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Hole annihilation vs. induced convection: Breakdown of different 
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A B S T R A C T   

The mechanism behind corrosion rate increase of anodised iron under illumination has been studied by 
comparing photocurrents with corrosion currents from polarisation curves under controlled convection. Under 
illumination with photon energies larger than the iron oxide band gap of ~2 eV, corrosion current densities 
increased by maximum 30%, triggered largely by hole annihilation through cation dissolution. Thermal effects in 
the oxide also play a role. Photocurrent measurements indicate little upward band bending, with fluctuations, in 
the n-type oxide at open circuit. The contributions of different mechanisms to the photocorrosion rate have been 
quantified, relevant for steels and photoelectrochemical water splitting.   

1. Introduction 

An increase of corrosion rates with illumination was observed 
already more than a century ago for iron in alkaline electrolytes [1,2]. 
Later, ultraviolet (UV) and blue light were found to “activate” the metal 
surface for photocorrosion, as opposed to red and infrared light [3]. The 
photoactivity of the iron corrosion products was then recognised, via 
their semiconducting properties [4,5]. Thus, increased corrosion rates 
under illumination were related to the photoactivation of semi-
conducting oxide corrosion products [6,7]. 

UV irradiation for up to 6 months has shown to increase weight loss 
for some metals like zinc, carbon steel, aluminium, copper and silver 
when immersed in running water [8]. No effect or a decreased weight 
loss compared to the control was found for titanium, aluminium, nickel 
and 304 stainless steel. The Gerischer model for charge transfer at 
semiconductor electrodes was therefore adapted and it was postulated 
— without experimental evidence to that end — that the holes from 
electron–holes pairs created during illumination annihilated via disso-
lution of the metal oxide [8]. 

However, this explanation is not universally accepted, as several 
different variants of the semiconductor model have been proposed. Most 
of these models attribute the effect of light on the corrosion process to an 
interaction with photoactive metal oxides. Pitting corrosion on iron is 
inhibited when illuminated [9–11]. One explanation is based on a 
passivation by hydroxyl radicals, formed in the reaction of electron–hole 
pairs with O2 [10,11]. An alternative explanation is based on the point 

defect model (PDM) [12,13], suggesting the “photo-quenching” of the 
electric field driven vacancy movement as the mechanism behind the 
photo-inhibition of passivity breakdown [9]. Several works on 
illumination-triggered acceleration of uniform corrosion for iron, mild 
steels and weathering steels have been published [14–22]. While there is 
an agreement on the increase in corrosion rate during illumination, the 
proposed mechanisms differ. Photocorrosion of weathering steel is of 
particular interest [16–18,23], as corrosion resistance of this type of 
steel depends on the created corrosion products. 

The photoconductivity of iron oxide corrosion products has been 
evidenced by electrochemical impedance spectroscopy, holes have been 
hypothesised to migrate to the oxide/electrolyte interface and the 
increased generation of oxyl radical species during the reaction between 
holes and water has been postulated to contribute to the observed 
increased corrosion rates [16]. A series of recent works [17,18,20,21, 
23] proposes that the holes migrate toward the metal/oxide interface, as 
a result of downward band bending in the oxide. The experimental result 
this mechanism is based on was an observed increase in open circuit 
potential (OCP) when illuminating samples, interpreted as a “positive 
photo-voltage”. A photocorrosion mechanism was proposed specifically 
for weathering steels in NaCl solutions in which electrons migrate to the 
oxide/electrolyte interface and reduce O2 while holes oxidise the metal 
at the metal/oxide interface [18,20]. Additionally, it was postulated that 
holes would facilitate adsorption of Cl− , leading to the formation of 
FeCl+ [18]. This model relies on downward band bending for n-type 
semiconductors, opposite to some other models [8]. While some authors 
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see the positive OCP shift as evidence for downward band bending [18, 
20], an increase in OCP by illumination may also be explained by 
increased convection caused by localised heating [24]. 

Illumination affects the type of corrosion products formed on iron [7, 
20], and can also transform already formed corrosion products [25,26]. 
The transformation of corrosion products is interesting, especially if the 
oxygen reduction reaction is the main cathodic reaction, because oxide 
composition and electronic structure affect the rate of the corrosion 
reaction on iron [27]. A reaction path was proposed in which the rate 
determining step is the adsorption of oxygen to active Fe2+ sites [28]. 

Some work has been carried out investigating the effect of sunlight 
irradiation on cathodic protection of steel [15,19]. An increase in cur-
rent requirement was attributed to local heating which increased the 
rate of oxygen transfer to the metal surfaces [15,19]. The magnitude of 
this effect was judged to be too small to be of significant practical 
relevance [19]. Illumination causes localised heating in the Nernst 
diffusion layer, facilitating convection perpendicular to the surface and 
thus increasing oxygen reduction limiting currents [15,19,24]. 

Photocorrosion is also potentially problematic in photo-
electrochemical processes, such as photoelectrochemical water splitting. 
Iron oxides have been successfully used as photoanodes in photo-
electrochemical water splitting [29–31]. However, attention to stability 
issues is typically only secondary in this field. On the other hand, the 
importance of photocorrosion as limiting factor for the practical use of 
photoelectrochemical water splitting has been realised early on [32]. 

The different reported mechanisms for increased corrosion rates in 
virtually the same system under similar conditions serve as a motivation 
for a deeper look into the photocorrosion mechanism of iron. The re-
ported mechanisms are based on photoelectrochemical processes with 
(i) upward and (ii) downward band bending in the oxide, or (iii) 
increased O2 transport. To clarify qualitatively the acting mechanisms, 
anodised iron samples with oxide thickness d up to 350 nm have been 
prepared, and illumination-dependent electrochemical behaviour has 
been analysed by polarisation curves, dissolution quantification, tran-
sient experiments and wavelength-dependent photoelectrochemical 
experiments. A second aim of this work is to quantify the contributions 
of the various processes by which illumination affects the corrosion of 
iron. To that end, we will employ anodised iron as a relatively well- 

defined model system for iron corrosion products, though it is under-
stood that corrosion product composition and thus the corresponding 
electronic structure is typically much more involved in “real-world” 
systems. For the discussion below we find it useful to define a net pho-
tocorrosion current density Δi(photo)

corr as difference between the corrosion 
current densities i(light)

corr in the presence and i(dark)
corr in the absence of 

illumination, 

Δi(photo)
corr = i(light)

corr − i(dark)
corr , (1)  

where Δi(photo)
corr may be negative in the case of photoinhibition. Below we 

will also utilise the fact that the corrosion current density i(light)
corr for the 

illuminated sample in Eq. (1), in general, depends on the wavelength 
and intensity of illumination. 

2. Materials and methods 

Data from this study is available online [33]. 

2.1. Sample preparation 

Plates of ARMCO Pure Iron, grade 4 (99.9% iron), were cleaned and 
polished to a mirror finish. The exposed area during experimentation 
was 2.0 cm2. Samples where then either tested with the mirror finish, or 
further treated by an anodisation process to create thin oxide films on 
the iron surface. 

Anodisation was chosen as a low-temperature preparation technique 
over thermal or gas phase deposition techniques as the results are 
perceived to be closer to corrosion products from aqueous solutions; 
differences between thermally and electrochemically grown oxide films 
have been reported [34]. Anodisation was conducted by potentiostatic 
polarisation with a DC N5771A power supply, for up to 10 min at either 
1.5, 2.0 or 3.0 V, using a titanium plate 5× the surface area of the iron as 
cathode. The samples were anodised in a 12 M NaOH solution that was 
heated to 70 ◦C using a water bath. This process is described in detail 
elsewhere [35,36]. 

The approximate thickness of the oxides could be determined by the 
anodising charge at the different potentials and exposure times; d was in 
the range 50–350 nm and was estimated from the oxide colours as 
described by Burleigh et al. [35]. Fig. 1 shows a photo of the samples 
after anodisation. It should be stressed that these thicknesses are esti-
mates, and not quantitatively determined. Slight deviations of the colour 
towards the edge indicate differences in thickness. Such thickness dif-
ferences would not affect uniform corrosion, they will only smear out 
the thickness effects on currents. Effects on the length scale of several 
millimetre, over which the surfaces may be not completely uniform, are 
not discussed in this work. 

A detailed characterisation study of oxides prepared via exactly the 
same protocol is available elsewhere [36]. Here, oxides were charac-
terised by grazing incidence X-ray diffraction (GIXRD) and Raman 
spectroscopy. Resulting diffractograms are very similar to those re-
ported in the literature [36]. The Raman spectra closely resemble the 
spectra of γ-Fe2O3 (maghemite) [25,37], whereas GIXRD patterns are 
similar to Fe3O4 (magnetite). Because of the structural similarities be-
tween γ-Fe2O3 and Fe3O4, a distinction has been difficult [36]; it can be 

Fig. 1. Photos of the iron samples after anodisation. The samples are in order of increasing d from left to right. The thickness is indicated in the respective panel.  

Fig. 2. Scheme of the experimental setup. Pure iron is supported by copper and 
illuminated with monochromatic light through a UV fused silica window. 
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concluded that anodised films consist of a strongly FeII-deficient Fe3O4 
which is close to γ-Fe2O3. To determine the exact composition was 
beyond the scope of this work and would most likely strongly depend on 
the oxygen partial pressure during handling, see e.g. [38,39]. 

There can be large differences between the OCP of polished and 
anodised iron, if the surface finish was not exactly the same. Therefore, 
great care was taken to be consistent when polishing and anodising the 
samples. 

2.2. Photoelectrochemical flowcell 

To investigate photocorrosion of iron, samples of iron and iron oxide 
were placed into a custom-made flow cell to facilitate illumination and 
UV–visible (UV–VIS) spectroscopy in combination with electrochemical 
measurements. The cell (Fig. 2) is based on a design previously used for 
in situ spectroscopic measurement [40,41]. The cell house was made 
from PTFE while a support made of copper was utilised to obtain elec-
trical contact with the samples. The contact area with electrolyte is 
10 mm × 20 mm. The samples were illuminated at an angle of incidence 
of 70◦ through a flat UV fused silica high precision window. The angle of 
incidence was chosen to deliver high intensities of light near to the metal 
surface, in analogy to the “surface selection rule” known from analytic 
spectroscopy [42]. This large angle of incidence also ensures a homo-
geneous illumination of the majority of the sample surface; the illumi-
nated area equals approximately the full sample area. The angle of 
incidence was not varied in this study. A Newport 6258 300 W xenon arc 
lamp (spectral range 260–1000 nm) was used as light source. The power 
density, taking into account reflection losses at the entrance windows, 
would be on the order of 100 W cm− 2. For the wavelength specific ex-
periments, an Oriel Cornerstone 260 Monochromator was used, 
providing monochromatic light with approximately 10 nm spectral 
width. 

Electrochemical measurements were obtained using a standard three 
electrode setup and a Zahner IM6e potentiostat. The electrode potential 
was measured versus a DRIREF-2 Ag/AgCl/3 M KCl reference electrode. 
All electrode potentials in this work are reported against this reference 
electrode (+210 mV vs. standard hydrogen electrode), unless noted 
otherwise. Coiled platinum wire was used as a counter electrode. 

The electrolyte was pumped into the chamber from the bottom, using 
a Harvard Syringe Pump 33, with a 50 mL syringe. A flow rate of 
0.5 mL min− 1 was used, which replenishes all of the electrolyte in the 
test chamber every 4 min. The flow rate was chosen as a compromise 
between keeping the chamber cool, while also inciting as little noise as 
possible. The electrolyte exits the chamber through an outlet at the top 
of the cell, ensuring that the entire sample is immersed during the entire 
experiment. 

To monitor any heating effects, a Fluke 53II B thermometer was used 
to measure the surface temperature during illumination before any 
electrochemical measurements were carried out. A thermocouple was 
placed in contact with the sample surface to quantify any local heating 
effects from illumination. The temperature was recorded before, after 
and during illuminating of the sample exposed to flowing electrolyte. 
The temperature increased by maximum 0.2 ◦C, after 5 min of 
illumination. 

2.3. Electrochemical measurements 

The samples were kept in the cell at OCP for 10–20 min in the dark 
until the potential stabilised; in NaCl solution no stabilisation was 
observed and measurements were started after 40 min. As a criterion for 
a stable potential, a drift of less than 1 mV during 2 min was used. 
Illumination was started no more than 10 s before the polarisation 
curves were started. All measurements with polished, non-anodised 
samples were done with 5 repeats both in the dark and with illumina-
tion. For anodised samples, 3 repeats were carried out. Uncertainty es-
timates (single standard deviation) are given for the last digit of the 

respective quantity in brackets behind the average. 
Five different electrolytes were used for the polished samples: 0.1 M 

NaOH, borate buffer (0.05 M Borax, 0.2 M boric acid, pH 9), unbuffered 
3.5 wt% NaCl (≈0.6 M; pH ≈7), 0.001 M H2SO4 (pH ≈5) and 0.01 M 
H2SO4 (pH ≈2). NaCl was used for easier comparison with literature 
work. All electrolytes were made using analytical grade chemicals. Only 
0.1 M NaOH was used for the anodised samples, as the oxide film dis-
solved in the more acidic electrolytes. 

For the potentiodynamic polarisation curves, an interval of ±300 mV 
around OCP was used, with a linear scan from negative to positive po-
tential, with scan rate of 1 mV s− 1. The scan rate from OCP to the most 
negative potential, which also marked the starting potential for the 
polarisation curves, was 10 mV s− 1. The corrosion potentials determined 
from polarisation curves are denoted as Ecorr in this work, to distinguish 
them from the measurements of the OCP. 

Mott–Schottky analysis was performed for polished iron and ano-
dised iron in 0.1 M NaOH to find semiconductor properties of the oxides 
on the sample. The corresponding impedance experiments were con-
ducted from − 1.0 to 0.4 V vs. Ag/AgCl/3 M KCl in 10 mV intervals, 
between 1 kHz and 1 Hz. Mott–Schottky plots above 1 kHz were too 
noisy for systematic analysis. 

Photocurrents, and respective photocurrent densities iphoto, were 
obtained by chronoampermetry in 0.1 M NaOH, while the sample was 
illuminated with white or monochromatic light for 10 s. Mostly, steady 
state values of iphoto will be quantitatively compared. Photovoltages 
were obtained by recording the OCP while illuminating the samples with 
white light or monochromatic light for durations of up to several tens of 
seconds. 

For 0.1 M NaOH, the experiment was performed for both the ano-
dised and polished samples. In addition to experiments with immediate 
start after setting up, the polished samples were also anodically polar-
ised to 200 mV vs. Ag/AgCl/3 M KCl (approximately 425 mV above 
OCP) in 0.1 M NaOH for 1, 2, 4 and 6 h before the chronoamperometry 
was performed, to investigate if the natural oxide that develops in the 
electrolyte also is photoactive. 

2.4. UV–VIS spectroscopy 

2.4.1. UV–VIS reflectance measurements 
Ex situ UV–VIS spectroscopy was performed to find the optical band 

gap of the oxides formed on the iron. These experiments were done using 
an integrating sphere and a xenon arc lamp as a light source, without the 
presence of electrolyte. Optical fibres were used to direct the light from 
the light source into the integrating sphere and from the integrating 
sphere to a Avantes AvaSpec-2048 spectrometer for spectrum analysis. 
Polished aluminium foil was used as a reference for the calculation of 
absorbance. 

2.4.2. Quantification of dissolved iron 
UV–VIS spectroscopy of the solution was used to quantify the con-

centration of dissolved iron in electrolyte downstream after the elec-
trochemical cell, based on an established method [43]. A standard series 
was made by dissolving 0.1171 g of 99.8% iron sponge from Alfa Aesar 
in 1.0 mL hot concentrated HCl. When the iron was completely dis-
solved, the solution was filled to 1000 mL with distilled water. The 
resulting Fe2+ solution was further diluted to a 10− 5 M solution, which 
was used to create a series of different iron concentrations between 
1 × 10− 7 and 2 × 10− 6 M by transferring different volumes of standard 
concentration to 100 mL flasks. 1 mL of 0.3 M hydroxylamine hydro-
chloride was added to reduce any Fe3+ to Fe2+, 5 mL of 1.2 M sodium 
acetate were added to regulate the pH, and 5 mL of 1,10-phenanthroline 
were added to the 100 mL flasks for formation of a complex with Fe2+. 
This complex is strongly light-absorbing in the visible. The solution was 
then then diluted to 100 mL with distilled water. 

UV–VIS absorbance was then performed on the standard series. A 
solution of 1 mL of 0.3 M hydroxylamine hydrochloride, 5 mL of 1.2 M 
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sodium acetate and 5 mL of 1,10-phenanthroline then diluted to 100 mL 
with distilled water was used as a reference. 

The largest absorbance was measured at 515 nm wavelength for the 
2 × 10− 6 M solution. For the 1 × 10− 7 M solution, no peak was found at 
515 nm; this concentration is therefore considered the detection limit. 

Absorbance was then plotted vs. concentration. The resulting linear 
trend line with an absorption coefficient of ≈3.4 × 104 L mol− 1 cm− 1 

was then used to calculate the Fe2+ concentration in the exposed 
electrolyte. 

Six samples of anodised iron were left at OCP, three of them in the 
dark and three under white illumination. The samples were then 
exposed to an electrolyte with a flow rate of 0.1 mL min− 1 for 2.5 h. 1 mL 
of 0.3 M hydroxylamine hydrochloride, 5 mL of 1.2 M sodium acetate 
and 5 mL of 1,10-phenanthroline were added to the solution, and 
UV–VIS absorbance was measured. The absorbance at 515 nm was 
recorded and used to determine the Fe2+ concentration. 

As the volume of electrolyte, exposure time and iron concentration 
was known, an estimate of the corrosion current density was calculated 
from the dissolved iron concentration. 

3. Results 

3.1. Polarisation curves 

Typical linear polarisation curves of polished iron with and without 
white illumination are shown in Fig. 3, and a comparison of the key 
values from 5 different samples is compiled in Table 1. The linear re-
gions of these polarisation curves — as well as those shown further 
below — do not extend for more than maximum one decade. For iron in 
0.01 and 0.001 M H2SO4, no significant difference with illumination was 
found; any difference in current density was within the standard devi-
ation. However, for NaCl, NaOH and borate buffer solutions, an increase 
in corrosion current density was found upon illuminating the sample. 
For iron, icorr in 0.1 M NaOH and borate buffer increased from 0.4(1) to 
0.9(2) μA cm− 2 and from 0.8(0) to 1.9(3) μA cm− 2, respectively. 

The anodic current is slightly higher for the samples illuminated with 
white light, and Ecorr is shifted to more negative values by illumination. 

Typical polarisation curves of anodised iron in 0.1 M NaOH with and 
without white light illumination are shown in Fig. 4. A comparison of 
the electrochemical parameters from 3 different samples may be found 
in Table 2. The curves are similar to those for polished iron in 0.1 M 
NaOH, with a small increase in the anodic current and decrease in Ecorr 
for the illuminated samples as compared to the dark. For all the anodised 
samples, icorr increased when illuminated. Anodised iron was also tested 

Fig. 3. Polarisation curves for polished iron in different electrolytes in the dark 
and under illumination with white light, in (a) 0.1 M and 0.001 M H2SO4, (b) 
0.6 M NaCl, borate buffer and 0.1 M NaOH. (c) Comparison of corrosion current 
densities for dark and illuminated iron for different electrolyte pH. 

Table 1 
Electrochemical parameters extracted from polarisation curves (Fig. 3) for pol-
ished iron in different electrolytes, comparing illuminated an unilluminated 
samples: Ecorr, icorr, apparent anodic and cathodic Tafel slopes, bc and ba, 
respectively. No values are given for ba in 0.001 M H2SO4 as no linear region 
existed.   

icorr 

(μA cm− 2) 
Ecorr 

(mV) 
bc 

(mV dec.− 1) 
ba 

(mV dec.− 1) 

Illumin. (0.01 M 
H2SO4) 

119(4) − 527 
(8) 

− 389(35) 157(6) 

Dark (0.01 M 
H2SO4) 

116(11) − 535 
(7) 

− 352(23) 154(10) 

Illumin. (0.001 M 
H2SO4) 

38(4) − 621 
(4) 

− 753(124) – 

Dark (0.001 M 
H2SO4) 

46(8) − 607 
(20) 

− 846(168) – 

Illumin. (NaCl) 16(3) − 636 
(18) 

− 290(34) 103(15) 

Dark (NaCl) 12(2) − 609 
(25) 

− 276(26) 103(19) 

Illumin. (Borate) 1.9(3) − 242 
(20) 

− 165(18) 515(78) 

Dark (Borate) 0.8(0) − 218 
(12) 

− 133(6) 480(79) 

Illumin. (NaOH) 0.9(2) − 281 
(1) 

− 167(25) 278(53) 

Dark (NaOH) 0.4(1) − 255 
(13) 

− 177(11) 314(13)  
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in NaCl and H2SO4, however, the oxides were not stable in these solu-
tions and dissolved during exposure to the electrolytes. It was therefore 
not possible to investigate anodised iron in other electrolytes than 
alkaline. 

Typical polarisation curves in 0.1 M NaOH for 250 nm thick iron 
oxide illuminated with monochromatic light of different wavelengths 
are shown in Fig. 5 and compared to polarisation curves recorded under 
dark conditions in the same figure. Key parameters are summarised in 
Table 3. An increase in anodic current is only noticeable from Ecorr to 
approximately 200 mV above Ecorr, but there is a distinct increased 
anodic current when illuminated, and a lower cathodic current below 
Ecorr. This increase in anodic current is enough to increase the corrosion 
current density so that the increase is more than the standard deviation 
between samples. 

3.2. Photoelectrochemical properties of oxide-covered iron 

Typical photocurrent transients for anodised iron in 0.1 M NaOH are 
shown in Fig. 6a. When the light is turned on, a sudden increase in 
anodic current occurs, followed by a rapid decrease until the current 
reaches a steady-state value which is larger in magnitude than the dark 
current after 10–20 s. The steady state increase from dark to light cur-
rent is between 0.01 and 0.05 μA cm− 2 for the thinnest and thickest 
oxide films, respectively. Turning the light off causes an immediate 
decrease in current; the current becomes cathodic. The current returns 
to zero after ≈20 s. 

Fig. 6b shows the effect of illumination on the OCP of anodised iron 
in 0.1 M NaOH. When the sample is illuminated, the OCP rapidly de-
creases. This potential shift occurs in the opposite direction of what has 
been reported previously [17,18,20]. The effect is small, with only a 
1 mV shift for the 350 nm thick oxide, and no effect was measured for 
the oxides thinner than 150 nm. An increase in current upon illumina-
tion was recorded for the anodised iron samples. The photocurrents 
recorded during exposure to monochromatic light in the range from 320 
to 1000 nm (stepped in 10 nm intervals) are shown in Fig. 6c. The 
current increase is observed only for light with a photon energy above a 
certain threshold, and no current response was seen for light below this 
threshold. 

The photon-energy threshold for photocurrent generation agrees 
with the band gap found from absorbance spectra and Tauc plots, an 
example of which is presented in Fig. 7 for a 350 nm thick oxide. Ab-
sorption increases for wavelengths shorter than 600 nm for the anodised 
samples, corresponding to a band gap of 2.2 eV found from the Tauc 
plot. The band gap varied slightly for the different thicknesses, between 
1.9 and 2.2 eV for the thickest and thinnest oxides, respectively. The 
Tauc plot gives a linear relationship for an exponent of 2, indicating a 
direct band gap. 

Fig. 4. Polarisation curves for unilluminated and white light illuminated ano-
dised iron in 0.1 M NaOH; (a) d = 50, 100 and 150 nm, (b) d = 250 and 350 nm. 
(c) Comparison of Δi(photo)

corr and normalised white light photocurrent irel, ob-
tained as irel = iphoto/P, with normalised illumination power P on the order of 
100 W cm− 2. See Section 3.2 for iphoto. 

Table 2 
Parameters extracted from polarisation curves (Fig. 4) for anodised iron with 
different oxide thickness in 0.1 M NaOH.  

d (nm)  icorr(μA cm− 2) Ecorr 

(mV) 
bc 

(mV dec.− 1) 
ba 

(mV dec.− 1) 

50 Illumin. 0.145(1) − 144(7) − 118(2) 214(7)  
Dark 0.137(8) − 143(8) − 115(7) 220(11) 

100 Illumin. 0.538(2) − 463 
(42) 

− 115(11) 197(0)  

Dark 0.517(3) − 491 
(25) 

− 107(9) 208(2) 

150 Illumin. 0.65(3) − 276(5) − 152(5) 501(35)  
Dark 0.59(3) − 276(4) − 147(4) 454(7) 

250 Illumin. 1.3(2) − 516 
(70) 

− 108(12) 204(64)  

Dark 0.9(2) − 575 
(13) 

− 83(9) 109(22) 

350 Illumin. 0.59(3) − 289(5) − 88(3) 185(21)  
Dark 0.53(1) − 279(3) − 83(0) 190(1)  
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To evaluate whether the native corrosion product in 0.1 M NaOH 
also is photoactive, and not only the layers formed in hot concentrated 
NaOH, polished iron was exposed to 0.1 M NaOH solution and polarised 
to +200 mV above initial OCP up to 6 h. The shape of the current 
transient is similar to the anodised samples, but the measured iphoto is 
small compared to the anodised samples (Fig. 8). Only 4 and 6 h 
polarisation are shown here, as there was no noticeable iphoto for shorter 
polarisation. 

A Mott–Schottky plot for anodised iron in NaOH is shown in Fig. 9a. 
The anodised iron had reproducible results for frequencies ranged 
100–5 Hz, but showed no clear trend above 100 Hz. Only the result for 
the anodised iron is shown; for the polished samples, no reproducible, 
clear Mott–Schottky plot was obtained. In the plot, however, it is hard to 
find the typical linear region used for quantitative analysis. Therefore, 
for comparison iphoto experiments are shown in Fig. 9a which should 
verify at which potential the oxide becomes photoactive. The increasing 
iphoto with increasing electrode potential can be used to estimate a flat 
band potential of lower than − 0.30 V. Whereas an exponential potential 
dependence is expected [44], the experiments here follow approxi-
mately a linear dependence; linear regression indicates that the flat band 
potential (=onset potential for iphoto) is approximately − 0.35 V. 

3.3. Quantification of iron dissolution 

Anodised iron with a 250 nm oxide was exposed for 2.5 h to 0.1 M 
NaOH, (i) in the dark and (ii) under white light illumination. UV–VIS 
spectroscopy (Section 2.4.2) showed no signal of Fe2+ for the samples in 
the dark, while the typical absorbance spectra obtained in the calibra-
tion experiments was recovered for illuminated samples. The average 
absorbance measured for the three samples exposed to white light cor-
responds to a solution concentration of 1.0(1) × 10− 6 M Fe2+, and based 
on a known electrolyte volume and exposure time, the iron concentra-
tion can be converted to dissolution current density of 0.10(2) μA cm− 2. 
This value is not the total corrosion rate, but only the part of the 
corrosion rate related to dissolving iron. Additional current could 
contribute to grow of the iron oxide layer. 

After exposure for 2.5 h, none of the samples showed any visible 
change in colour. Only parts of the anodised surface were exposed to the 
electrolyte. Any change in colour would then create a clear border be-
tween the non-exposed and exposed area, making even small changes in 
appearance detectable. 

4. Discussion 

4.1. Role of electron–hole pair formation 

The results shown in Section 3 show that — under controlled con-
vection — electron–hole pairs generated within a semiconducting iron 
oxide by exposing the sample to light are the main cause of Δi(photo)

corr , 
because (i) a stable iron oxide film is needed for the observation of 
Δi(photo)

corr , (ii) Δi(photo)
corr agrees in most cases well with iphoto, (iii) both 

Δi(photo)
corr and iphoto are observed at illumination with photon energies 

above the oxide band gap, and (iv) the inferred band bending is in 
agreement with the expectations for such a mechanism. 

An iron oxide film on the iron surface is needed for Δi(photo)
corr > 0. Iron 

without any oxide (acidic solutions) does not display any positive 
Δi(photo)

corr . For passive iron with a stable oxide (alkaline solutions), 
Δi(photo)

corr > 0. 
The oxide displays semiconducting properties and is therefore prone 

to electron–hole pair generation upon exposure to light. The Mott–-
Schottky plot shows an n-type semiconductor with positive slopes, 
which is expected for iron oxides [45,46]. Typical Mott–Schottky plots 
of pure semiconductor crystals exhibit a more abrupt, linear increase in 
C− 2. For the oxide films in this study, in the potential region ≈− 0.5 to 

Fig. 5. Polarisation curves in 0.1 M NaOH for iron covered with a 250 nm thick 
iron oxide, comparing dark conditions and monochromatic illumination at 
photon energies of (a) less than the oxide band gap, 800 nm, and (b) higher 
than band gap, 600, 500 & 450 nm. (c) Comparison of Δi(photo)

corr and mono-
chromatic iphoto. 
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0.4 V, C− 2 increases non-linearly. Such nonlinearity is not uncommon 
[47–49], because of defect-related intragap states. The observation of 
iphoto down to − 0.30 V indicates an upward band bending below 0.0 V 

The behaviour of iphoto and that iphoto correlates with Δi(photo)
corr also 

support that the iron oxide has n-type semiconductor properties. There 
is a correlation between the oxide band gap and the photon energy 
required to generate a non-zero iphoto. If the band to band transition in 
the semiconductor oxide film is responsible for the measured iphoto, it 
should only occur when the illumination has photon energies above the 
band gap of the oxide film, in agreement with the results. The mono-
chromatic iphoto response increases with increased absorption above the 
band gap, determined here as 1.9–2.2 eV. Additionally, only illumina-
tion of the stable oxide with light of photon energies above the band gap 
causes Δi(photo)

corr > 0. Illumination below the band gap does not affect the 
corrosion rate. Illumination shifted OCP of anodised iron to negative 
values, and the measured iphoto are anodic; iphoto can only be recorded at 
potentials above the flat band potential, as typical for an n-type semi-
conductor. At potentials above the flat band potential, the bands for an 
n-type semiconductor are bent upwards, and the holes would thus 
migrate towards the oxide-electrolyte interface. 

There is thus no evidence for a downward band bending in the oxides 
around Ecorr or OCP. Bands would typically be bent upward, though a 
very low degree of band bending may occur at potentials close to the flat 
band potential. With the very poor definition of the flat band potential in 
these systems, the band structure in the oxide layers must obviously be 
more involved than in the typical crystalline semiconductor. If the bands 
were bent upward, then a suppression of the cathodic reaction, e.g. the 
oxygen reduction in a typical corrosion process, would be expected, but 
no suppression was observed. On the other hand, if there was no 
appreciable band bending, a cathodic reaction would be possible, but no 
driving force for electron–hole pair separation would exist and thus no 
photocurrent — in clear violation to the observations. Here, we conclude 
that there must be some degree of band bending, but still on a level that 
fluctuations in the band bending enable a certain rate of a cathodic re-
action on the same surface. Schematically, the band diagram is shown in 
Fig. 10. In a crystalline semiconductor, band bending is caused by the 
Fermi level alignment across the interface, e.g. [44]. In a corroding 
system with strongly disordered oxide and an ill-defined and variable 
solution Fermi level, it is reasonable to assume that the large variety of 
intragap states causes a mechanism of Fermi level alignment without the 
need for large scale carrier rearrangement that leads to a very structured 
space charge layer in the semiconducting oxide. 

The dependence of the photocurrent on oxide thickness is also in 
agreement with a mechanism based on electron–hole pair formation, 
since a thin oxide would absorb fewer photons than a thick oxide. The 
largest Δi(photo)

corr was 0.23 μA cm− 2, corresponding of a 30% increase of 
icorr for the 250 nm thick oxide, however, with a large uncertainty. iphoto 
increased with oxide thickness, and was the highest for the 350 nm thick 
oxide. For most anodised oxide films, Δi(photo)

corr ≈ iphoto (Fig. 4), except for 
the 250 nm sample, for which Δi(photo)

corr > iphoto. All the repeats with this 

thickness showed higher Δi(photo)
corr than all other measurements, indi-

cating indeed that this thickness behaves in a special way. The good 
agreement between Δi(photo)

corr and iphoto, with exception of the 250 nm 
oxide, is an indication that the increased corrosion current measured is 
indeed caused by the iphoto. 

The photocurrent observed corresponds to a corrosion process, and 
more specifically a dissolution process. The corrosion current density in 
the dark is related to an oxide growth process, while the additional 
photocurrent is related to a dissolution process, because dissolved iron 
can be detected in the solution only when the sample is exposed to light. 

Overall, a non-trivial thickness dependence of the light absorption in 
the oxide with d smaller than the wavelength is to be expected; in the 
vicinity of a metal surface, a standing wave pattern forms, with intensity 
minima and maxima at wavelength-dependent distances (see, e.g. [42, 
50] and references therein for a discussion of the underlying physics). 
While a modelling of this effect on the basis of continuum electrody-
namics is straightforward for monochromatic light in a medium with 
known complex refractive index, the latter is not given for the oxide in 
the system investigated here. In addition a very accurate modelling of 
the spectral output of the lamp would be needed. Importantly, such a 
modelling wouldn’t explain the differences between iphoto and Δi(photo)

corr 

for the 250 nm system and the absence of such a difference for the other 
thicknesses. Likewise, two photon absorption in a high intensity region 
near the oxide/solution interface would be expected to impact on both 
the iphoto as well as Δi(photo)

corr . 
From this work, there is no evidence for a direct involvement of oxyl 

radicals, but such an involvement cannot be excluded. Electron–hole 
pairs could either directly dissolve the iron oxide, as has been proposed 
qualitatively earlier [8]; as an additional or alternative explanation it 
been postulated [10,11] that different oxyl radicals may form when 
illuminating, causing increased pitting resistance. Later it has been 
proposed that the same radicals also may increase general corrosion rate 
in weathering steels [16]. The results in this paper do not directly 
exclude this explanation. These radicals would form as intermediates in 
oxygen reduction or evolution [51,52], and an increased formation rate 
would require an increase in the cathodic reaction rate by illumination. 
We did not observe such an increase here. Hydroxyl radicals, however, 
may also form as result of a reaction between a hole and OH− or H2O at 
the oxide/electrolyte interface. In the system here, it is not obvious how 
radical formation would lead to an increased dissolution rate, and the 
effect of illumination on the cathodic processes also does not give any 
evidence of enhancement under illumination (Section 4.4). 

Based on the PDM, and in line with the results from this work, a likely 
candidate reaction for the dissolution step is 

FeFe + (3 − δ)h+→Fe3+
(aq) + Vδ−

Fe . (2)  

In this step, the charge δ of the resulting iron vacancy is not immediately 
obvious; it determines the number of holes that ejection of one Fe3+ ion 
would annihilate. Alternatively, the dissolution product may originate 
from iron interstitials; no vacancy would be generated in this case. The 

Table 3 
Electrochemical parameters extracted from polarisation curves (Fig. 5) for anodised iron with d = 250 nm in 0.1 M NaOH, comparing unilluminated samples with 
samples illuminated with different wavelengths of monochromatic light. The value for the unilluminated sample is for control samples measured at the respective 
wavelength.  

Monochromatic light (nm)  icorr(μA cm− 2) Ecorr (mV) bc (mV dec.− 1) ba (mV dec.− 1) 

450 Illumin. 0.601(6) − 337(1) − 77(1) 151(28)  
Dark 0.586(2) − 337(2) − 75(0) 166(3) 

500 Illumin. 0.585(4) − 332(2) − 77(0) 158(7)  
Dark 0.559(6) − 330(1) − 75(1) 154(7) 

600 Illumin. 0.579(7) − 328(1) − 75(0) 170(13)  
Dark 0.559(6) − 330(1) − 75(1) 154(7) 

800 Illumin. 0.597(9) − 339(1) − 77(2) 185(6)  
Dark 0.593(11) − 338(2) − 76(2) 177(26)  
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corresponding electron from the electron–hole pair would participate in 
the cathodic reaction; iron oxidation would happen at the metal/oxide 
interface. The formation of Fe3+

(aq) in this mechanism relies on the 
dominance of FeIII in the lattice of the oxide. A corresponding dissolution 
step leading to Fe2+

(aq) from the FeII fraction of the oxide can be easily 
formulated. However, in this mechanism, the dissolution product is the 
dominating ion in the oxide, whereas in the typical active corrosion of 
iron, Fe2+

(aq) is formed in the first dissolution step. Photocorrosion ac-

cording to such a mechanism should thus yield a larger amount of Fe3+
(aq)

in solution than corrosion without illumination. In this work, due to a 
number of practical difficulties, the ratio between Fe2+

(aq) and Fe3+
(aq) hasn’t 

been determined. However, an analysis of this ratio could be used to 
collect experimental evidence for reaction (2). 

We cannot exclude the possibility that part of the observed photo-
current is caused by side reactions. The anodic current generated by 
illumination is often associated with photoelectrolysis of water, which 
yields either O2 or H2O2 [34,53–55]. However, the detection of dis-
solved iron in the solution shows that a non-zero fraction of the 
photocurrent is related to corrosion and dissolution of an iron oxide. The 
fast initial current transient of iphoto is further evidence for a semi-
conductor electrochemical process. This increase is followed by a 

Fig. 6. Transient photocurrent and photovoltage for anodised iron in 0.1 M 
NaOH. (a) Transient photocurrent from white light for different iron oxide 
thickness, polarised to original OCP. (b) Transient photovoltage (displayed as 
potential difference to dark OCP) caused by white light for different iron oxide 
thicknesses. (c) Transient photocurrent from monochromatic light illumination 
with wavelengths from 800 to 350 nm for different iron oxide thicknesses, 
polarised to original OCP. 

Fig. 7. Photocurrents at different wavelengths for 350 nm thick iron oxide in 
0.1 M NaOH compared to the absorbance spectrum. Inset: Corresponding Tauc 
plot obtained ex situ with an integrating sphere. Dotted line represents fit to the 
linear region, yielding an oxide band gap of ≈2.2 eV. 

Fig. 8. Photocurrents for polished iron under monochromatic illumination 
after polarisation to +200 mV vs. Ag/AgCl/3 M KCl (+400 mV vs. initial OCP) 
for 4 and 6 h in 0.1 M NaOH. No photocurrent was found for the samples 
polarised shorter than 4 h. 

H. Wilson et al.                                                                                                                                                                                                                                 



Corrosion Science 185 (2021) 109426

9

decrease with time until steady state. The decrease proceeded with a 
power law of (I(t) − I0) ∝ tα, with α ≈ 0.8. This exponent is not directly 
giving hints to the nature of the underlying process. For a diffusive 
process, α ≃ 0.5 would intuitively be expected, but the results deviate 
from that. An initial current decrease has been observed in studies with 
illumination on the 10–100 ms time scale and was attributed to a 
cathodic back reaction via surface states within the band gap [34,56], 
which may possibly involve the generation of hydroxyl radicals [57]. 

For a decay on the time scale as observed here, charge carrier diffusion 
and migration in the electric field have been used as explanation in TiO2 
[58]. The observed α could be treated as a hint that several processes 
contribute to the decay. On the minute time scale, similar to our work, 
the surface donor density has been shown to increase with time in TiO2 
[59,60]; the resulting donor accumulation at the surface of the semi-
conductor because of the electric field of the space charge layer has been 
identified as reason for an observed current decay. Electron–hole pair 
recombination on passive tungsten showed photocurrent transient with 
decay time of seconds [55]. 

Some previous studies reported the opposite photovoltage effect 
compared to the negative OCP shift under illumination as observed here 
[17,18,20,21]. Consequently, the resulting behaviour is not universal 
for all photocorrosion phenomena. It has been proposed [17,18,20,21] 
that the effect from illumination could be explained by a modified 
Gerischer semiconductor model, where the generated electron–hole 
pairs directly oxidise the metal substrate or create radicals that increase 
the corrosion rate. The results for anodised iron in this paper do not 
support a hypothesis where the holes interact with the metal substrate, 
as in that case the holes would have to migrate towards the oxide/e-
lectrolyte interface. A possible explanation for the differences is that the 
defect chemistry in the oxides investigated in other works led to a 
reversal of the band bending, e.g. because of doping by alloy elements. 
Especially for thin layers, and thus also near surfaces, the defect domi-
nating the semiconductor properties may be different from the bulk 
defect as shown for copper oxides [61]. An alternative explanation is a 
contribution of the mechanism discussed in Section 4.2 in some of the 
previous studies, leading to the observed differences. 

Summarising, electron–hole pair generation with hole annihilation 
by oxide dissolution (Fig. 10) is the main mechanism leading to pho-
tocorrosion under the conditions of this work. This mechanism would 
dominate Δi(photo)

corr for thick oxide or other corrosion product layers. 
“Thick” in this context refers to oxide layers thicker than ≈1/10 of the 
illuminating wavelength. If thick oxide layers cannot form, e.g. in acid 
where the oxide has a sufficient solubility, this photocorrosion mecha-
nism is suppressed. Being related to a linear absorption process, Δi(photo)

corr 

is expected to scale linear with the illumination intensity. The band 
bending is the same as expected for the typical photoelectrochemical 
system, i.e. upward band bending for an n-type oxide. 

The experimental results show that the thickness dependence is not 
trivial. For thicknesses of oxide films below 200 nm, Δi(photo)

corr normalised 
to the incident light’s power density is on the order of 
10–20 pA W− 1 (nm oxide)− 1. This number was obtained by linearly 
fitting Δi(photo)

corr (d) for the lowest thicknesses in Fig. 4c and dividing it by 
the order of magnitude of the illumination power density of 
100 W cm− 2. Current or voltage response can be fast, i.e. on a ms time 
scale or faster. OCP changes in both directions are possible compared to 
the situation in the dark. 

4.2. Heating-induced convection 

When light interacts with a metal, light absorption always leads to 
heating, and local heating of the electrode may create a temperature 
gradient in the electrolyte which, in turn, induces thermal convection 
and therefore increased mass transport [19,24]. Increased mass trans-
port due to heating can for several reasons not explain the results in this 
paper. 

Firstly, there is only an insignificant temperature increase during the 
experiment; in relation with previous studies [15,19,24] the observed 
temperature increase of 0.2 ◦C is not enough to explain the increased 
corrosion currents and dissolution rates observed here under 
illumination. 

Secondly, the current response when illuminated during chro-
noampermetry was instantaneous, which indicates a quicker process 
than heat induced convection [24]. Additionally, the iphoto response was 

Fig. 9. (a) Mott–Schottky plots (squared capacitance C2 vs. E) for 350 nm thick 
iron oxide in 0.1 M NaOH, and corresponding photocurrents at the different 
potentials. The OCP of the sample was − 170 mV vs. Ag/AgCl/3 M KCl. The 
photocurrent measurements indicate a flat band potential below − 0.30 V. (b) A 
selection of the photocurrent transients for 350 nm thick iron oxide in 0.1 M 
NaOH polarised relative to the OCP. Photocurrent transient at OCP are shown 
in Fig. 6a. 

Fig. 10. Schematic band diagram, showing the bottom of a fluctuating con-
duction band EC, the top of a fluctuating valence band EV, schematically the 
Fermi level EF, the band gap EG and the main dissolution reaction for photo-
corrosion on oxide covered iron. 
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potential dependent, which indicates a semiconductor photo-
electrochemical effect, and not a thermal effect on O2 transport. 

Thirdly, with the electrolyte flow regime as used in this work, the 
previous experiments [24] which served as control experiments for this 
study did not show any photoresponse. 

Lastly, the cathodic part of the polarisation curves are approximately 
identical for the acidic curves when illuminated compared to the dark, 
which is unexpected if heating was contributing. Tafel slopes indicate 
the possible role of oxygen transport to the electrode as partly rate 
determining. Such transport should be increased by heating [24], but no 
such increase was observed. 

There is no evidence that under the controlled convection conditions 
used in this study, increased mass transport due to surface heating 
contributes significantly to increased corrosion rates. A quantitative 
analysis of the details of the light-matter interaction here is challenging 
[62], and beyond the scope of this work. 

A minor contribution of heating induced convection cannot be ruled 
out, but it does not dominate the photocorrosion rate. It is furthermore 
possible that the oxides themselves might be heated more than the 
measured 0.2 ◦C. Thermal effects in the oxide will be discussed in Sec-
tion 4.3. 

Summarising, increased transport by induced convection due to 
temperature gradients has been described previously [24]. This mech-
anism is absent in the presence of controlled convection as used for the 
experiments described here; Δi(photo)

corr is related to the flow patterns 
forming near the interface. A detailed understanding of this mechanism 
required an understanding of the forming induced convection patterns 
near the surface. Controlling convection suppresses this mechanism. 
Based on the analysis presented previously for a similar illumination 
geometry [24], Δi(photo)

corr /i(dark)
corr ≃ 1/3. Normalised to the incident illumi-

nation power density for the systems in acid with the highest observed 
i(dark)
corr in this work, Δi(photo)

corr ≃ 300 nA W− 1 in the absence of forced con-
vection. Transients from this mechanism can be slow, and stretch over 
the minute time scale [24]. OCP would always shift positively. 

4.3. Thermal effects in the oxide film 

In addition to the formation of electron–hole pairs and increased 
convection, additional effects must influence the photocorrosion of iron 
with thin oxide films, because for polished iron in alkaline environ-
ments, Δi(photo)

corr > 0, while iphoto = 0 when illuminating the samples. This 
discrepancy cannot be easily explained by increased convection, as 
discussed in Section 4.2. 

The absence of a photocurrent in the native oxide is attributed to the 
low thickness of few nm for native oxides [63], and strong disorder in 
the oxide: the layer is too thin and has a too short electron–hole pair 
lifetime to generate a measurable iphoto. The mechanism described in 
Section 4.1 via electron–hole pair formation is therefore in itself is not 
enough to explain Δi(photo)

corr when illuminating iron with only a native 
oxide; iphoto≈9 nA cm− 2 would only increase the corrosion current 
density by 0.01 μA cm− 2, which is much lower than the observed 
Δi(photo)

corr = 0.47 μA cm− 2. Nevertheless, illumination increases the 
corrosion current density of iron in alkaline electrolytes, the native 
oxide is photoactive, and can generate measurable iphoto if grown thick 
enough. Therefore, illumination must have several effects on the native 
oxides, which in combination lead to the increased corrosion rate. 

Firstly, metal oxide dissolution proceeding through reaction (2) may 
weaken the passivating properties of the thin oxide and thus causing a 
higher icorr. Secondly, based on the polarisation curves, it is likely that 
the corrosion reaction is in a mixed regime (Section 4.4), being partly 
kinetically controlled. Heating of the oxide might increase the electron 
transfer rate, consequently increasing the corrosion current density. 
There is no direct evidence for surface heating, as it is difficult to 
measure or retard such a local event. It is, however, likely that 

illumination would have such an effect. This thermal effect is different 
from the induced convection discussed in Section 4.2. Thirdly, it is 
possible that the separation of the generated electron–hole pairs mod-
ifies the electric field in the oxide, increasing vacancy movement 
through the oxide. A result could be higher corrosion rates through 
faster transport, as suggested by the PDM [9,12]. An indication for this 
effect might be the slow relaxation for the light-induced current tran-
sient at OCP. This relaxation disappears at high positive potentials as the 
electric field becomes dominated by the polarisation. 

A more detailed study of these effects would be needed; it is, how-
ever, extremely challenging to separate different effects for oxide 
thicknesses below 10 nm. The discrepancies between Δi(photo)

corr and iphoto 
for the 250 nm oxide in alkaline solution may also be related to such 
thermal effects inside the oxide. 

These additional effects likely occur in the anodised samples as well, 
but with the much larger photocurrents in this case, it is less obvious that 
additional effects contribute significantly to Δi(photo)

corr . The electric field 
would be smaller for thicker oxides as the same potential drop is 
“smeared out” over a larger oxide thickness. Also light absorption and 
thus heating is distributed to a larger extend over the oxide film and the 
metal. 

Summarising, thermal effects in the oxide film, possibly caused by 
the effect of gradients on the defect chemistry or defect transport, are 
postulated to explain the discrepancy between iphoto and Δi(photo)

corr 

observed for polished iron in NaOH, i.e. iron with a thin native oxide 
film, and possibly also for some of the thicker oxides. The mechanism 
discussed in Section 4.1 cannot easily account for these differences. The 
nature of this mechanism and its dependence on characteristic param-
eters require more detailed studies. 

4.4. Further aspects of the photocorrosion mechanism and quantification 
of the different contributions 

There is no evidence for a photocatalytic effect on any of the cathodic 
processes. The shape of the polarisation curves for the illuminated 
samples and the dark samples is similar, however there is a small in-
crease in current in the anodic part of the curves, leading to Δi(photo)

corr > 0. 
The differences in both cathodic and anodic apparent Tafel slopes and 
the corrosion potential is small enough that the standard deviation of the 
samples overlap. The increase in anodic current compares favourably 
with the iphoto found from the anodised iron samples, which also is 
anodic. For the polished iron samples there is no difference in the 
cathodic current, while the anodised samples show a decrease in 
cathodic current. 

The apparent Tafel slopes obtained especially for active iron are 
much higher than typical for purely electrochemical reactions, where a 
single electron transfer with a typical symmetry coefficient of ≈0.5 
yields a slope of 120 mV dec.− 1, and several concurrent electron transfer 
steps yield lower Tafel slopes. A line parallel to the potential axis (with a 
Tafel slope of infinity) on the other hand indicates transport control. 
From the curves obtained here, we conclude that we are in a mixed 
regime, where both electrochemical reactions and a transport controlled 
process contribute to the cathodic branches. In these systems, hydrogen 
evolution reaction (HER) and oxygen reduction reaction are the typical 
cathodic processes, the former with a Tafel slope of 120 mV dec.− 1 [64] 
and the latter transport controlled in typical aqueous corrosion regimes. 
The measured Tafel slopes indicate that both processes contribute to the 
cathodic curves. Absence of an effect of illumination on the cathodic 
branches of the polarisation curves on active iron indicates absence of a 
photocatalytic effect on the HER, which is another circumstantial evi-
dence for the absence of a strong involvement of oxyl radicals in the 
photocorrosion process. The decreased currents in the cathodic curves 
under illumination for several passive iron species may be attributed to 
charge transport through the oxide layer; oxides may also be reduced at 
the lowest potentials here. 
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In extension to the previously published works on photocorrosion 
[17,18,20–23], the scheme shown in Fig. 11 shows the different chan-
nels for photocorrosion discussed in Sections 4.1–4.4. Their different 
contributions have been quantified for the examples shown in this work, 
as indicated in Fig. 11, based on the results obtained here and previously 
[24]. 

5. Conclusion 

Overall, three different mechanisms are found to contribute to the 
photocorrosion of iron, (i) electron–hole pair formation followed by 
Fe3+ ejection from the oxide, (ii) induced convection based on genera-
tion of temperature gradients in solution, and, as the former two con-
tributions cannot quantitatively account for the total photocorrosion 
rates in passive iron with only a native oxide, (iii) thermal effects in the 
oxide film at the solid/liquid interface. The discussion from this work 
shows furthermore several features for the photocorrosion mechanisms 
discussed here, which can be used to validate the mechanism. Notably, 
the fraction of dissolving Fe3+ is expected to be higher in photocorrosion 
compared to “dark” corrosion of iron. 

By anodising iron in alkaline solution, photoactive iron oxide layers 
with thicknesses of few tens to few hundreds of nanometres have been 
generated. The oxides, serving as defined models for corrosion products, 
behave as n-type semiconductors with direct band gap of 1.9–2.1 eV. 
When illuminated with photon energies above the band gap, at poten-
tials above the flat band potential, photocurrents and photovoltages can 
be measured. Illumination also increases the corrosion rate of iron 
covered with such films, as well as for polished iron with its native oxide, 
in alkaline and neutral solution. For anodised iron, photocurrents are 
approximately the same as the observed increase in corrosion current, 
with the exception of one special thickness that shows the highest 
corrosion currents. 

The results obtained here are clearly inconsistent with a picture of 
downward band bending in the semiconducting oxide. Photo-
electrochemical experiments are consistent with an oxide layer with 
upward band bending at OCP. Electron–hole pair separation and thus 
the observation of photocurrents is difficult to explain without band 
bending. At the same time, a strong degree of band bending should also 
inhibit cathodic processes, as opposed to the observation. Therefore, it is 
clear that the band structure must be more involved in the system 
investigated here. A possible explanation for the observation of both 
increased anodic currents with low effect on cathodic currents are 
fluctuations — both spatial and temporal — in the band edges. The 
strong disorder in the iron oxides makes the presence of spatial fluctu-
ations likely. Fluctuations on the order of the thermal energy kBT, 
≈25 meV at room temperature, must anyway be accounted for. There-
fore, fluctuations of few tens of millivolt on a band bending which is 
slightly larger can explain the observations from this work. (The alter-
native explanation of specially active cathodic areas is difficult to 

rationalise in a uniform system as here). Oxide dissolution would thus 
occur by hole annihilation through cation ejection into the electrolyte. 
When the ejected cation originates from an iron ion on a lattice site, 
dissolution produces an iron vacancy. Alternatively, interstitial iron may 
dissolve. Illumination increases the fraction of iron that dissolves, as 
evidenced by concentration determination using UV–VIS spectroscopy. 
Increased dissolution is a sign of decreased oxide stability under illu-
mination in alkaline solution. 

The maximum increase in corrosion rate for the non-thermal effect 
was on the order of 1 μA cm− 2, and can in most engineering application 
be ignored. Despite illumination with a powerful thermal white light 
source the differences between corrosion currents comparing illumi-
nated an unilluminated samples is at maximum ≈30%. However, even 
slight differences in the uniform corrosion rate and the respective po-
tentials can be important in the initiation of localised corrosion. In 
addition, if an iron oxide in contact with solution is exposed to strong 
illumination which is sustained over a long period of time, the accu-
mulated effects may become substantial. These considerations may 
apply for photoelectrochemical water splitting, or photocathodic pro-
tection. The derived photocorrosion rates from this work should apply 
for iron oxide based photoanodes. 
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