1) 557(19)  2.8(1)  1.0(1)E4  2.20(4)E-5  0.89(1)  3.6(5)ES 7.0(9)E- 0.90(1)
N,-purged D 0.27(3) 252(7) —147(18) 396(13)  2.6(1)  5.11(3)E3 2Q)E-5  0.83(2) 29(5)E5  6.8(8)E- 0.86(1)
uv 0.48(3) 225(5) —160(8) 504(4) 2.5(1)  4.4(3)E3 3(4)E-5  0.84(2) 1.3(2)ES 7.7(1)E- 0.85(1)
Cu Aerated D 3.01(8) —34(1) —311(68) 132(30)  107(1) .2(9)E3 25(1)E-5  0.74(1)  4.7(6)E4 (NE- 0.52(4)
w 3.24(8) —34(1) —224(18) 100(9) 108(1)  2.5(3)E3 6(1)E-5  0.74(1)  3.5(1)E4 9(0)E-5  0.52(1)
N,-purged D 2.1(4) —62(12) —289(4) 142(9) 167(3) 0(1)E3 2(E-5  0.80(1) 29(0)E4  2.0(1)E-4  0.53(1)
W 3.1(1) —68(12)  —217(10) 122(26)  160(9)  1.1(1)E3 4(1)E-5 0.78(1)  2.4(3)E4 3(ME-4  0.52(1)
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Figure 11. In situ reflectance UV—vis spectroscopy of polished copper exposed at open circuit to borate buffer (pH 9) with a) white light illumination for
150 min and b) white light illumination applied only during UV-vis measurements (background: first measurement). Tauc plots of the spectra taken at
t =150 min, c) exposed to white light, d) kept in the dark except for measurements.
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therefore be related to an increase of the passive current, and not
necessarily directly related to dissolution of the oxide.
Mumination causes electron-hole pairs to be generated, which
increase the available electrons for the cathodic reaction, and
can in that way increase the corrosion current.

No evidence was found here for the photoreduction of Cu,0,
as, for example, reported for electrocatalysts.[*>®! The increased
dissolution found by ex situ ICP-MS, the increased corrosion cur-
rent density, and at the same time, the increasing oxide thickness
at OCP as evidenced via increasing UV-vis absorbance for
polished copper all speak against the formation of metallic
copper at least as the dominating process.

The potential dependency of the photocurrent and EIS meas-
urements show that the observed photocorrosion is indeed
caused by the semiconductor properties of the oxide. No
steady-state photocurrent was observed below the flat band
potential for titanium (n-type characteristic) and above the flat
band potential for copper (p-type characteristic). Both peak-value
and shape of the photocurrent transient change with potential for
titanium. The steady-state photocurrent increased with increased
overpotential. A wider space charger layer is expected with
increased band bending, which occurs at increased potential.
A wider space charge layer would facilitate a larger volume where
excitation would occur and lead to a photocurrent. Additionally,
increased electric field strength across the space charge layer
might explain why no decrease in the photocurrent was found
after the initial peak and why no cathodic current was measured
immediately after illumination was shut off when titanium was

Www.pss-a.com

polarized above Eg. An increased electric field might have
prevented back reactions from occurring. For anodized copper
similar observations to titanium were made, but in opposite
direction. In contrast to titanium, the shape of the phototransient
did not change with potential.

For titanium, R, increased with increasingly positive potential
indicating increased upward band bending. Increased band
bending may explain the change in transient shape and increase
in the steady-state value of the photocurrent. For copper, Ry
increased with increasingly negative potentials, indicating
downward band bending. A schematic band diagram is pre-
sented in Figure 12. Note that the titanium model is only valid
for the potentiostatic anodizing presented in this section. The
reason for the model not being valid for galvanostatically
anodized titanium is discussed in Section 3.6.

The band bending for anodized titanium polarized close to Eg,
(Figure 12a) is in line, for example, with EIS measurements and
photocurrent measurements at Eg, (Figure 7a,b): no difference
for illuminated and non-illuminated samples was found for
the EIS measurements and ipye = 0. [luminating even with
photon energies above the bandgap did not affect the corrosion
process because the electron-hole pairs recombined as there was
no space charge layer to separate the charge carriers. Figure 12b
shows the situation above Ep, where charge separation is possi-
ble: [ippote| > 0, and a difference between dark and illuminated
samples was observed from EIS (Figure 7). Considering the mea-
sured anodic photocurrent (Figure 1la), negative photovoltage
(Figure 1Db), and the n-type properties of the oxide, it is clear that

(a) ‘ ‘ (b) ‘
Titanium | Oxide i Electrolyte Titanium Oxide | Electrolyte
= A e
L - T e
E,~3eV (j_f JJ
Ev h* Ev :
: Ti+4h'+Hy0->Ti0% )+ 2 H'
() . (d) ,
Copper Oxide Electrolyte Copper Oxide Electrolyte
- 0, +2H,0 + 4e” — 40H~
E; g s hv Eq hv
E,=2eV (j'y
E
E, ”

Figure 12. Schematics of band bending that causes increased corrosion for anodized titanium and copper when illuminated. a) Titanium polarized to
potentials below flat band, b) titanium polarized to potentials above the flat band. c) Copper polarized to potential above the flat band, and d) copper

polarized to potential below the flat band.
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the holes moved toward the oxide—electrolyte interface.
Mumination did then cause the titanium oxide to dissolve
through hole annihilation.

When copper was polarized to potentials above Ey,, no photo-
current was found (Figure 8a), opposite of what was found for
titanium. This opposite effect is expected and caused by the
different semiconductor types. Figure 12c shows the case when
the potential is close to Eg,, and recombination occurs. When
polarized to potentials below Eg,, a cathodic photocurrent was
observed. The band bending schematic explaining the cause
of the cathodic photocorrosion is shown in Figure 12d. Since
a cathodic photocurrent was found it is postulated that this
photocurrent led to increased cathodic reaction rates. In
Section 3.5, hydrogen evolution as a reaction without the pres-
ence of oxygen is suggested under illumination.

3.2. Fluctuations in the Electronic Structure Must Be Present

Fluctuations in the band structure, temporal or spatial, must be
present to account for the observed increased corrosion current
densities, for the same arguments described previously.”! This
work showed cathodic photocurrents for p-type oxide-covered
copper, and anodic photocurrents for n-type oxide-covered tita-
nium, and increased corrosion currents. The increased corrosion
currents require both an anodic and a cathodic reaction on the
same surface; however, the described band bending which
enables increased cathodic reactions should at the same time
suppress anodic reactions, and vice versa. Lateral heterogeneity
(cathodic and anodic reactions at different sites, for example,
inside pores and on free oxide surface) or fluctuations in the
band edges with distance can encounter for the observed
increased corrosion currents.

3.3. Heating as an Alternative Explanation

There are two identified ways illumination may affect the corro-
sion process by heating the oxide surface, i) increased convection
by localized heating of electrolyte close to an illuminated surface,
and (ii) heating of the oxide and buildup of temperature
gradients.

Any significant effect from convection can easily be discarded
based on the data presented previously,® as the temperature
increase in electrolyte in the experimental setup used here
was at maximum 0.2 °C. Additionally, heating caused by light
would not cause the potential-dependent photocurrents shown
in Figure 7 and 8, and the monochromatic photocurrent shown
in Figure 4b. The transient shape also does not support a heating-
based mechanism, as the photocurrents are instantaneous, both
when the light is turned on, but for heating purposes more
importantly when light is turned off. Discarding any effect from
localized heating in the oxide itself is difficult, and a significant
increase in corrosion current density was observed when illumi-
nating polished titanium and copper. For titanium, no photocur-
rent was measured when polished, so here thermal effects in the

oxide might play a role. Photocurrents were actually observed for

polished copper, but Ai{R) > iphoto» SO thermal effects inside

the oxide layer may also affect copper.
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3.4. Differences between Potentiostatically and Galvanostatically
Anodized Titanium

The photocorrosion mechanism shown earlier for potentiostati-
cally anodized titanium cannot describe the observed photocor-

rosion of galvanostatically anodized titanium, because
AjPhot) iphoto (35 times higher), and there were significant

differences in Tafel slopes (i.e., shape of the polarization curves)
with and without illumination. The different shapes of
polarization curves indicate a different reaction mechanism
when illuminated with UV light compared to the dark.

A systematic investigation of the differences has not been
conducted, however, a hypothesis can be formed. Slowly grown
oxides have been reported to be denser and more ordered than
quickly grown oxides.[*>®*! Under the parameters used in this
work, galvanostatic anodizing was slower than potentiostatic
anodizing. The slower grown titanium oxide also has been
reported to exhibited better corrosion resistance. When compar-
ing dark corrosion rates for potentiostatically anodized titanium
(1.5(2) pA cm™?) to the dark corrosion rates (0.16(5) pA cm™?) for
the galvanostatically anodized titanium, it is clear that the galvano-
static films offer better corrosion resistance, possible because of
more dense and ordered oxide films. In general, processing routes
greatly affect the structure and functional properties of TiO,.[**%]

3.5. The Role of Oxygen in Photocorrosion

Results presented in Figure 10 show that oxygen concentration
affects the corrosion of titanium; in the dark, it has long been
known that removing oxygen from sulfuric acid can increase
the titanium corrosion rate,’®® because oxygen contributes to
the passivation. Illumination seemingly prevents this additional
passivating contribution from oxygen. One previous explanation
of photocorrosion has been that radicals generated by illumina-
tion cause increased corrosion rates. Previously, the possibility of
UV light to create oxygen radicals has been proposed as a con-
tributor to photocorrosion."*”) However, to have significant
concentrations of radicals generated by photodissociation, illumi-
nation is required with photon energies above the energy differ-
ence between highest occupied and lowest unoccupied molecular
orbital of oxygen, which was not the case in this work. The
mechanism of radical formation is thus not directly obvious.
Experiments on polished titanium in H,0,-containing solution
with illumination to generate hydroxyl radicals showed no differ-
ence in corrosion rate with or without illumination, indicating
that at least hydoxyl radicals do not affect the corrosion of tita-
nium to any significant degree.®® The formation and decompo-
sition of ozone has also been discussed in the frame of
photocorrosion of copper, but ozone generation by illumination
was not found to have a detectable effect on corrosion rates.*®

The differences between photocorrosion in the absence and
presence of oxygen can be seen as indirect evidence for the
involvement of radicals in the photocorrosion mechanism, how-
ever, no direct evidence for or against photo-produced radicals
has been found in this work. Radical intermediates play a role
in the cathodic reactions, oxygen reduction, and hydrogen evolu-
tion.**”% These radicals can in principle interact with holes or
electrons at the surface, or their rate of formation could be
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increased be either the holes or electrons. For the biradical O, an
increase in adsorption by interaction with the unpaired hole of an
electron-hole pair is also possible

TiO, + h* + 0, — [Ti0, ... 0,]* (4)

A further reaction of the adsorbed oxygen may explain some of
the differences observed in the presence of oxygen.

A photocorrosion mechanism involving production and reac-
tion of radicals is unnecessary to explain the results. In literature
work on narrow band semiconductors (CuO, MnO,, Fe,0;, and
BiVO,), photoluminescence experiments did not lead to detec-
tion of radicals under illumination; this result was explained
by the band positions relative to the standard potentials for
0,/0, or OH /OH, where the bandgap is too narrow to pro-
duce these radicals.”" Radical formation through illumination is
pH dependent, with higher pH depressing the amount of -OH
produced.”" In this work, copper was exposed to pH 9, and still
an effect was seen from illumination. Radicals whose production
is depressed at high pH, and which have not been observed for
narrow band semiconductors, are therefore unlikely to be the
main cause of photocorrosion.

Titanium oxide has a wide enough bandgap to produce
hydroxyl radicals.”” However, y radiation did not increase the
corrosion rate of titanium, but rather reduced it due to radiolysis
of the electrolyte. The resulting H,O, further passivated the tita-
nium.”>”® Consequently, it is not expected that an increase in
corrosion rate would take place in the situation in this work.

The effect of oxygen in the electrolyte and the corresponding
effect of illumination indicates that photogenerated holes
“weakened” the titanium oxide, and led to higher rates of
dissolution. Oxygen has been reported to passivate titanium
by oxidizing Ti'" to Ti'V,*’”} creating a more stable oxide that
reduces the corrosion rate. Electron-hole pair generation has
been shown to weaken the titanium oxide,’* which fits well

with results here. Dissolved oxygen stabilizes the titanium oxide,

while illumination destabilizes it; the result is that Aiﬁgﬁ" to0)

(Oy-saturated) ~i'%(N, purged).

For copper, N, purging the electrolyte did not result in an as
significant difference between the dark and illuminated condi-
tions as it did for titanium; however, there are aspects that are
remarkable. Comparing the dark polarization curves in aerated
and purged electrolyte gives the effect of oxygen itself. A decrease
in i, and E,, was found in oxygen-saturated electrolyte. The
decrease in corrosion current density can easily be explained by
less oxygen in the electrolyte, and therefore a decrease in the
cathodic reaction rate. Oxygen saturation leads to an increase
in cathodic current, resulting in an increase in corrosion rate.
While the corrosion rate increased more with illumination in
the nitrogen-purged electrolyte, the absolute corrosion rate for
the illuminated samples in the nitrogen-purged electrolyte was
lower than when illuminated in oxygen-saturated electrolyte.

Data from the nuclear waste literature shows that radicals
caused by radiolysis can cause increased corrosion in electrolytes
without oxygen!””); however, radiolysis is caused by illumination
in the MeV range, which is far outside what the light source in
this work delivers. When illuminated with sufficiently high pho-
ton energies, copper can corrode in oxygen free solutions with
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hydrogen evolution as cathodic reaction.”® Without irradiation,
copper is immune toward corrosion with hydrogen evolution as
the cathodic reaction.””) However, the flow cell, syringe pump,
and tubing used for the measurements were not kept in an
oxygen-free environment during the experiment. Oxygen may
therefore have entered the cell during the measurement, so
that residual oxygen may explain any observed corrosion in
“nominally oxygen free” solutions.

3.6. Photocorrosion in the Frame of the Point Defect Model

“Photo-quenching” of the electric field across a passive layer
caused by electron-hole pair separation has been proposed to
slow down cation vacancy movement. This quenching has been
reported to increase pitting resistance in nickel,”® in copper,”®!
and for 304/316 stainless steel.””) More recently, the point defect
model was also used to explain general corrosion of copper.**]

In the PDM, the outer oxide layer does not contribute to the
passive behavior of the metals, it is the inner barrier layer that
controls the passive current. The results of illumination on

anodized iron® and potentiostatically anodized titanium fit to

this explanation. For anodized iron”® and titanium, Aj (Photo)

was equal to or lower than the measured photocurrent, and
ICP-MS (this work) or UV-vis®! measurements confirmed

increased dissolution with illumination. The amount of dissolved

. (phot . .
metal and AiP"®) are on the same order of magnitude, meaning

that the light does not affect the corrosion process more than the
dissolution of the oxide. Illumination causes an additional
dissolution reaction to occur (see Section 3.1). The EIS measure-
ments also indicated that the thicker outer layer did not affect the
overall reaction significantly, because only one semicircle is
visible (Figure 2).

Another way of thinking about photocorrosion of titanium
may be to consider the oxide and metal as two different corroding
materials. The metal substrate has a passive current through the
inner barrier layer, which is independent on the thicker outer
layer. The thicker outer oxide is illuminated and is dissolving
due to hole annihilation. The light does not affect the passive
current in a significant way, because the light is largely absorbed
in the thick outer oxide, which does not affect the passive behav-
ior. The simple semiconductor photoelectrochemical model pre-
sented by Wilson et al.?! works very well for the potentiostatically
anodized titanium. For galvanostatically anodized titanium, the
photoelectrochemical model does not work because the increase
in corrosion current density with illumination was one order
of magnitude higher than the measured photocurrents.
[Mumination caused the inner semicircle in the EIS of the galva-
nostatically anodized titanium to decrease, indicating that the
resistance of the outer oxide was reduced. The latest revision
of the point defect model®™ may be suitable to explain the
difference between the galvanostatically and potentiostatically
anodized titanium. For valve metals like titanium, the PDM
includes the outer oxide when explaining the passive behavior
of metals. The outer layer can affect the corrosion rate because
of the high resistance of the thick oxide. When the resistance of
the outer layer increases, the thickness of the inner barrier layer
will be reduced and is even predicted to disappear if the
resistance of the outer layer becomes high enough.®”
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Table 7. Mechanisms of photocorrosion observed in refs. [3,8], and in this study together with experimental characteristics and conditions. In

applications, different combinations are possible. n.r—not relevant.

Mechanism Photovoltage Photocurrent Transient Surface layer type Ecorr VS Eg Convection
Heating-induced convection Positive - Slow n.r. n.r. Spontaneous
Hole migration to oxide/solution interface Negative Anodic Instantaneous n-type Ecorr > Ep Enforced
Hole migration to metal/oxide interface Positive Cathodic Instantaneous p-type Ecorr < Eg Enforced

In the PDM, the steady-state current I is described as
Rbﬁl’ Rol,[sg] where Ry and R, are the resistance of the barrier
layer and outer layer, respectively. This proportionality shows
that increased resistance in the outer layer will decrease the
steady-state current. Measurements in this work showed that illu-
mination decreased the resistance in the oxide. The outer oxide
might become the dominating resistance, because the thickness
of the inner barrier layer may decrease with increased outer oxide
resistance. A situation where R; >> Ry, might occur and the
steady-state current is then largely determined by the resistance
of the outer oxide. The outer oxide is often many orders of mag-
nitude thicker than the barrier layer,®® especially for anodized
samples. Therefore, more light can be absorbed in the outer
oxide layer, which is then not available to trigger photoinduced
processes in the thin inner barrier layer. It may follow that illu-
mination can affect the corrosion process in a larger degree when
the outer oxide is determining the corrosion resistance, because
of stronger light absorption. Near a metal surface, a standing
wave-like pattern develops, with an intensity minimum at the
surface, and the first intensity maximum at a quarter of the wave-
length in the respective medium, see, for example, discussion in
ref. [17]. For potentiostatically anodized titanium, where the
outer oxide does not dominate the impedance of the system, a
much smaller effect of light was observed than for the galvanos-
tatically anodized titanium where the passive current might be
controlled by the outer oxide.

[Mlumination might affect the outer oxide in several ways.
Possible effects include hole accumulation at the oxide—
electrolyte interface increasing the electric field through the outer
layer. An increase of the amount of charge carriers in the oxide is
also possible. Illumination can possibly also decrease the poten-
tial drop between the inner barrier layer and the outer oxide.
Temperature gradients in the oxide may also play a role.l
Temperature increase in the oxide may lead to increased ion
mobility and would lead to increased passive current.
Additionally, increased temperature generally increases reaction
rates of thermally activated processes. However, no direct
evidence of this was obtained.

I x

4. Conclusions

The characteristics of the different photocorrosion mechanisms
observed in our studies are summarized in Table 7, where also
the important characteristics in terms of easily accessible experi-
mental quantities are given. An interesting immediate question
from these results is which situation would arise if, on a system
with an n-type oxide, E., < Ep,, or the opposite on a system

Phys. Status Solidi A 2022, 219, 2100852 2100852 (18 of 21)

with p-type oxide. This question cannot be addressed based
on these data.

In this work, on copper and titanium, photoactive oxide layers
of 10s of nanometer thickness have been prepared by anodizing.
The layers were dominated by cuprite Cu,O and anatase TiO,,
respectively, as crystalline phases. The titanium oxides behaved
as n-type semiconductors with a bandgap of 3.0-3.2 eV. The cop-
per oxides behaved as p-type semiconductors with a bandgap of
2.0-2.1eV. When illuminating the oxide under controlled con-
vection with photon energies higher than the bandgap, photocur-
rents and photovoltages were measured as expected: the n-type
titanium oxides showed these at potentials above the flat band
potential, while the p-type copper oxide showed photocurrents
and photovoltages below the flat band potential. Under the same
conditions, increases in the corrosion rates were also observed.
For the anodized samples, observed photocurrents and increase
in corrosion currents with illumination were of similar order of
magnitude, though the photocurrents were slightly higher; on
both systems, few milliampere per centimeter square in
photocorrosion rate were measured. Normalized to the incident
power, this increase corresponds to an order of magnitude of
10nAW .

For the n-type oxides on titanium, photoelectrochemical
experiments and Mott—Schottky analyses are consistent with hole
migration to the oxide—electrolyte interface in an oxide layer with
upward band bending at the corrosion potential. An exception
was the oxide with the largest thickness. The results obtained
here are inconsistent with a picture of upward band bending
in the n-type semiconducting oxide. Oxide dissolution would
thus occur by hole annihilation by cation ejection into the
electrolyte. ICP-MS measurements show also that the dissolving
fraction of titanium increases with illumination.

For the p-type oxide-covered copper, the results in this work
are consistent with downward band bending at the corrosion
potential for the p-type copper oxide. Electrons in the conduction
band migrate to the oxide/electrolyte interface and increase
the cathodic current. Exsitu concentration determination of
dissolved species showed that the copper dissolution increased
with illumination. At the same time, there was evidence for oxide
growth.

Despite illumination with a powerful thermal white light
source, the maximum increase in corrosion rate for the nonther-
mal effect was on the order of 1 pA cm™2 for both systems, and
can be ignored in applications for structural engineering. The
effect on initiation of localized corrosion has not been
investigated in this work; presumably, even small effects can play
a stronger role to that end.

Polished titanium and copper showed no observable photocur-
rents, yet the corrosion rate increased when illuminated, even
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under controlled convection. Therefore, thermal effects, for
example, originating from temperature gradients in the
nanometer-thick oxide films are postulated to contribute to
photocorrosion. Increased temperature in the oxide can facilitate
ionic or defect flux through the barrier layer and thus increase
the passive current.

On galvanostatically anodized titanium, the corrosion current
density is only 1/10 of that of potentiostatically anodized titanium
in the dark, which is a remarkable result. Valve metals are
specially considered in the PDM because the outer oxide layer
can contribute to corrosion resistance through increased imped-
ance, which may be the case here. EIS showed that illumination
reduces this impedance, and in this way, light might significantly
affect the corrosion rate of valve metals under the condition that
the outer oxide layer contributes to the passivation. An increase
in corrosion current of over 40x was found for galvanostatically
anodized titanium when illuminating with 320 nm monochro-
matic light, compared to the dark. This was the biggest increase
observed in this work. Even though illumination did in some of
the cases for potentiostatically anodized titanium more than
double the corrosion currents, the total corrosion current is
small, ~6 pmyear ' (7 pAcm™?). While this corrosion rate is
small for use in structural materials, these are appreciable
degradation rates in relevant use cases when discussing
nanostructures, for example, in catalysts.
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