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ABSTRACT: Photoelectrochemical (PEC) water splitting is a promising energy
conversion technology based on the harvesting of sunlight to produce green ialiabvin
hydrogen. One of the major challenges hindering the development of PEC devices
is the stability of photoanodes since most semiconductors are susceptible to anodic
decomposition in aqueous solutions. While hematite (a-Fe,0;) has been regarded
as one of the most stable metal oxides to drive the oxygen evolution reaction in
alkaline media, its photostability in a broad pH range is poorly investigated. In this Rsﬂ e
work, we study the dissolution of model Fe,O; thin films in different electrolytes, @[, L
including unbuffered and buffered neutral, near-neutral, and alkaline solutions,
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using on-line PEC inductively coupled plasma mass spectrometry. Fe leaching is

observed in all studied unbuffered electrolytes under irradiation while phosphate-buffered electrolytes reveal a dramatic stability
enhancement at all pHs. The latter might imply that phosphate buffers either alleviate local acidification in the close vicinity of the
electrode—electrolyte interface during the reaction or that specific adsorption of phosphate anions at the a-Fe,O; surface could
mitigate dissolution. Furthermore, we explore the long-term stability of a-Fe,0; using a three-electrode bulk PEC cell. In the long
run, phosphate buffers do not represent an optimal electrolyte choice either, as the surface Fe oxide gradually converts to Fe
phosphates that are not photoelectrochemically active. Our work demonstrates that photocorrosion of Fe,O5 within electrolytes that
are commonly used in the literature is not negligible and should be considered for designing stable semiconductor interfaces.

1. INTRODUCTION

The depletion of fossil fuels and the global climate crisis have
made it imperative to harvest renewable energy sources.
Therefore, transforming solar energy directly into chemical
bonds has drawn great attention in the scientific community as
a sustainable solution for energy storage.' > Photoelectro-
chemical (PEC) cells directly use the energy of sunlight to
produce energy-dense fuels, e.g., green hydrogen. In typical
PEC cells, n-type semiconductors are used as photoanodes to
drive the oxygen evolution reaction (OER). P-type semi-
conductors are applied as the photocathode where, depending
on applications, the hydrogen evolution reaction (HER) and/
or carbon dioxide reduction reaction (CO,RR) or other
cathodic reactions take place.

One of the longstanding challenges in PEC water splitting is
finding semiconductor photoanode materials that can with-
stand the harsh OER conditions in broad potential and pH
ranges.B’4 Photoanodes based on metal oxide materials, such as
ZnO, TiO,, WO,, BiVO,, or a-Fe,0; (herein denoted as
Fe,0;), have been extensively studied due to their natural
abundance, low cost, and high PEC water splitting activity, as
well as their chemical stability.”~® However, the lifetime of the
PEC devices containing these semiconductors is usually in the
range of hours or several days,”™"" still far apart from what is
required for practical applications. Indeed, a techno-econom-
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ical analysis has set a lifetime of at least 7—10 years for a solar
module to be economically feasible.'” It is obvious that on the
way toward stabilizing PEC devices (either through optimizing
materials or operational conditions), fundamental research on
the mechanisms of degradation processes, for example,
photocorrosion, is indispensable.

Photocorrosion is a degradation process that takes place
when photogenerated charge carriers participate in the self-
oxidation or self-reduction of the semiconductor photo-
electrode rather than driving the desired redox reactions, e.g.,
OER and HER. Gerischer et al. defined the thermodynamic
stability criteria for different semiconductor materials im-
mersed in aqueous electrolytes.'”~'> A photoanode is stable
against anodic photocorrosion if the self-oxidation potential is
more positive (relative to the standard hydrogen electrode
(SHE)) than the O,/H,0 redox potential or the valence band
maximum. However, thermodynamic schemes only indicate
the spontaneity of the reactions. Competition between the
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OER and self-oxidation is highly influenced by the kinetic
parameters of both the OER and photocorrosion.

Out of the most promising oxides, Fe,O; has been
extensively studied as a metal oxide photoanode for the PEC
OER due to its narrow band gap (1.9—2.2 eV), appropriate
conduction band position for water oxidation, abundance, and
nontoxicity. Nevertheless, Fe,O; has inherent disadvantages,
such as short-hole diffusion length (2—4 nm) and poor
conductivity, hindering the transport of holes toward the
interface to oxidize water.'®!” To tackle these, nanostructuring
and doping were adopted as strategies to improve the PEC
performance.'®™*° Less has been done with regard to the
photostability of Fe,Oj;-based photoanodes in different
electrolytes. While alkaline, neutral, and near-neutral electro-
lytes are typically considered,”' ~** linking the pH shift in near-
neutral electrolytes to in situ Fe,O; dissolution was recently
demonstrated.”” The stability of Fe,0; photoanodes modified
with Ir molecular catalysts (Fe,O; + Ir MC) was studied in
unbuffered solutions at different pH values using on-line mass
spectrometry in a newly published work.”” Fe,0; was the least
stable under near-neutral conditions (pH S.7), mainly due to
local pH shifts as a result of generating H* during the OER.
The work highlighted that pH is a crucial parameter for the
activity—stability of the Fe,O; + Ir MC system, calling for a
more detailed study of the stability of bare Fe,O; photoanodes
in different pHs and electrolytes. Several works have revealed
the increased photocorrosion of Fe,O; in acidic electro-
lytes.”>*°~** However, detailed information about the rates of
Fe dissolution and its dependence on the electrolyte species
and pH is still missing. This knowledge is of relevance since
Fe,O; has been used to construct photoanodes to drive the
PEC water splitting in mild conditions (neutral electro-
lytes).”> ™ Recently, coupling on-line inductively coupled
plasma mass spectrometry (ICP-MS) to PEC measurements
has provided novel insights into the light-triggered photo-
degradation of WO;, BiVO,, and TiO, photoanodes,‘m_43
proving to be an excellent approach to reveal different
degradation pathways.

In this work, we systematically investigate the photo-
corrosion of nanostructured Fe,O; model thin film photo-
anodes in neutral, near-neutral, and alkaline electrolyte
solutions by using different buffered and unbuffered solutions.
To assess the stability quantitatively, we use a photo-
electrochemical scanning flow cell (PEC-SFC) coupled to
on-line ICP-MS (PEC-ICP-MS) to detect metal dissolution
during the OER. Moreover, we performed long-term measure-
ments in a bulk cell using the same buffered and unbuffered
electrolytes to contrast with the results obtained with the PEC-
ICP-MS setup and gain insight into degradation processes
occurring at different time scales. We demonstrate that
photocorrosion of Fe,O; highly depends on the nature of
the electrolyte, the pH, and the time scale of the experiment.

2. MATERIALS AND METHODS

2.1. Synthesis of Hematite Nanorods. Fe,O, nanorods
were synthesized on a fluorine-doped tin oxide (FTO) glass
substrate (TEC1S, Sigma-Aldrich) using an adapted hydro-
thermal method. In a typical experiment, a piece of cleaned
FTO (2.5 cm X 2.5 cm) was immersed in 15 mL of aqueous
solution containing 0.1 M FeCl;-6H,0 (>99%, Sigma-
Aldrich), 0.1 M NaNO; (>99.0%, Sigma-Aldrich), and 15
uL of concentrated HCl 34%. The reaction was conducted
using a 50 mL Teflon-lined reactor at 100 °C in a convection

oven for 2 h. The obtained uniform FeOOH film was
thoroughly rinsed and ultrasonicated with deionized water to
detach any loosely adsorbed nanoparticles. The substrates were
annealed on air sintered at 550 °C for 3 h to transform the
FeOOH films into Fe,O; and further sintered for 10 min at
800 °C.

2.2, Optical and Morphological Characterization.
Visible absorption spectra were acquired using an optical
spectrophotometer (OceanOptics) equipped with a deute-
rium—halogen light source (DH-2000-L) and an HR4000
spectrometer.

The structure of the synthesized Fe,O; thin film was
investigated by scanning electron microscopy (SEM). The
imaging was conducted using a Zeiss Crossbeam 540 focused
ion beam scanning electron microscope (FIB-SEM) with a
Gemini II column (Carl Zeiss AG) applying an accelerating
voltage of 3 kV. The FTO glass substrates were attached to
aluminum SEM specimen stubs with a double-sided adhesive
copper tape for surface imaging. For cross-sectional imaging,
the sample was fractured along a breaking edge received by a
diamond scriber. Afterward, the sample was fixed vertically on
an SEM-slotted specimen stub. The conductivity of the
samples was improved by gold sputter coating (108 Manual
Sputter Coater, Cressington) and using a conductive silver
tape.

High-resolution scanning transmission electron microscopy
(HR-STEM) was performed using a Talos F200i instrument
from Thermo Fisher Scientific operated at an accelerating
voltage of 200 kV. The microscope features an X-FEG and a
Dual Bruker XFlash 6l100 energy dispersive spectroscopy
(EDS) detector. The beam current was set to 240 pA, and a
high-angle annular dark field (HAADF) detector was used for
imaging.

2.3. PEC-ICP-MS Measurements. Photoelectrochemical
measurements were carried out with an experimental setup
reported previously.** An electrochemical scanning flow cell
(SFC) made from polytetrafluoroethylene was coupled to the
counter electrode (graphite rod), the reference electrode
(Metrohm Ag/AgCl, 3 M KCl), and an inductively coupled
plasma mass spectrometer (ICP-MS; PerkinElmer NexION
300) by Tygon tubing. The working electrode was fixed on a
movable, LabView-controlled XYZ stage (Physical Instru-
ments), making contact with the SFC opening (0.059 cm”
area). The working electrode was contacted with a copper
tape. Electrochemical measurements were controlled with a
Gamry Rerence 600 potentiostat. Measured potentials were
converted to the reversible hydrogen electrode (RHE) by
using the following equation: Epyg = Exgiagey + 0.197 V + 0.059
pH.

The optical arrangement of PEC-ICP-MS was described
previously.* In brief, the light was emitted from a 300 W
ozone-free Xe lamp (Newport), passed through an AM 1.5G
filter (Newport), and channeled into the PEC-SFC via a liquid
light guide (Newport). The light intensity at the opening of the
SFC was adjusted to 100 mW cm™ every day prior to
measurements, using a calibrated photovoltaic cell normalized
to an illumination area of 0.059 cm® Electrolytes were
prepared fresh every day. The unbuffered solutions were
prepared as follows: S0 mM NaClO, (Acros Organics) was
used as a neutral electrolyte, 50 mM NaClO, with the addition
of small aliquots of concentrated NaOH-H,O (99.99%
suprapur, Merck) was used as a near-neutral electrolyte, and
50 mM NaOH was used as an alkaline electrolyte. The
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buffered electrolytes were prepared according to the following
description: a solution of 25 mM K,HPO, (99.995% suprapur,
Merck) and 25 mM KH,PO, (99.995% suprapur, Merck)
served as a neutral electrolyte, 50 mM K,HPO, was used as a
near-neutral electrolyte, and a solution based in 50 mM
K,HPO, and 25 mM NaOH was used as an alkaline solution.
All solutions were prepared with deionized (DI) water (Merck,
Milli-Q). The pH value of all solutions was controlled before
the experiments. The electrolyte reservoir was continuously
purged with Ar (5.0, AirLiquide).

ICP-MS was calibrated every day for Fe with freshly
prepared standards (Merck Certipur) in the respective
electrolyte with a four-point calibration (0; 0.5; 1.0; 5.0 ug
L™"). A Co solution of 10 ug L™" concentration served as the
internal standard. To avoid the “°Ar'0" interference with
SoPe*, a dynamic reaction cell was used, with a methane gas
flow of 0.8 mL min™".

2.4. Bulk-Cell Measurements. The long-term measure-
ments were performed using a commercial PEC three-
electrode cell (PEC 15 X 15 mm? redox.me), formed by a
AglAgCl reference electrode and a graphite rod as the counter
electrode. The light source was provided by the same optical
arrangement used in PEC-ICP-MS, using a liquid light guide to
irradiate the working electrode from the back (0.5 cm?). The
electrolyte was purged with Ar (5.0, AirLiquide) 1S min prior
to each measurement, and an Ar flux was maintained through
the gas inlet/outlet of the bulk cell during the measurement.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Nanostruc-
tured Fe,0;. Conclusions in our study are valid only if the
photocorrosion measurements are performed on ideal model
systems that bear similar morphology, electronic properties,
and PEC activity to the Fe,O; photoelectrodes reported in the
literature. Therefore, uniform nanostructured Fe,O; films were
prepared using a hydrothermal method and a two-step
annealing protocol.*’ In this work, a first annealing step of 3
h at 550 °C was performed to convert the FeOOH obtained
from a hydrothermal deposition method to Fe,O;. A second
annealing step of 10 min at 800 °C was included to activate the
samples.” All of the characterizations and results presented in
this work correspond to hematite photoanodes prepared with
the two-step annealing protocol.

The morphology and thickness of the Fe,O; thin films were
characterized by scanning electron microscopy (SEM). Figure
la shows that the prepared photoanode consists of uniformly
distributed nanorods with diameters of ca. 70 nm. The cross-
sectional view (see Figure 1b) reveals that vertically aligned
nanorods were obtained, with lengths in the order of 200 nm.
The optical properties of the film were characterized using
ultraviolet—visible (UV—vis) absorption spectroscopy. The
optical band gap was estimated from a Tauc plot (see Figure
1c) using the UV—vis spectrum, shown in Figure S1 in the
electronic Supporting Information (SI).*” The determined
band gap of 2.06 eV is in good agreement with the indirect
band gap values found in the literature for Fe,O; nano-
rods.*** The crystal structure of the prepared nanorods was
characterized using selected area electron diffraction (SAED)
(Figure S2a). The theoretical model of Fe,O; powder
diffraction indicated with red lines agrees well with the
measured SAED pattern indicating the phase of Fe,O; to be
mainly hematite (a-Fe,O;). Further, measured lattice plane
distances, as shown in Figure S2b, are also in good agreement
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Figure 1. Characterization of the synthesized Fe,O; thin film. SEM
images: (a) top view and (b) cross-sectional view. (c) Tauc plot
obtained from the UV—vis spectrum. (d) Chopped linear sweep
voltammetry under irradiation with different annealing protocols
recorded at a scan rate of 10 mV s™". (e) Incident photon to current
efficiencies at 1.23 Vpyg. All PEC measurements presented in this
figure were conducted in a SO mM NaOH solution.

with the theoretical model using the lattice parameters of
Fe,0,.%"

Pristine Fe,O; nanorods typically have low incident photon
to current efficiency (IPCE) values when no elemental dopants
are added or low annealing temperatures are used.”' —>* The
PEC performance of the vertically aligned nanorods was
characterized using the photoelectrochemical scanning flow
cell (PEC-SFC) setup.** As can be observed in Figure 1d, the
two-step annealing remarkably improves the obtained photo-
current. The diffusion of Sn** from the tin oxide substrate into
the Fe,O; nanostructures was reported for annealing temper-
atures above 650 °C.>* Therefore, at 800 °C, Sn*" impurities
could incorporate into the Fe,Oj; lattice as dopants, improving
the photoelectrochemical properties of the photoanode. To
corroborate if Sn diffused into the nanorods during the two-
step annealing, the composition of Fe,O; was analyzed using
STEM energy dispersive X-ray spectroscopy (EDXS), and we
observed indeed the presence of Sn (0.5 atom %)
homogeneously distributed along the nanorod structure. The
IPCE was measured at different wavelengths using mono-
chromatic light in the alkaline electrolyte. The results are
presented in Figure le, showing that the obtained IPCEs are in
the range of state-of-the-art values found in the literature for
Fe,0; nanorods (e.g, ~16% at A = 400 nm).**** In summary,
the hydrothermal method used in this work was successful in
obtaining Fe,O; nanorods with optical, morphological, and
PEC properties comparable to those reported in the literature.
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3.2. Photoactivity and Stability of the Fe,0; Films in
Different Electrolytes and pHs. After ensuring that the thin
films possess the desired physicochemical properties, their
photoactivity and photostability were systematically charac-
terized in:

(a) unbuffered alkaline (pH = 12.7), near-neutral (pH =
9.5), and neutral (pH = 6.4) solutions;

(b) buffered alkaline (pH = 11.7), near-neutral (pH = 9.5),
and neutral (pH = 7.0) solutions.

The selected pHs are the most commonly used to
characterize Fe,O; photoanodes.”” >****” Unlike the majority
of previous reports of PEC-ICP-MS measurements using light-
emitting diodes with an irradiance output different from the
solar irradiance spectrum,**™****7 this setup allows studying
the photocorrosion phenomena under realistic irradiation
conditions (AM 1.5G 100 mW cm™* light intensity) that
match well with the ones used widely in the PEC
literature.””*°!

To estimate the effect of illumination on the activity, two
cyclic voltammograms (CVs) were recorded consecutively:
one in the dark and one under irradiation, applying a scan rate
of 10 mV s™". The measured currents for the unbuffered and
buffered solutions are shown in Figure 2. Dark currents are
negligible in all of the solutions. Upon irradiation, a
photocurrent is observed with different values and the onset

(a) Unbuffered (b) Buffered
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Figure 2. Stability measurement of the Fe,O; nanorods at different
pHs during dark and illuminated CVs in (a) unbuffered and (b)
buffered electrolytes. Different panels show the (I) potentiostatic
protocol vs time, also displaying the illumination period (yellow area);
(II) obtained current density; and (III) Fe dissolution detected during
the measurement. The obtained raw dissolution results (light color)
were smoothed (dark color) by using a FFT filter. The integrated
amount of Fe dissolved is indicated for each unbuffered electrolyte.

potential of photocurrent (defined as the potential at which the
photocurrent value reaches 10 4A cm™2) depends on the pH of
the electrolyte (see Table S1). The trends found for the
illuminated CVs show that the onset potential shifts cathodi-
cally and the obtained photocurrent is higher when the pH is
increased for unbuffered and buffered electrolytes.

The photocurrent enhancement at higher pHs is well known
in the literature and was demonstrated for unbuffered®>~** and
buffered solutions.”> As for the dependence of the photo-
current onset potential on pH, Iandolo et al. reported a quasi-
Nernstian behavior.”> At the same time, other groups have
found two pH ranges with different dependencies on pH.*>*°
This pH-dependent performance has been ascribed to an
interplay between (a) the semiconductor surface energetics
and (b) the interfacial reaction kinetics during the OER.*®
Singly coordinated oxygen sites on the surface of Fe,05 (Fe'"'—
OH) can uptake and release protons (pK, ~ 10),°>°” leading
to the dependence of the interfacial properties on the pH value
of the electrolyte.

Regarding the kinetics aspects, Liu et al.®® suggested that
below pH 10, the change in the OER mechanism leads to a
surface accumulation of charge carriers,*>®* causing Fermi
Level Pinning (FLP). The FLP ultimately rules the obtained
photocurrents and shifts the photocurrent onset. Although the
CVs recorded in buffered solutions show the pH-dependent
trend reported in the literature,” this was not the case for the
unbuffered solutions (current density vs potential plots are
presented in Figure S3). The highest onset potential and
lowest photocurrent value are found for the near-neutral
solution (Table S1) and not for the neutral solution, as
expected. Hence, identical measurements were performed
using a bulk three-electrode PEC cell and a higher electrolyte
concentration to rule out whether different mass transport
conditions or conductivity effects are causing this deviation.
CVs measured using 50 and 500 mM unbuffered solutions are
shown in Figure S4. However, trends observed in the PEC-
ICP-MS measurements were similar to the bulk cell. Since
resolving this discrepancy is out of the main scope of this work,
we aim to address it in further studies.

To quantify the stability of the Fe,O; electrodes under the
OER conditions while recording the CVs, the dissolution was
detected in parallel by on-line ICP-MS. The Fe dissolution
profiles in buffered and unbuffered electrolytes are displayed in
panel III of Figure 2a,2b, respectively. For all studied
electrolytes, no dissolution of Fe was detected while collecting
the dark CVs, most likely due to Faradaic processes being
negligible under these conditions. However, upon irradiation,
Fe dissolution is detected in all unbuffered electrolytes.
Comparing the extent of Fe dissolution at different pHs, Fe
dissolves significantly at alkaline and neutral pH, while
dissolution rates are decreased under near-neutral pH
conditions. Interestingly, it was reported that Fe dissolution
was reduced when the pH of the electrolyte was increased for
the Fe,0, + Ir MC system,” which is different from the results
obtained in this work. The discrepancy might be related to the
different performance of the photoanodes used in both studies
since the Fe,O; + Ir MC system presented lower photo-
currents (up to 0.5 mA cm™ at 1.6 Vg for the different
electrolytes used) or a complex interplay between the Ir
molecular catalysts that could affect the photocorrosion
mechanism of the Fe,O; photoanode at different pH values.
On the other hand, negligible dissolution was observed in all
buffered electrolytes. Therefore, it seems that maintaining a
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Figure 3. (a) Dissolved amount of Fe during a CA under irradiation for the different electrolytes. The dissolved amount (massg,) is the average
obtained from 2 measurements, and the error bars represent the standard deviation. The dashed line represents the highest Fe detection limit by
ICP-MS calculated for the unbuffered near-neutral sample. (b) S-number (e”) quantified at different pHs in different electrolytes for the Fe,O;
nanorods under irradiation. (c) Percentage of the dissolved photoanode during a 10 min CA.

stable local pH (i.e., buffering) remarkably influences the
dissolution of Fe,O; photoanodes during irradiation. To see
whether the nature of the electrolyte ions (phosphate anions
specifically) additionally affects the measured dissolution,
further measurements were performed in near-neutral
solutions using carbonate buffer at pH 9 (Figure SS). The
observed dissolution was also negligible, confirming that the
buffered electrolytes notably diminish the photocorrosion of
Fe,0; photoanodes, regardless of the anions present in the
electrolyte.

Since Sn is present in the substrate and is a dopant of the
Fe,O; nanostructures, Sn was also quantified during a dark and
irradiated CV (see Figure S6). No dissolution of Sn was
observed during this protocol, showing good stability of the
substrate and negligible Sn leaching from the Fe,O; nanorods
during the experimental conditions used. The results are in
accordance to the low percentage of Sn found in Fe,O; and the
good stability of FTO films reported up to 2.0 Vyyg in the
dark.%®

A second dissolution transient was observed after a CV
under irradiation in the neutral electrolyte. This process was
further characterized by using additional protocols. First, we
confirmed that a transient dissolution is present in unbuffered
near-neutral and neutral electrolytes (see Figure S7a) when the
potential is shifted back to the OCP after a hold at 1.5 Vyyg
(CA) under irradiation. Notably, when buffered electrolytes
are used, the second transient is also suppressed (Figure S7b),
exhibiting a strong effect of buffered electrolytes on the
stability of Fe,O; photoanodes again. We observed that
holding the potential above the OCP after the CA prevented
the transient dissolution from taking place in the unbuffered
neutral electrolyte (Figure S7¢). This is an important aspect to
point out since selecting an appropriate potential upon
interruption of irradiation could improve the stability of
Fe,O; photoanodes in PEC cells during operation. Further-
more, the cathodic dissolution found could explain the
discrepancy with the Fe,0; + Ir MC system,” where this
transient might have contributed to the higher Fe dissolution
observed in the unbuffered near-neutral and neutral electro-

lytes.

3.3. S-Number (e”) of the Fe,O; Films in Different
Electrolytes and pHs. Activity and stability are two
performance metrics that must be taken into account when
choosing optimal PEC materials and operational conditions. As
shown above, the measured photocurrent, in conjunction with
stability, is highly dependent on the electrolyte and pH
solution. To combine activity and stability in one metric, the S-
number was defined as the ratio between the evolved oxygen
(considering 100% of Faradaic efficiency and neglecting all
other processes) and the dissolved amount of catalyst.”” The
former is estimated directly by integrating the measured
current density over time and using Faraday’s laws of
electrolysis, while the latter is obtained from on-line or ex
situ ICP-MS. In this work, however, we adopt the recently
proposed modified S-number (e”) concept,*”** which allows
for overcoming the lower than 100% OER Faradaic efficiency
limitation, typical in PEC water splitting. Indeed, we cannot
ensure that there are no other reactions taking place in the
different electrolytes used.*” The main difference between the
S-number and S-number (e7) is that instead of considering the
evolved oxygen, we calculate the amount (in moles) of
transferred electrons. To obtain the S-number (e”), the total
mass of Fe dissolved during an irradiated CA (10 min, 1.5
Vpup) was integrated for each electrolyte (see Figure 3a),
considering only the dissolution during the CA at 1.5 Vgyg
(the second dissolution transient was not considered when it
was present). Since dissolution was negligible in some cases,
we first calculated the detection limit of Fe for all of the
electrolytes used (see Table S2). For simplicity, we displayed
only the highest detection limit, as shown in Figure 3a,
corresponding to the unbuffered near-neutral electrolyte. The
mass integrals obtained for the buffered electrolytes are below
the nominal detection limit of the ICP-MS instrument. We
used these mass integrals to calculate the S-numbers (e”) for
buffered electrolytes, as presented in Figure 3b. However, we
should point out that these represent a theoretical approx-
imation, since the real values are certainly higher. Interestingly,
the S-numbers (e7) are on the same order of magnitude for all
unbuffered solutions for all studied pHs. When phosphate is
used as a buffer, however, an order of magnitude increase in
the S-number (e) is observed. The results suggest the
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following trends: (a) for unbuffered solutions, the stability
number does not seem to depend on pH; (b) the presence of
buffers clearly decreases the dissolution of Fe,O;.

We estimated the percentage of the dissolved film during
one irradiated CA, considering the mass per area based on the
number of nanorods observed in the SEM, the volume of each
nanorod, and the Fe,O; density (5.46 g cm™).”® Although the
S-number (e7) is in the same order of magnitude for
unbuffered electrolytes, the amount dissolved during one CA
(Figure 3c) varies in line with the dissolution rates, as observed
in Figure 2.

The impact of light intensity on stability was characterized in
unbuffered neutral and alkaline electrolytes since higher
dissolution rates were observed under these conditions, and
the results are presented in Figure S8. We found a linear
dependence of dissolution of Fe with the charge passed for the
neutral electrolyte, while no linear dependence was observed
for the alkaline electrolyte. Since a linear dependence of
dissolution with light intensity is associated with a common
intermediate between the OER and dissolution, the results
might suggest different intermediates during the OER/
dissolution in a near-neutral and alkaline electrolyte. A more
detailed discussion is provided in the SI along with Figure S8.

To understand why buffered solutions strongly affect the
stability of Fe,O; during irradiation, the different pathways that
can lead to Fe,O; photocorrosion should be first considered.
The dissolution of Fe during illumination might be ascribed to
the following reasons:

a) corrosion due to a decrease in Iocal H Caused b the
P y
OER,'B’29

(b) self-oxidation of Fe,O; with photogenerated holes.”’

As mentioned above, the high local concentration of H" ions
formed during the OER could alter the pH in the vicinity of
the electrode if unbuffered electrolytes are used. It was
proposed in the literature that the protons generated during
the OER (eq 1) could accelerate the corrosion of Fe,O,
photoanodes in acidic and neutral electrolytes.”” Also, the
consumption of hydroxide ions to evolve molecular oxygen in
alkaline media (eq 2) leads to a local decrease in the pH in
alkaline electrolytes. An acidic local environment could trigger
Fe dissolution, as shown in eq 3.*

2H,0 + 4H" & O, + 4H" (1)
40H + 4H" & O, + 2H,0 (2)
Fe,0; + 6H' < 2Fe** + 3H,0 ()

The presence of a buffer mitigates the local pH change
stemming from the OER and, therefore, decreases dissolution,
as can be observed in the results presented in Figure 2.
Although the OER was considered responsible for the
dissolution of Fe,O; in neutral electrolytes, where local pH
can change drastically,”>*" it is less likely to be the reason
behind the dissolution in unbuffered alkaline electrolytes,
where higher dissolution rates are observed. For instance, a
current density of 0.5 mA cm™* produced a local pH decrease
of 2 pH units, which can impact chemical stability when the
pH of the electrolyte is 5.” However, even when the
photocurrent measured in this work is 2 or 3 times higher
(up to 1.5 mA cm™?), a pH decrease of 2—3 units would not
shift the local pH to a region of chemical instability of Fe,0,
(since the starting pH is 13 in the alkaline electrolyte). In

alkaline solutions, the higher OH™ concentration should
quickly neutralize the produced protons, or the consumed
OH™ would have little impact on the local pH (considering the
magnitude of the photocurrents measured under these
conditions).

In addition to the local pH, the self-oxidation of Fe,O; can
lead to dissolution, according to the following equation:™

Fe,0, + 6h" < 2Fe** + 1.50, (4)

Equation 4 describes photocorrosion triggered by the reaction
with the photogenerated electron vacancies (holes, h*). This
leads to the dissolution of Fe (as Fe** ions) that most likely
reacts with water/hydroxide ions to produce Fe(OH); or
Fe(OH)," in neutral, near-neutral, and alkaline electrolytes,
according to the Pourbaix diagram.”"’” Since both photo-
corrosion pathways depend on the photogenerated holes as an
initial reactant, differentiation is challenging, and based on the
experimental data obtained in this work, we cannot exclude
either self-oxidation or the local pH being responsible for
photocorrosion under the conditions used.

Furthermore, the adsorption of the anions could play a key
role in the photocorrosion mechanism. Thus, the interaction of
the Fe,O; surface with the used electrolyte must be
considered.””* It is well reported in the literature that
phosphate species can strongly adsorb at Fe,O; surfaces
compared to other electrolyte anions (amines, carboxylates,
thiols).”* The use of perchlorate ions is the most ideal from
this perspective, since these adsorb at the Fe,O; surface in a
nonspecific way.”> Contrastingly, phosphate ions form inner-
sphere complexes at the solid—liquid interface of iron
oxides”>”° that can bridge two iron centers and reinforce the
lattice bridging in the surface.”” It was proposed that these
binuclear phosphate complexes retard the reductive and
nonreductive chemical dissolution of Fe,05.”" Therefore, it is
indeed possible that the specific adsorption of phosphate ions
plays a decisive role in preserving stability.

We demonstrated that PEC-ICP-MS is a useful tool to
compare the stability of Fe,O; photoanodes in different
electrolytes and at different pH values under irradiation. Fe
dissolution has proven to be the highest in unbuffered
electrolytes, with the highest dissolution rates at neutral and
alkaline pHs, whereas it decreased significantly in buffered
electrolytes containing phosphate ions. In this light, we
consider that phosphate buffers can improve the stability of
Fe,O; either by preventing local acidification in neutral and
near-neutral electrolytes (where a local pH decrease can trigger
dissolution) due to a buffering effect or by retarding self-
oxidation due to the specific adsorption of phosphate anions at
the Fe,O; surface.

3.4. Long-Term Measurements of the Fe,O; Films in
Different Electrolytes and pHs. Considering these results,
phosphate buffers are apparently a better choice for operating
Fe,0; photoanodes under irradiation. However, the time scale
of our PEC-ICP-MS measurements is very short compared to,
for example, an imaginary future industrial application. Unlike
other metal oxide photoanodes that show an evident decrease
in photocurrent within the first tens of minutes,”"”” Fe,05 can
sustain a steady-state photocurrent for up to a few hours in
concentrated neutral*® and alkaline electrolytes.*” However, on
a longer time scale, other processes can degrade the
photoabsorber, such as mechanical erosion due to the
OER®' or surface reconstruction.”” Therefore, to complement
the PEC-ICP-MS results, measurements were performed on a
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Figure 4. (a) Long-term measurement of the Fe,O; nanorods at different pHs and electrolytes performed in a three-electrode bulk cell. (b)
Percentage of photocurrent retained after the long-term measurement for the different unbuffered and buffered electrolytes. (c) Percentage of the
film dissolved during the LTM. (d) HR-STEM image of the Fe,O; nanorods. (e) EDX mapping of Fe and P after the long-term measurement in

the neutral buffered electrolyte.

longer time scale using the same electrolytes as for the short-
term measurements.

A long-term measurement (LTM) of the Fe,O; photo-
anodes was performed in unbuffered and buffered solutions,
holding the potential at 1.5 Vyyg for S h in a three-electrode
bulk cell under irradiation. Figure 4a summarizes the LTM
measurements in different electrolytes. Regarding the perform-
ance, a higher photocurrent is observed for the unbuffered
alkaline electrolyte and is likely related to the higher pH (13)
compared to the that of the buffered alkaline electrolyte (12).
Also, a photocurrent enhancement is observed in the buffered
near-neutral electrolyte and can be related to the presence of a
base that aids the O—H breaking during the OER by accepting
protons.® As for the performance over time, different trends
are found, depending on the pH and electrolyte. A slight
decrease in photocurrent is observed over time for the
unbuffered alkaline electrolyte, while this is less pronounced
in the alkaline buffered electrolyte. An initial decay within the
first tens of minutes is observed for the near-neutral and
neutral unbuffered electrolytes, but the photocurrent remains
relatively stable during the LTM. On the other hand, the
buffered neutral and near-neutral electrolytes show a
continuous decrease in the photocurrent value during the
whole LTM. The change in performance for the different
electrolytes during the LTM was considered by measuring the
retained photocurrent (the initial photocurrent was taken after
20 min of initiating the CA and the final photocurrent was
taken at S h). Figure 4b summarizes the percentage of the
photocurrent retained for the different electrolytes at different
pHs. For both groups of electrolytes, we observe that the
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photocurrent is better retained at higher pHs. In the
unbuffered alkaline electrolyte, the photocurrent maintained
after 5 h is 93%, falling in the ballpark for similar long-term
measurements.”” In comparison to the unbuffered electrolytes,
photocurrents drop more drastically for the buffered electro-
lytes at neutral and near-neutral pH. For instance, the retention
is approximately 83% in neutral NaClO,, while it drops to 55%
in neutral phosphate buffer. Kim et al. also reported a
pronounced decrease in the performance of bare Fe,0;
photoanodes in neutral phosphate buffer during a long-term
measurement.”> A CV under irradiation was recorded before
and after the LTM to further characterize the change in
performance, and the results are plotted in Figure S9. All in all,
similar trends were found as in the case of the chronoampero-
metric holds.

Finally, the dissolved Fe during the LTM was quantified by
ex situ ICP-MS. Based on these measurements, the mass
percentage of the dissolved photoanode was calculated (Figure
4c). In contrast to the short-term measurements (PEC-ICP-
MS), Fe dissolves regardless of the nature of the electrolyte
(buffered vs unbuffered). The reason behind this could be the
relatively high detection limit of Fe in ICP-MS measurements
(Table S2) for the electrolytes used in this work, limiting on-
line quantification. On the contrary, the dissolved Fe
accumulating in the bulk cell for S h was effortlessly
quantifiable. Therefore, if we calculate the S-number (e)
based on the LTM (Figure S10), we observe different trends
when compared to the S-number (e”) obtained from a 10 min
CA. First, the S-number (e”) of the buffered electrolytes
decreased since Fe dissolution was detected during the LTM.
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On the other hand, the stability decreased for the near-neutral
unbuffered electrolyte compared to the other unbuffered
electrolytes. This lower stability could be a result of the second
dissolution transient observed for the unbuffered, near-neutral
electrolyte (see Figure S7). Since we quantified the
concentration of Fe after the whole LTM protocol, we could
not distinguish between the different dissolution processes, and
all dissolution processes contribute to the amount of Fe
measured ex situ. We performed a 30 min CA hold using the
PEC-ICP-MS setup to evaluate if the dissolution detected in
the LTM originates from a transient or continuous dissolution
(Figure S11). The highest dissolution rate is observed at the
beginning of the CA under irradiation for the PEC-ICP-MS
protocol. It drops slightly over time but still shows
considerable dissolution during the 30 min measurement.
This measurement confirms that Fe dissolution is not a
transient process. Lastly, considering the results presented in
Figure 4b,4c, it is clear that the drop in performance obtained
after the LTM does not correlate with the amount of the
dissolved photoanode. For instance, the alkaline unbuffered
electrolyte maintains the best long-term performance and the
highest dissolution over time. Therefore, other surface
processes must be responsible for the decrease in the
photocurrent of the Fe,O; films during the LTM.

Since we observe a more noticeable decrease in performance
in the buffered electrolytes, we hypothesize that phosphate
ions might play an active role in degradation, which is different
from dissolution, in particular, for neutral and near-neutral
pHs. To rule out whether the surface of Fe,O; presents signs
of surface reconstruction or degradation, HR-STEM images
were captured. For these, the sample after the LTM in the
buffered solution at neutral pH was selected since this case
represented the highest decrease in performance. The high-
resolution STEM images for a pristine sample and a sample
taken after the LTM are shown in Figure 4d. No appreciable
changes can be observed in terms of morphology on the
surface of the nanorods compared to the pristine sample. To
scrutinize the possible change in the composition of surface
Fe,0;, EDXS spectrum imaging of the sample after the LTM
was performed. The results are summarized in Figure 4e. The
EDXS analysis clearly confirms that phosphorus (P) is present
at the surface of the nanorods after the LTM. Although the
determined atomic percentage of P related to Fe is only 0.1 at.
%, the spectrum image suggests a strong interaction with
phosphate anions at the interface leading to a change in surface
composition. This was further confirmed by an EDXS line
profile along a selected nanostructure (Figure S12). Phosphate
buffers are used widely to characterize Fe,O; in neutral
media,22’23’28’35’65’84'85 but so far, little attention has been given
to the fact that Fe,O; is prone to react with phosphate anions
in a long-term exposition. These results highlight the
importance of electrolytes in dictating the stability of
electrocatalysts. Earlier, electrolytes were considered only as
inert components maintaining conductivity/pH. This picture
started to change nowadays since novel experimental results
demonstrated that electrolyte components (e.g, cations in
alkaline electrolytes) play a key role in determining activity or
selectivity.*>®” Therefore, based on our results, we would like
to point out that electrolytes based on phosphate salts can
negatively affect the performance of Fe,O; photoanodes when
used under PEC conditions at neutral and near-neutral pH.

Our results highlight the importance of comparing
dissolution results using different time scales and approaches.
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This leads to a broader picture of the degradation processes
taking place at the semiconductor—electrolyte interface.
Summing up, in short-term measurements using on-line
PEC-ICP-MS, we found dissolution of Fe,O5 in all unbuffered
electrolytes, while such a phenomenon was not detected for
buffered electrolytes. In the long term, dissolution was
detected in both the unbuffered and buffered electrolytes,
regardless of the pH. Additionally, when LTMs were
performed, the incorporation of phosphorus in the Fe,O,
lattice was detected, further decreasing the activity.

4. CONCLUSIONS

Fe,O; nanorods were prepared using a facile hydrothermal
method to successfully reproduce optical, morphological, and
PEC properties found in the literature. PEC-ICP-MS measure-
ments revealed that Fe dissolution is triggered by irradiation of
the model Fe,O; photoanodes in different unbuffered and
buffered solutions at different pHs. Dissolution of Fe was
found at all pH values in unbuffered solutions, while the use of
buffered electrolytes containing phosphate anions significantly
decreased its magnitude, particularly at neutral and near-
neutral pH. Longer experiments were performed in a bulk cell,
revealing a significant decrease in performance in phosphate-
containing electrolytes.

We want to point out that although Fe,O; nanorods are
considered extremely stable materials in the literature, our
results indicate that dissolution is present at all pHs in
unbuffered solutions, even in alkaline electrolytes, in short-
term experiments. The presence of a phosphate buffer might
prevent dissolution in the short term but lead to more complex
processes (e.g., the incorporation of phosphorus in the
topmost layer of Fe,O;) on a longer time scale, strongly
degrading the performance. For example, stable long-term
performance could be achieved by depositing thin films based
on stable semiconductor oxides such as SnO,, TiO,, or Al,O4
using atomic layer deposition (ALD) or by covering the Fe,O;
nanorods with a cocatalyst such as transition metal-based Co-
Pi or NiCoOOH. Our results underline that to harness the
immense potential of PEC devices, among others, stability
issues must be solved first. The design of stable photoanodes
can be only done by deliberately studying process conditions
regarding the electrolyte composition, pH, potential window,
etc. To realize this goal, several descriptors have to be mapped
simultaneously, for which the PEC-ICP-MS setup described in
our manuscript will be an invaluable tool.
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