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ABSTRACT: The oxygen evolution reaction (OER) from water,  
while more stable on transition metal oxide surfaces than others, has  
nonetheless proved to be concomitant with charge-induced surface  
degradation. Since heterogeneous and nanostructured electrodes are  
often used and with a large excitation area, the degradation can be  

difficult to quantify. Here, we utilize single crystalline SrTiO3, highly  
efficient photoexcitation of the OER, and a focused laser to spatially  
define the degradation. A repetitive, ultrafast laser pulse above the  
band gap energy is employed, which allows for highly varied exposure  
of the surface using different scan methods. It also connects the work  
to the OER and its time-resolved mechanisms. By characterizing the  
degradation using optical spectroscopy and electron microscopy, the  
material dissolution constitutes an upper bound of 6% of the charge  
passed in a pH 13 electrolyte, while for pH 7, it reaches 23%; the pH dependence is anticorrelated with the 
ultrafast population of trapped charge. Although a minority component, the remarkable consistency of the 6% 
upper bound in the pH 13 electrolyte across a large range of linearly increasing degradation volumes and 
changing electrode composition defines a dominant lattice dissolution reaction as thermodynamically 
concomitant with the OER. Along with the pH dependence, the elemental composition of the degraded layer 
quantified by energy-dispersive and photoelectron and absorption X-ray spectroscopy suggests the relevance of 
certain chemical cation redeposition reactions. Altogether, using spatially and temporally defined photoexcitation 
of a crystalline surface provides a means to quantify semiconducting transition metal oxide degradation during 
the OER and constricts its mechanisms.  

KEYWORDS: water splitting, oxygen evolution reaction, lattice oxygen evolution reaction, degradation 
mechanisms, metal oxides, time-resolved spectroscopy  

■ INTRODUCTION
  

Water splitting has the potential to produce a clean, renewable, and storable energy source in H2, and water 
oxidation is utilized in conjunction with CO2 reduction for liquid fuels. Yet, the stability of many catalysts used for 
the oxygen evolution reaction (OER) from water is problematic for the continual and sustainable production of 
such fuels.  
The stability can vary significantly across materials and reaction conditions. While the transition metal (TM) 
oxides are generally more stable than the main group compounds, their stability changes down and across the 
periodic table and is pH dependent. Further, small amounts of surface degradation which at the most 
encompassing level is “any destruction of a material under chemical or electrochemical action of the surrounding 

environment”, altering it from the initial one1,2are relevant for long-term fuel production. At electrochemical 
interfaces, the degradation can be purely chemical or charge-induced. For the OER, surface degradation is often 

discussed as having two parts:3 dissolution of the material into the electrolyte and reconstruction of an 
amorphous TM oxide surface from metal cations. The degradation itself is observed by imaging (atomic force 
microscopy, electron microscopy), spectroscopy (X-ray photo electron spectroscopy, X-ray absorption 
spectroscopy, and optical spectroscopy), and elemental analysis (energy-dispersive spectroscopy) post 
catalysis. Some examples of degradation under anodic conditions of the OER by either voltage or light excitation 

include (a) BiVO4 for which Bi and V dissolve into solution,4,5 accompanied by 50−200 nm of the material, 

yielding an amorphous Bi−O layer,4 (b) Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) for which the thickness of amorphous 

regions become >20 nm after >100 cycles,6,7 (c) Sr leaching from SrIrO3 and other iridates (Sr2IrO4, Sr4IrO6),8,9
 

which leads Sr2+ to diffuse and O2− to reorganize into a disordered SrxIrO3 with higher Ir−O content,8 and (d) 



dissolution of rutile TiO2 resulting also in the formation of an amorphous layer of titanium hydroxide.10 The more 
active materials are less stable and, further, degradation through dissolution and reconstruction often creates a 
more stable surface while decreasing activity.11

  
The similarity of the degradation accompanying the OER across all of these TM oxides has suggested that 
common mechanisms are involved. Proposed degradation mechanisms often refer to a Pourbaix diagram,1,12 

which calculates the stability of a material with respect to applied potential and pH. Yet, the OER catalysts are 
found to dissolve and reconstruct in nominally stable regions of the diagram, which has been attributed to 
reaction kinetics associated with nearby instabilities.13 The reaction kinetics of especially oxidizing photo-holes 
has been implicated, with successful surface passivation attributed to judiciously shuttling holes to the OER over 
degradation. Surface passivation has been achieved by controlled deposition often atomic layer deposition of 
thin films of TiO2 and Al2O3, among others.14−18 While the particular mechanism for shuttling holes may be 
different, surface passivation has also been achieved by the electro deposition of thicker metal 
oxide/(oxy)hydroxide overlayers of CoPi, CoOx, or FeOOH.19−23

  

On the other hand, a thermodynamic argument has been made for TM oxide dissolution. The Pourbaix diagrams 
are not constructed during the OER or presume a constant partial pressure of O2. If one utilizes chemical 
potentials during the reactions, the lattice oxygen, O2

−, could already be thermodynamically unstable at the 
Nernstian potential of the OER by a dominant dissolution reaction.3 This dissolution reaction is referred to as the 
lattice oxygen evolution reaction (LOER). For a perovskite with A and B noble metal sites, the LOER occurs by  
 

 
 
The generality of these interpretations suggests that quantifying the degradation would provide key data by 
which to assess whether the degradation is, in fact, thermodynami cally allowed during the OER and, if so, to 
what extent it competes with the OER. This work treats degradation as a product that can be directly compared 
to the oxygen evolution from water. The methodology utilizes a single crystalline and nominally stable TM oxide 
(STO: 0.1% Nb-doped SrTiO3 (100)), highly efficient photoexcitation of the OER, and a spot size defined by a 
laser beam. The spatial definition allows a degradation volume to be associated with the charge passed through 
the photoexcited spot. Furthermore, the methodology utilizes different scan methods, which modulate the 
surface exposed to a repetitive, pulsed laser beam to achieve highly varied degradation volumes. The pulsed 
photoexcitation also allows for an optical probe of the excited state surface.  
The surface is probed using a combination of ground and excited state optical reflectance, electron microscopy 
and spectroscopy, and X-ray spectroscopy. The following essential findings are made: (1) Upper bounds of the 
material dissolution are 6% of the total charge passed for pH 13 and 23% for pH 7 (treating both the dissolution 
and OER as 4- electron processes), (2) a porous TM oxide is left behind, with significant Ti and Sr having 
dissolved, (3) the remaining TM oxide is comprised of local SrO and TiO2 motifs and a larger percentage of Ti 
and O compared to stoichiometric SrTiO3, and (4) the pH dependence of the dissolution is anticorrelated with the 
meta-stable population of trapped holes formed within <2 ps. The remarkable consistency of the upper bound of 
6% in the pH 13 electrolyte over a large range of linearly increasing degradation volume and changing electrode 
composition demonstrates a dominant dissolution reaction to be thermodynamically concomitant with the OER. 
Separately, the value reports on how competitive the LOER is with the OER for STO and the excitation 
conditions chosen here. Finally, the elemental composition of the degraded layer and the pH dependence 
suggest the relevance of certain chemical cation redeposition mechanisms. The results motivate future work 
utilizing these methods on varied crystal structures of titanium dioxides in a larger range of electrolytes and for 
other semiconducting TM oxides that drive OER photoelectrochemistry.  

 
PHOTOELECTROCHEMISTRY OF STO, SCANNINGMETHODS, & SURFACE PROBES  
The oxygen evolution reaction from water is driven by a band gap excitation of 0.1% Nb-doped SrTiO3 100 
(STO) in an electrochemical cell where STO is held at a constant potential of 0 V vs Ag/AgCl for which the dark 
current is negligible. The STO band gap is excited with pulsed 266 nm light (400 fs, 500 Hz) that creates a 
photocurrent. The pump beam has an area of 4.7 × 10−4 cm2 (Figure S1) and results in a quantum efficiency of 
light-to-charge separation of greater than 70% (Figure S2). The fluence is held constant at 0.04 mJ/cm2 such that 
2% of the surface sites are excited by every pump pulse. The resulting steady-state current of 2.5 mA/cm2 for the 
Faradaic OER corresponds to ∼1 O2/site-sec of the illuminated area; in this calculation, all of the surface sites 
are presumed to contribute to oxygen evolution. Predom inantly, the data is taken at pH 13 in a 0.1 M NaOH 



electrolyte. The one comparison made is to pH 7 in a 0.1 M NaSO4 electrolyte. The photo-holes in the VB of the 
STO sit at 2.8 V vs reversible hydrogen electrode (RHE), which results in an over-potential of 1.6 V for the OER. 

The STO electrode in 0.1 M NaOH is chosen for three reasons. First, it is highly selective for the OER. The 
current resulting from ultraviolet photoexcitation on reduced single crystals in 3-electrode configurations like 
ours, with ∼0 V vs Ag/AgCl on the working electrode, a Pt counter electrode, and high quantum efficiency of 
charge separation (∼100% with λ < 330 nm) has been shown to be Faradaic for the OER using mass 
spectrometry24,25 and gas chromatography26 in a NaOH electrolyte. We confirmed approximately Faradaic OER 

(±20%) for our configuration in 0.1 M NaOH using an O2 sensor for excitation by a continuous Xenon lamp and a 
400 fs, 500 Hz laser (albeit with significantly less accumulated charge) in previous work.27 These measurements 
do not preclude minority component side reactions from the solid or the electrolyte. In the 0.1 M NaOH 
electrolyte, side reactions are limited to H2O2 formation and free OH•. Over the years, both have been found to 
be minority components in TiO2;

28 while H2O2 is prone to decomposition, the free OH• production, in particular, is 

measured by coumarin scavenging to be below 1% of the UV photoexcitation.29 The side reactions from the solid 
are the topic of this work.  
 

 

Figure 1. Experimental setup and naming scheme. (A) The cartoon of STO in the electrolytic cell at 0 V vs Ag/AgCl. The 
pump (266 nm, 0.04 mJ/cm2) is normal to the sample surface, while the broadband white light probe is at a 45° angle of 
incidence. Panel (B) shows the increase in current from dark (no pump exposure, ∼0 μA) to light on (0.04 mJ/cm2, ∼1.2 μA) 
for both a continuous scan (blue) and a static scan (red). (C) The cartoon shows the repetition of the pump pulses (blue) and 
the pump-on and pump-off shots of the probe pulses (green). Delay is the time between the pump and probe pulses in the 
on-shot, and acquisition time is the total time spent on the sample, comprising many pump and probe pulses. (D) The naming 
scheme for samples with different scan methods and electrolyte conditions.  
 
 
Second, the metals are in their noble metal configurations, Ti(IV) and Sr(II), in STO. This implicates dissolution 
reactions in which the charge transfer is predominantly associated with oxygen sites. Further, doping by Nb 
leads primarily to delocalized electrons. It has been shown that electrons localized on Ti sites (e.g., Ti(III)) are 
not detectable in the crystal prior to catalysis,30 and those measurements are repeated here. Finally, the 100-
crystal face of the STO electrode was chosen due to previous characterization of its surface termination,30−32 

OER photoelectrochemistry,26 and most recently, transient optical reflectance during the OER.33,34
  

We now turn to the timing of the photoexcitation and the associated scanning methods. A sequence of ultrafast 
266 nm, 500 Hz pump pulses arrive at the sample (Figure 1). For each data point, there is both a time to acquire 
from many repetitive pump pulses on the sample (acquisition time) and a time difference between the pump and 
the optical probe (delay time). The acquisition time is the primary metric of the degradation. The degradation is 
modulated by the scan method (i.e., x−y−z stage motion), and there are two methods: “static scan” and 
“continuous scan”. In the static scan, acquisition times are acquired over multiple spots on the sample that are 
separated by a fixed distance. Each spot is exposed to the 266 nm pump for a fixed amount of time (e.g., 100 
s/spot or 50000 pump pulses within 100 s). In the continuous scan, the sample stage is moved at a fixed rate 
(e.g., 7 or 28 μm/s) while all times are acquired sequentially. The resulting degradation patterns are represented 
by the cartoon in Figure 1A, while the photocurrents are shown in Figure 1B, and the sequence of pump and 
probe pulses is depicted in Figure 1C. Continuous scanning creates rows of degradation on the sample, while 
static scanning creates individual spots of degradation. The important distinction between these two methods is 
that by continuously scanning across the sample, each pump shot arrives on a “clean” sample surface, and so 
sequential time points are treated equally. On the other hand, in the static scan method, the first shot arrives on 
a clean surface, but each sequential shot arrives on an increasingly degraded one. Figure 1D provides a naming 



scheme for the different scan conditions. The letters denote the scan method and speed; sequential letters 
represent increasing acquisition time from a given surface area. The numbers 7 and 13 identify the solution pH. 
Representative photocurrents versus acquis ition time for all of these conditions are reported in Figure S2.  
The surface characterization techniques organize the rest of the manuscript. We start with the optical 
reflectance, which is collected both from the ground (pump off) and excited state (pump on) surfaces. The optical 
reflectance defines the scan methods and identifies the linearity of the degradation with acquisition time when 
the optical probe is sensitive enough to measure it. Next, scanning electron microscopy (SEM) and scanning 
transmission electron microscopy (STEM) were employed to directly observe the degraded volume and quantify 
the degradation with respect to the measured photocurrents. In the next section, energy-dispersive X-ray 
spectroscopy in STEM (EDS), X-ray photoemission spectros copy (XPS), and X-ray absorption spectroscopy 
(XAS) quantify the noble metal dissolution and give an approximate composition for the remaining oxide. The 
last section on transient optical reflectance (TR) compares the changes in the degradation between pH 7 and pH 
13 to the initial concentration of trapped holes. The full list of surface 
characterization and abbreviations used in the manuscript are shown 
in Table 1. A comparable list accompanying Figure S1 orders the 
surface and electrochemical characterization for the Supporting 
Information.  

 
OPTICAL REFLECTANCE

  

Figure 2 reports on the sample degradation by the ground and excited 
state optical reflectance, while the photocurrent evolves in a pH 13 
electrolyte. Continuous scanning results in a constant photocurrent, 
while the static scan method results in a decreasing photocurrent 
during each period (Figure 2A). While the photocurrent is higher 
initially for the static scan, this is due to sample-to-sample variations 
of the exact quantum efficiency of the prepared electrode. Figure 2B 
shows that the ground state optical reflectance remains constant for 
the continuous scan while it decreases for the static scan. Given that 
the static scan involves a decreasing photocurrent, the decrease in 
reflectance can be attributed to a roughened surface that scatters the 
optical probe, which we return to below.  
 

 
The excited state reflectance also changes while the photocurrent evolves and as a function of the scan method. 
Upon photoexcitation, surface-trapped holes create electronic states in the middle of the band gap, as 



determined previously for STO.33,35,36 These states lead to emissive transitions in the UV region (<500 nm) in the 
reflectance, which we probe here at 400 nm. An increasingly negative change in the reflectance from the ground 
state (ΔR) identifies a larger hole-trapped population. However, ΔR also changes with the scan method, as 
shown in Figure 2C. By continuously scanning at faster speeds, the acquisition time from a given surface area 
decreases, and interestingly, the data converge to an unchanging ΔR. This is shown by measuring ΔR for scan 
speeds from 7 μm/s (green trace) to 14 μm/s (purple trace) and finally to 28 μm/s (blue trace). While the ΔR is 
plotted as a function of delay time, appropriate for monitoring the excited state, each increase in scan speed 
represents acquisition times that are indeed a factor of two shorter for an exposed surface area. This is 
described in Figure S3. For the static scan of 100 s/spot (red trace), each time the pump moves to a clean 
surface, ΔR quickly jumps to the same value as ΔR for the 28 μm/s continuous scan, then gradually decreases 
as the acquisition time from the same sample spot increases, only to quickly jump back to the converged signal 
each time the pump is moved to a clean surface. Therefore, ΔR from the 28 μm/s scan is identified as that of the 
nominally clean surface, with negligible contribution from the degradation.  
We now turn to the sensitivity of the optical experiments and the origin of the convergence in ΔR with decreasing 
acquisition time. Optical reflectivity is only so sensitive to surface changes since it can probe the sample bulk. 
This is clearly seen in the ground state optical reflectance (Figure 2B), for which the optical reflectance change 
of the 100 s/spot scan with respect to the continuous scans increases linearly but only past an acquisition time of 
∼20 s (gray bar). Excited state data from ΔR would be more sensitive to changes at the surface due to the 
differential recorded for each data point, but a nonlinearity is nonetheless evident in the convergence of the 
continuous scans. In the following, we determine a minimum acquisition time for which changes due to the 
degradation are seen in the optical reflectance and beyond that they occur linearly with acquisition time. To do 
so, an effective exposure time is defined as the amount the sample had to be exposed to the beam to achieve a 
certain ΔR. Approximate linearity of ΔR with acquisition time for the 100 s/spot scan (Figure S3) is used to 
determine the time needed to achieve the difference between ΔR (or % change in ΔR) in the 7 and 14 μm/s 
scans with respect to the 28 μm/s scan. As shown in Figure 2D, the effective exposure times are 5.9 and 21.5 s, 
respectively, for the two scans; the 28 μm/s scan effective exposure is 0 s. 
 

 

Figure 3. Electron imaging of the degraded layer. (top) STEM images of the cross-sections of samples after 266 nm pump 
exposure for samples A13−C13, comparing a static scan to two continuous scans at different scan speeds. B7 has the same 
continuous scan rate as B13 but in a pH 7 electrolyte. The bright band at the top of the STEM images (above the upper 
dotted red line) is the protective platinum layer deposited during sample preparation. The black band in the center shows 
degradation depth contrasted against the bulk (crystal structure below the lower dotted red line). To the left of the images, a 
cross-sectional cartoon of the degradated layer within the full sample cross-section. (bottom) SEM images for the same 
conditions show the degraded surface area. The red ovals mark the place from which cross-sectional STEM specimens are 
prepared. Dark, oval spots on the sample surface result from static scanning, whereas continuous scanning produces evenly 
spaced lines.  

 
Given the assumption of linearity for the 100 s/spot scan, the % ΔR is linear with effective exposure time. 
However, these changes do not occur linearly with acquisition time: the 14 μm/s should be twice as fast as 7 
μm/s but has an effective exposure time ∼3.6 times shorter. This suggests that for the 14 μm/s scan, we are 
already in a nonlinear regime. Altogether, the nonlinearity in the optical reflectance below 20 s (Figure 2B), the 
association of this nonlinearity also in ΔR for continuous scans with exposure times <20 s (Figure 2D), and the 
approximate linearity of the ΔR in the 100 s/spot scan (Figures 2C, S3) identify that our experiments are 
insensitive to the degradation below ∼20 s acquisition time and subsequently, a linear sensitivity is observed. 
The fact that the 28 μm/s scan optically represents a nominally clean surface is also seen directly by optical 
microscopy (Figure S4). The darkened lines of the 7 μm/s scans are absent in the 28 μm/s scans.  
Finally, we propose a mechanism by which increasing emission (Figure 2C) occurs due to a degraded surface. 



Namely, the degraded surface causes the probe to scatter, such that we collect less light through the lenses, the 
spectrometer, and onto the detector. ΔR is calculated as −log(ION/IOFF), where ION and IOFF are the intensities of 
the probe beam with the pump on and off, respectively. For an intrinsic pump− probe ΔR from a nominally clean 
sample that is emissive (ION/ IOFF > 0), where ION is a sum of IOFF and the increase in probe light due to emission 
(+ΔI), a decrease in counts for the IOFF probe would cause an apparent increase in emission to be observed with 
increasing acquisition time. Further, for a linear decrease of the ground state reflectance, a linear increase in the 
degradation-induced ΔR should be observed.  

 
ELECTRON MICROSCOPY

  

To connect the changes in reflectivity to degradation, the surface and depth of the photoexcited area were 
analyzed by SEM and cross-sectional STEM (Figure 3). The cartoon on the left shows the cross-section of the 
degraded layer imaged using STEM. The cross-sectional sample was prepared by the in-situ lift-out method in a 
focused ion beam microscope. The Pt layers on top of the degraded area were deposited by electron and ion 
beam deposition methods prior to ion milling for protection purposes. Since the sampled area by STEM is 
smaller than the degraded area, the surface flatness across the pristine to the degraded region was confirmed 
by AFM (Figure S5).  
The pristine and photoexcited areas are clearly distinguish able in (secondary electron) SEM images. The 
degraded areas are darker than the pristine, crystalline areas. For the continuous scans of linear velocity (A13, 
B13), even and continuous lines are observed, while for the static scan (C13), the degradation is confined to 
finite area spots, such that the SEM images in Figure 3 (bottom row) reflect the cartoon of Figure 1. These 
observations show that we only need to consider photo-induced degradation. The degraded area for the static 
scan is measured directly from the photoexcited spot in the SEM images. For the continuous scans, the 
horizontal diameter of the photoexcited spot is set to the beam size. Since continuous lines of degradation 
appear in the SEM images, this diameter is arbitrary but should be consistent in the % dissolution calculations 
below. The depth of degradation is determined from cross-sectional STEM images shown in Figure 3 (top row) 
by measuring the thickness of the darkest layer between the Pt and sample bulk. All of the sample conditions, 
each with a full set of SEM and STEM images at different magnifications, are shown in Supplementary Figure 
S6.  
Samples A13, B13, and C13 compare the degradation for a static scan and two different continuous scan 
speeds in a pH 13 electrolyte. The 28 μm/s continuous scan (A13) represents the ideal case, for which 
sequential pump and probe pulses incident on the surface are equivalent according to the ground and excited 
state optical reflectance. However, while we are insensitive to it in optical experiments, STEM shows that a thin 
degradation layer of 3−4 nm exists (Figure 3, top left) even for A13. Increasing surface exposure to the pump 
causes additional degradation. In the pH 13 electrolyte, the 7 μm/s continuous scan (B13) and the 100 s/spot 
static scan (C13) result in degradation depths of 7 and 20 nm, respectively. Considering the degradation depth in 
the ideal 28 μm/s case as a subtracted “background”, this is a 4.7× increase. The effective exposure times for 
B13 and C13 (21.5 and 100 s, respectively, Figure 2D) give a 4.7× increase equivalently. So, the degradation is  
 
 
 

 



 
Figure 4. Chemical composition of the degraded region compared to bulk STO, measured by STEM-EDS. (A) The low 
magnification HAADF image of sample C13 (static scanning at 100 s/spot in the pH 13 electrolyte) showing significantly lower 
material density in the degraded region than bulk STO. The white dotted arrow indicates the measured depth of degradation. 
(B) Representative EDS Sr-L and Ti-K peaks from degraded and pristine STO regions showing significant Sr loss and 
relatively less Ti loss. (C) Bar graph showing the percentage of undissolved Sr (red) and Ti (blue) in the degraded region for 
different samples compared to bulk STO. (D) EDS weight fraction map of O, Ti, and Sr corresponding to the HAADF image in 
(A), showing an increase in O and Ti concentrations and a decrease in the Sr concentration in the degraded layer compared 
to bulk STO. (E) Pie charts show the relative weight percent of each element in the degraded volume for each sample 
condition alongside that of bulk STO.  

linear with acquisition time, at least within the region of linearity defined by ΔR; we return to this below.  
Next, we utilize the depth and areal data from the STEM and SEM images to determine the degraded volume 
(Table 2). A ratio of O2 that could have arisen from this degraded volume to O2 from the Faradaic OER then 
quantifies an upper limit to the dissolution reaction. For example, for the static scan C13, the measured depth 
(20 nm) and area (0.022 mm2) give a degraded volume of 0.44 × 10−6 mm2. The total number of oxygen atoms 
present in that volume is based on the oxygen site density in STO (5 × 1022 cm−3), which for C13 is 2.2 × 1013 

oxygen atoms or 1.1 × 1013 O2 molecules. The Faradaic O2 that could have evolved from the total current is 
obtained by integrating the photocurrent over the acquisition time, 100 s, which for C13 gives 12.5 × 10−5 C of 
charge passed and 19.6 × 1013 O2 molecules (4 e− per O2). For the continuous scans, the horizontal diameter of 
the photoexcited spot used to determine the area from the SEM images is the same as that used to derive an 
acquisition time from the scan speed.  
The fact that the area of degradation (0.022 mm2) is smaller than the full width at half-maximum (FWHM) spot 
area of the beam (0.047 mm2) supports using the SEM and STEM data to calculate the degradation volume. It 
shows that we do not have significant diffusion outside of the excitation area. Further, the areal difference likely 
arises from a uniform excitation area for catalysis in the center of the beam without much influence of the 
unexcited edges. The same is true for the rest of the conditions; the pH 7 electrolyte does have a larger 
degradation area, but only by ∼0.01 mm2.  

Table 2 shows the dissolution percentage calculated with error bars for the different sample conditions. The error 
bar is ±1 nm on the STEM thickness since the AFM line profile from the pristine to the degraded region is flat to 
well within 1 nm (Figure S5). The error bar is ±0.01 mm2 on the SEM area based on the resolution of the images. 
The error on the charge passed comes from the standard deviation in the photocurrent, which is calculated using 
all points collected over the acquisition time appropriate for the degradation volume and for ∼5 representative 
sample areas to get a cumulative standard deviation (Figure S2); since the exact photocurrent for the 1 h spot 
(D13) was used, there is no error reported. Table S1−S3 goes through this procedure in greater detail, along 
with explanations for error propagation. For A13, B13, and C13, the dissolution percentages are 6.4 ± 3.1, 4.5 ± 
1.5, and 5.6 ± 2.5%, respectively.  
 



 

Figure 5. XAS and XPS spectra measured on pristine STO (black curves) and degraded STO after laser exposure for C13 
(blue curves). (A) Ti L3,2 XAS spectra: after exposure, while the spectra show overall Oh symmetry, the eg peaks shift to lower 
photon energy, which can be explained by a distortion of the symmetry locally. (B) XPS Ti 2p core-level spectra: after 
exposure, the Ti 2p levels also show a shift to lower photon energy, and the spectral areal intensity decreases to ∼90% of 
pristine STO. (C) O K XAS spectra: the spectrum measured after exposure shows a decrease in the intensity of the 
unoccupied O 2p orbitals hybridized with Sr 4d and Sr 5sp in agreement with the observed decrease of Sr at the surface. It 
also shows a similar relative intensity of the Ti t2g and eg peaks, which is explained by overlapping peaks related to local SrOx 

separate from TiO2, as described in the text. (D) XPS Sr 3d core levels: after exposure, the intensity of the Sr 3d signal at the 
surface decreases to ∼50% of pristine STO, and the peak shape changes. The best curve fit (red line), following a previous 
procedure (see the text), is obtained by adding a new component shifted by ∼0.9 eV from the Sr 3d pristine STO peaks 
explained by the formation of SrOx. Figure S11 details the spectral intensity decrease reported in panels B and D.  

 
 
The above calculations assume that the dissolution is linear with acquisition time. There are several ways this 
linear relationship is shown by the data: (a) the continuity of the degradation lines with a linear scan velocity, (b) 
linearity in the optical reflectance past the ∼20 s acquisition time, (c) past ∼20 s, the degradation observed by 
imaging increases linearly with the exposure time determined by ΔR (the 4.7× factor described above), (d) in 
STEM images, degradation occurs even for the fastest 28 μm/s scan, and (e) the calculation results in the same 
% dissolution within the error bars for the same reaction conditions (pH 13), but highly varied degradation 
volumes (A13, B13, C13).  
We now turn to sample D13 (Figure S7), which is the hour long static scan. Here, the photocurrent decays over 
long periods of time, which is traditionally utilized as one of the first indicators of degradation during the OER. 
The largest decay occurs in the first half hour and then levels off, like other metal oxides10,13 (Figure S2). 
Somewhat surprisingly, but in line with the analysis thus far, even for an hour on the spot, the contribution of the 
dissolution to the charge passed is 6.9 ± 0.7%, which is again within error, the same as for the rest of the scan 
methods at the same reaction conditions. Thus, the dissolution is a constant percentage of the total charge 
passed through the area, independently of whether the charge is passed through a single spot or across the 
entirety of the surface and, further, for how long.  
 
ELEMENTAL COMPOSITION OF THE DEGRADED LAYER 

Thus far, the surface degradation has been treated as occurring entirely due to the dissolution of the TM oxide 
electrode into the electrolyte from the degradation volume. While this does give a quantifiable % dissolution, an 
amorphous layer separate from the bulk is observed. The amorphous layer could arise from the reconstruction of 
the metal oxide that has not yet dissolved or from cation redeposition reactions from the electrolyte. In this 
section, we detail the elemental composition of this layer using EDS, XPS, and XAS of the electrode post 
catalysis.  
Figure 4 represents the results of elemental analysis by electron spectroscopy (the full data set is shown in 
Figure S7). First, Figure 4A presents a typical high-angle annular dark-field (HAADF) image of sample C13, in 
which the degraded layer appears darker than the STO substrate. Because the HAADF signal is roughly 



proportional to Z1.8, where Z is the atomic number, the lower intensity in the degraded layer suggests that its 
density is significantly lower than the STO substrate. EDS analysis confirms that the lower density is due to the 
loss of material. By comparing the intensity of Sr-L and Ti-K EDS peaks of the bulk to the degraded region, we 
can determine the total dissolution of Sr and Ti from the degradation volume. Figure 4B shows these peaks for 
C13, while they are shown for the full sample set in Figures S8 and S9. The dissolution calculation is done by 
integrating the peak fits. Across the different conditions, approximately 55% of Sr and 20−30% of Ti dissolves 
into the solution. The percentage of undissolved Ti and Sr for A13−D13 are reported by the bar graph in Figure 
4C.  
Figure 4D presents the EDS weight fraction map of O, Ti, and Sr, calculated from the EDS intensity using the 
Cliff− Lorimer ratio technique with k-factors measured directly from bulk STO (see the Supporting Information for 
detail). These weight fraction maps, in which the elemental concentrations add up to unity at each point 
regardless of the material density, show an increase in O and Ti concentrations and a decrease in Sr 
concentration in the degraded layer compared to bulk STO. The degraded layer has a lower density due to the 
dissolution of Sr, Ti, and O, but this new amorphous material has a higher Ti and O concentration and a lower Sr 
concentration relative to stoichiometric SrTiO3. These relative percentages vary across the sample conditions, as 
reported by the pie charts in Figure 4E. Generally, the faster the acquisition (A13 and B13 compared to C13 and 
D13) and the lower the pH (B7 compared to B13), the closer the degraded material is to the bulk stoichiometry.  
The degraded layer was also analyzed by XPS and XAS for sample C13. To denote the degraded layer, spectra 
were taken crossing from the pristine surface to the degraded region using Sr 3d XPS, as detailed in Figure S10. 
We first discuss the titanium core-level data shown in Figure 5A and B. In Figure 5A, the Ti L-edge XAS 
measured in the pristine area (black curve) shows the characteristic lineshape for a perovskite SrTiO3 with the 
intensity of the eg peak similar to the t2g peak and no bifurcation of the eg peak characteristic of rutile and anatase 

TiO2.
37 The Ti eg peak shifts to lower photon energy in the spectrum collected from the degraded area (blue 

curve), but the Ti L-edge maintains the overall lineshape characteristic of octahedral cages. The XAS data is 
taken in total electron yield (TEY) mode. Previous papers on transition metals and rare earth elements report 
values less than 5 nm for the surface sensitivity of TEY, as described by ref 38 and references therein, definitely 
smaller than the thickness of the degraded region.38 The XPS Ti 2p spectrum also exhibits a core-level shift, as 
reported in Figure 5B; the similar shift probed by XPS, which is surface sensitive to within ∼1 nm, also identifies 
the XAS Ti L-edge to probe the degraded layer. The core-level shift can be ascribed to a change in the chemical 
environment surrounding Ti atoms. A similar shift of the Ti 2p XPS was previously seen in annealed TiO2 

samples and assigned to a locally distorted Oh symmetry with a higher oxidation state of the Ti.39 A 

corresponding one in the eg peaks of Ti L-edge XAS on SrTiO3 has likewise been associated with octahedral 
distortions related to defects.40 Therefore, the Ti XAS and XPS data together identify local TiO2 that maintains 
the octahedral cage of the perovskite, albeit a distorted one.  
We now turn to the core-level data from oxygen and strontium. The XAS O K-edge of the pristine sample in 
Figure 5C (black curve) is dominated by the following features, as labeled by the metal orbitals with increasing 
photon energy. The first two peaks correspond to transitions from O 1s to Ti 3d (t2g)-O 2p and Ti 3d (eg)-O 2p 
hybridized orbitals, respectively. The next bifurcated peak and the final two peaks correspond to transitions from 
O 1s to Sr 4d-O 2p, to Sr 5sp-O 2p, and to Ti 4sp-O 2p hybridized orbitals, respectively.41 The XAS O K-edge of 
the degraded layer (blue curve) is markedly different from pristine STO,42 with the Ti t2g and eg peaks of a similar 
magnitude and a much reduced contribution from Sr 4d and Sr 5sp. Since about 50% of the Sr dissolves, while 
significantly less Ti dissolves and, further, in the perovskite, O is 2:1 for Ti and 1:1 for Sr, we should see a 
reduced contribution of Sr in the O K-edge XAS. However, the fact that the Ti t2g and eg peaks are of similar 
magnitude cannot be explained by Sr dissolution alone. Previous XAS data shows that the main peak of the O 
K-edge of SrOx is located at the same photon energy as the O 1s to Ti 3d (eg)-O 2p transition of TiO2, which 
would explain the similar magnitude.43 On the other hand, the O 1s to Sr 4d-O 2p and O 1s to Sr 5sp-O 2p 
transitions of SrOx would remain reduced compared to STO since they are not overlapping with any Ti-related 
features. Therefore, the O K-edge of the degraded layer is consistent with a composite of separate TiO2 and 
SrOx local structures, albeit with a higher TiO2 content. Lastly, XPS Sr 3d spectra in Figure 5D show that the 
primary contributions to the degraded layer (blue curve) are Sr 3d peaks at 0.9 eV higher binding energy than for 
pristine STO (black curve). Assigned previously and especially for Sr defects within SrTiO3,

44,45
 this shift 

conclusively identifies the formation of local SrO separate from TiO2. The XPS data for Ti 2p and Sr 3d shown in 
Figure 5B and D were also utilized to corroborate the Ti and Sr dissolution seen by EDS. Finding a ratio of the 
integrated peak area in the degraded region to the pristine surface gives a value for the undissolved percentage, 
which is approximately 50% for Sr and 90% for Ti. The analysis for several spots is shown in Figure S11. The 
dissolution percentages of Sr and Ti from XPS data are in line with the ones calculated from EDS data for the 
C13 sample (undissolved: 40% Sr, 80% Ti), even if discrepancies in the obtained numbers can be noticed. A 
possible reason for the underestimation of the dissolved atomic percentages in XPS analysis is the lower density 
of the degradative layer with respect to the pristine STO that can be translated into an increase of the mean free 
path of the photoelectrons emitted from the degraded layer and consequently a higher probed volume.  



The XPS Ti 2p data were also analyzed for the presence of Ti(III), as shown in Figure S12. On the pristine 
surface, no Ti(III) is observed, even in resonant XPS. Further, XPS and resonant XPS together quantify a 
minimal contribution within the degraded area (<3%). So, while oxygen dissolves and could leave some 
vacancies behind, Ti(III) remains a minority species.  

 
TRANSIENT OPTICAL REFLECTANCE AND PH DEPENDENCE

 

We now address the pH 7 conditions for which a clear change in the 
dissolution percentage from pH 13 is observed. For the same scan 
method, identical calculations give 23 ± 3.9% at pH 7 (B7) as compared 
to 4.5 ± 1.5% (B13) at pH 13 (Table 1, Tables S1−S3). In the following, 
visible broadband TR is utilized to identify correlations between (a) the 
degradation and our converged, emissive kinetics and (b) the pH 
dependence of the dissolution percentage and that of the trapped hole 
population. The first objective builds upon previous work to further 
assign the emissive signal to trapped holes rather than degradation for 
fast enough scans, but now by directly imaging the degradation. The 
second objective informs on potential degradation mechanisms and 
their timescales, motivating future work on more detailed pH 
dependencies.  

Figure 6A and B shows TR of the surface at pH 7 and pH 13 using a 
broadband optical probe (1.8−3.3 eV) through a nanosecond. As shown 
in detail previously, the absorptive  (red) transition is not pH dependent 
in this time range, while the emissive (blue) transition is highly pH 
dependent.33

 Further, the pH dependence arises from the emissive 
population created <2 ps;33,46 there is another rise in the emissive 
population around ∼60 ps, but this is not pH dependent. The hole-
trapped population is associated with Ti−OH* or a proton and electron 
transfer from a surface absorbed site. The assignment derives from a 
precise time constant (1.3 ps) for its formation corroborated by 
vibrational  (THz, mid-IR) spectroscopy35,47 and the increasing emission 
with pH. Finally, the pH dependence shown here at the two end points 
can be tracked continuously with pH, resulting in a Langmuir reaction 
isotherm.33

 Nonetheless, we now test this assignment directly from the 
point of view of surface degradation, which also results in an emissive 
optical signal. In Figure 6C, kinetic traces at 400 nm for pH 7 and pH 13 
are extracted such that they can be compared with the data in Figure 2 
and Table 1. The broadband optical data were taken with the 7 μm/s 
scan rate to minimize degradation but also allow for efficient sample 
use. While the ΔR for pH 13 is a factor of 2−3 larger than for pH 7, the 
same data taking results in 5×’s less degradation at pH 13 (4.5%) than 
at pH 7 (23%) (Table 2). Therefore, for fast enough continuous scans, 
the pH-dependent, emissive ΔR is anticorrelated with the pH-
dependent surface degradation. The anticorrelation of the emission with 
the degradation is depicted in the bar graph of Figure 6D, for which the 
STEM measured depth is plotted next to the integrated emissive signal 
of the kinetic traces. Thus, by utilizing short enough acquisition times, 
we minimize the emissive signal due to degradation and converge to 

the kinetics of the Ti−OH* population. Given this assessment, the 
imaging and transient reflectance data together imply that there is also 
an anticorrelation between the total trapped hole, Ti−OH* population, 
and the extent of surface degradation. Often, the amount of charge 
created at the surface per unit timeeither through shorter laser pulses 
with higher peak power or higher fluence for a given laser pulse is 
associated with more degradation. For the pH-dependent data, the 
same photoexcitation fluence (0.04 mJ/cm2) was maintained, and it 
resulted in a similar total charge passed through the spot (Table 2, B13 
and B7). Given that the total charge passed was constant, 



anticorrelation between the Ti−OH* population and the surface degradation would imply that a larger population 
of trapped charge created at early times (<2 ps) is not concomitant with more degradation. There are two 
possible explanations. One is that the % dissolution is too small to be observed separately from the total trapped 
charge. The other is that the degradation occurs at much longer timescales. The transient spectroscopy does 
give a view of the meta-stability of the Ti−OH* population, which reports on how long the pH dependence of this 
population is anticorrelated with the % surface dissolution. The trapped hole, Ti−OH* population, is stable 
through a nanosecond, as shown here (Figure 6A,B), and through a microsecond, as shown previously.34 One 
consistent view of the data is that a small % of charge branches off for degradation past a microsecond, while 
the reaction steps of the OER occur prior.  
 

DISCUSSION  

The electron imaging (STEM, SEM) and optical reflectance (ground and excited states) show that a portion of 
STO dissolves into the electrolyte, which consumes an upper limit of 6% of the total charge passed at pH 13 and 
23% at pH 7. The dissolution reaction is explicitly charge-induced, rather than chemical, since the electron 
imaging clearly separates the laser beam-induced damage from the bare electrode/electrolyte contact. It also 
occurs concomitantly with the photo electrochemical OER from water since the dissolution comprises a minority 
of the photocurrent and other side reactions are minimized for STO in the NaOH electrolyte. The degradation 
occurs linearly with acquisition time or time exposed to the pump beam. A similar percent dissolution occurs 
whether the photocurrent arises from new areas of the electrode continually exposed, the same excitation spot, 
and whether for seconds or hours. The elemental analysis (EDS, XPS, XAS) shows explicitly that Sr and Ti 
dissolve into the electrolyte and that the remaining electrode material has an amorphous structure of local TiO2 

distorted octahedra, local SrOx, and higher concentrations of Ti and O relative to the bulk. In the following, we 
explain these results using first a LOER dissolution reaction and second A-site and B-site cation redeposition 
reactions, which are consistent with the degraded electrode material. The discussion concentrates on the pH 13 
condition but addresses potential mechanisms for pH depend ence.  
These reactions have been proposed by several studies of surface degradation of metal oxides during the OER. 
We follow here the reactions and arguments within ref 3 that provides a general context for the dissolution and 
reconstruction of TM oxide electrodes during the OER.3 Further, the specific delineation of reactions there 
applies to TM oxides without a change in the oxidation state of the metal, appropriate for “noble” transition 
metals Ti(IV) and Sr(II) within STO.  
A lattice oxygen evolution reaction (LOER) that dissolves the electrode can arise from the instability of the 
oxygen anion in the TM oxide lattice. To summarize the argument, the chemical potentials within the LOER are 
not independent of the OER, which derives an over-potential for the LOER that is larger than or equal to the 
OER. While many oxides are found to be stable at OER potentials by Pourbaix diagrams, these diagrams 
presume that O2 is not evolving or, more explicitly, the oxygen partial pressure is always in equilibrium. For a 
perovskite with A and B noble metal sites, the LOER occurs by reactions 1 and 2 in the introduction.  
For STO, the A-site is the dissolution of the 2+ cation, Sr2+, and the B-site is the dissolution of the 4+ cation, Ti4+. 
Thus, reactions 1 and 2 mean that for every oxygen in the SrTiO3 lattice, 1/2 O2 and 2 e− are released in the 
LOER, such that 1/ 2 O2 arises from the Sr dissolution and one O2 arises from the Ti dissolution. Equivalently, 4 
e− are consumed for each O2 released, which was utilized to calculate the percent dissolution in Table 2. Since 
the total degradation volume was utilized for the calculation, and the electrode material does remain, this 
percentage represents an upper limit.  
Overall, the reactions are appropriate since the material from the electrode is dissolved, and electrons occupy 
the oxygen orbital valence band within the electronic structure of STO. However, further, more detailed 
assessments from the data can be made. Common chemical potentials within the LOER and the OER are the 
underlying thermodynamic argument for dissolution during the OER. If so, then the amount of dissolution 
compared to the photocurrent should depend on the type of TM oxide and the over-potential at a particular 
reaction condition but should be independent of details such as the history of the electrode exposure and for how 
long the reactions occur. Indeed, the experiment maintains a constant current density (2.5 mA/cm2) across all 
samples by the same fluence (0.04 mJ/cm2), quantum efficiency (>70%), and applied potential (0 V vs Ag/AgCl), 
which demonstrates a consistent over-potential for photo-holes, whether at the nominal VB edge (2.8 V vs RHE) 
or a shifted one. Then, at a given pH, we obtain the same percent dissolution, regardless of whether a 
continuous or static scan method was employed and for highly varied acquisition times. Conversely, had kinetic 
processes from the electrolyte or electrode been decisive for the amount dissolved, different % dissolutions 
would have been obtained as the electrode evolves into an amorphous structure. This is especially anticipated 
for the hour spot for which the current degrades substantially (by ∼50%) and a thick 100 nm layer forms, and 
yet, the percentage of the total current that goes toward dissolution remains, within error, the same. The linearity 
of the degradation with acquisition time translates to a large range of linearly increasing degradation volumes 
across which we obtain a remarkably consistent % dissolution, such that the product (the degradation volume) 
evolves continuously as anticipated for a thermodynamically driven reaction. Another way to say this is that for a 



given over potential for the OER at a particular reaction condition, the competition between the OER and the 
LOER is the same regardless of the history of the electrode. As such, we can really think of the chemical 
potential of the reactants within both as defining two concurrent reactions and, further, one dominant dissolution 
reaction that competes with the OER.  
The LOER should be considered separate from recon structed phases in Pourbaix diagrams. For STO, there are 
several stable phases as a function of potential and pH. At the potential of the nominal VB that drives the OER 
with photo holes (1.6 V over-potential for the OER) and for pH > 7, the stable phase predicted is a reconstructed 
one with 3 monolayers of TiO2 and inclusive of O* intermediates.12

 While this phase may be achieved by a 
concurrent reaction, the same % dissolution despite the history of the electrode means that one dominant 
dissolution reaction (e.g., LOER) defines the degradation layer volume. We note that rutile TiO2 is similarly 
nominally stable in Pourbaix diagrams over a large range potential-pH range but also exhibits degradation.4  

A way to further test these conclusions is to apply the same methodology to other facets of STO and to the 
diversity of crystal geometries within titanium dioxides, which would modulate the ease with which O2 is extracted 
by the LOER from a similar electronic structure. It would also be important to apply the methodology to other TM 
oxides, which modulate the hybridization of oxygen with the metal site. Interestingly, a degradation volume of 
20−100 nm is also found after electrochemical cycling on the OER electrode BaSrCoFeO (BSCF82), and a 
similar procedure was utilized to estimate the contribution to charge passed.7 While this suggests that non noble 
semiconducting TM oxides could be subject to a form of the LOER, an important distinction is that the metallic 
TM oxides in later rows of the periodic table (e.g., RuO2 and IrO2) have proven more stable under 
electrochemical cycling.48

  

We next turn to the cation redeposition reactions, which can cause the appearance of an amorphous metal oxide 
within the degradation volume. The AFM line profiles show that while the electrode has dissolved into the 
electrolyte, another porous material has filled the volume up to essentially the same level as the initial surface. 
The elemental analysis by EDS shows that while we definitively lose Sr (∼50%) and Ti (∼20−30%) to the 
electrolyte, the relative ratios of the elements in the remaining amorphous metal oxide are lower for Sr, and 
higher for Ti and O compared to stoichiometric SrTiO3.  
We consider two simplified cation redeposition reactions. One is the cation redeposition reaction for the B-site of 
the perovskite  
 

 

Since this cycle does not involve any electrons other than that evolving the O2 to create Ti4+, the redeposition 
would be entirely chemical and could be described, in basic conditions, by  

 

The Ti cation redeposition reaction is further supported by the XAS and XPS data in the following way: a TiO2 

local structure separate from STO is seen by the distorted Oh environment of the Ti L-edge XAS and Ti 2p XPS. 
Furthermore, the resonant XPS and XPS together show that while Ti(III) is present, it is a minority species (<3%) 
and therefore electron transfers are not prominent in the redeposition.  
A possible cation redeposition mechanism for the A-site of the perovskite is  

 

This cation redeposition reaction is further supported by XPS data of the Sr 3d core levels that distinctly show 
the formation of local SrO. The composite O K-edge XAS of local TiO2 and SrO supports both cation 
redeposition reactions.  
The extent to which both redeposition reactions take place at pH 13 can be assessed from the Ti and Sr 
elemental dissolution. With a total of 70−80% undissolved Ti by EDS (∼90% by XPS), the Ti cations are either 
redeposited or did not leave. With a total of 50% undissolved Sr by EDS and XPS, 50% of the Sr cations are 
either redeposited or did not leave. Given that there is an amorphous TM oxide, the redeposition reactions are 
expected at least to compete with the LOER dissolution reaction. Given that more Sr is dissolved than Ti, we 
anticipate the B-cation redeposition reaction to be more effective, as has been suggested previously (CoOx and 
BaSrFeCoO).6,7 The preferential redeposition of the B-cation is also consistent with a higher O content in the 
amorphous metal oxide since more O redeposits with Ti than Sr.  



On the other hand, at pH 7, the relative elemental percentages from the EDS weight ratios show that the 
remaining material is closer to the stoichiometry of bulk STO. Given the basic conditions required for both cation 
redeposition reactions and a preference for B-cation redeposition, repopulating TiO2 within the degradative 
volume would be more efficient at pH 13 than pH 7. We also observe a larger degradation volume at lower pH, 
which would suggest that the cation redeposition reactions compete with the LOER to limit the dissolution at 
higher pH. However, an under standing of these mechanisms would require a more detailed pH dependence and 
the exploration of acidic pH, both of which motivate future work.  
Though they naturally explain a local octahedral TiO2 separate from SrOx, these redeposition reactions are 
certainly simplified. Indeed, surface reconstructions predicted by Pourbaix diagrams could also lead to higher Ti 
and O content at higher pH.12 It is also possible that excess O−O bonds are formed in a variety of configurations 
with Ti and Sr cations, though the dominant octahedral environment is preserved. Another possible reaction 
includes the formation of oxy hydroxides,4 with additional O and H within SrO and TiO2. Further, the exact 
elemental composition of the degraded layer does seem to depend on the scan method, with less change from 
the bulk stoichiometry for lower acquisition times. The redeposition reactions will occur concomitantly with the 
LOER, which changes the reactant Ti4+ concentration near the electrode dynamically and likely in ways that do 
depend on diffusive processes and electrode morphology.  
Finally, we address future work that could take advantage of the quantification of the dissolution observed here. 
While the competition between the LOER and the OER is the same for the different sample conditions at a given 
pH, the OER is favored. The question is whether we can understand the favorable kinetics and then control them 
to reduce the degradation further. Multiscale and multiphysics models of main group semiconductors have been 
employed to define photostability as a percentage of the current going to the OER over degradation, which is the 
same as our metric here;49 the models are carried out as a function of surface potential and charge transfer rate. 
With the experimental conditions and the metrics given here, the same analyses could be applied to TM oxides. 
Passivation methods for degradative photo-holes rely on another material accepting the holes that would 
otherwise go to degradation and, in certain cases, shuttling them to the OER instead.13−22 Here, the transient 
spectroscopy shows that the total trapped charge going to either the OER or the LOER is anticorrelated with the 
percent dissolution through pH, which in and of itself suggests that there are multifaceted pathways for 
controlling the degradative holes. Another proposition based particularly on the use of an ultrafast repetitive laser 
is to modulate the timing of the laser pulses to alter when and how much charge reaches the surface.  
 

CONCLUSIONS  

By utilizing spatially and temporally defined photoexcitation of a single-crystal surface, STO, the work quantifies 
a dominant electrode dissolution reaction (represented by LOER) to be thermodynamically concomitant with the 
OER but nonethe less a minority component. The competition between the LOER and the OER is set by the 
over-potential of the electrode and independent of the history of the electrode exposure to the OER, as 
demonstrated by a remarkably consistent % dissolution despite linearly increasing degradation volumes and a 
changing electrode composition. Such a finding motivates future studies on whether this degradation mechanism 
is general for early transition metal, semiconduct ing oxides. Cation redeposition mechanisms, chemical in 
nature, are identified primarily by the elemental analysis of the remaining porous and amorphous TM oxide and 
the pH dependent degradation. The quantification of the electrode dissolution reaction by an upper bound that is 
anticorrelated with the total surface-trapped charge also suggests that avenues to further suppress the 
degradation exist.  
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