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ABSTRACT
Nanostructured α-hematite (Fe2O3) is a widely studied material for photoanode applications, particularly for driving the oxygen

evolution reaction (OER) under visible light irradiation in photoelectrochemical (PEC) cells. Our recent work has shown that

Fe2O3 suffers from photocorrosion in alkaline and neutral electrolytes, with a noticeable decline in performance after 5 h of

operation. This highlights the need for strategies that enhance the stability of Fe2O3-based photoanodes. To enhance the stability

of Fe2O3 nanorods (NR), we employed atomic layer deposition (ALD) to coat the NR with a well-defined, controlled TiO2 over-

layer designed to protect the photoanode from photocorrosion during PEC operation. The influence of overlayer thickness is

evaluated regarding the PEC activity, stability, and photocurrent retention in alkaline electrolyte using a PEC scanning flow

cell coupled to an inductively coupled plasma mass spectrometer (PEC-ICP-MS). This setup can quantify metal dissolution during

PEC OER, allowing the characterization of the photo-degradation under realistic illumination conditions. An accelerated stress

test (AST) protocol was designed to drive degradation faster and obtain insightful information about the stability of the

TiO2@Fe2O3 heterostructures using in situ PEC-ICP-MS. PEC-ICP-MS measurements demonstrate that the TiO2 coating signifi-

cantly enhances the photocorrosion resistance of Fe2O3 NR in alkaline electrolytes during operation. A TiO2 thickness of 2.8 nm

(50 ALD cycles) offered the most favorable compromise between activity, photocurrent retention, and decrease of Fe dissolution.

The proposed methodology combines in situ stability quantification and ASTs as a powerful tool to advance material development

and can be extended to other protected photoanodes.

1 | Introduction

Sunlight is a promising renewable energy source essential for tran-
sitioning to sustainable energy solutions. However, the intermittent
nature of solar energy presents a significant challenge, requiring
efficient energy storage technologies. One promising approach to
tackle this shortcoming is the production of solar fuels through
photoelectrochemical (PEC) devices. PEC cells allow the storage

of solar energy directly into small molecules such as “green hydro-
gen” or methanol, which are prominent sustainable fuels [1, 2].

Hematite nanorods (Fe2O3 NR) have garnered significant atten-
tion as a photoanode material due to the high natural abundance
of iron, strong absorption in the visible spectrum, and the versa-
tility of their properties, which can be easily tuned using a simple,
low-cost hydrothermal synthesis method [3–5].
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The stability of photoanode materials is a serious barrier that hin-
ders the commercial viability of PEC cells [6–8]. The lifetime of
the employed metal oxide photoanodes used as photoabsorbers,
such as Fe2O3, WO3, and BiVO4, is limited by photocorrosion.
The active dissolution of metals during the PEC oxygen evolution
reaction (OER) was unveiled using an operando technique, a
PEC scanning flow cell coupled to an inductively coupled plasma
mass spectrometer (PEC-ICP-MS) [9–15]. To make photoelectro-
chemical processes competitive, it is essential to decrease the
metal leaching of the photoabsorbers during operation.

Various strategies have been investigated to enhance the stability
of photoanode materials. Among these, modifying the electrolyte
composition has shown a significant influence on photoanode sta-
bility, as demonstrated for materials such as BiVO4 and WO3. In
the case of WO3, the presence of different reactive intermediates in
different electrolytes has been identified as a key factor affecting its
stability [11]. For BiVO4, variations in dissolution rates were found
to correlate with changes in surface chemistry and morphology,
both of which are strongly influenced by the electrolyte [16].

In our recent study, we evaluated the stability of Fe2O3 NR in
buffered and unbuffered electrolytes at neutral and alkaline
pHs [15]. Using PEC-ICP-MS, we observed notable Fe dissolution
in unbuffered electrolytes under both neutral and alkaline pH con-
ditions. The highest dissolution rate was obtained in 50mM
NaOH, which is widely used as a standard electrolyte for charac-
terizing the PEC performance of Fe2O3 NR. While buffered elec-
trolytes containing phosphate salts appeared to suppress Fe
dissolution in the short term, long-term experiments at neutral
pH revealed photoanode degradation and P incorporation to
the surface.

These findings suggest that improving the stability of Fe2O3 NR
requires strategies beyond merely altering the electrolyte compo-
sition. One approach involves the fabrication of heterostructures
by coating the Fe2O3 NR with thin layers (0.5–5 nm) of wide
bandgap semiconductors, such as TiO2 (3.2 eV) [6, 17–21]. The
thin TiO2 coating prevents contact between the photoabsorber
and the electrolyte, alleviating photocorrosion. It is already
described in the literature that the coating of Fe2O3 nanostruc-
tures with TiO2 improves the chemical stability when exposed to
strongly acidic media [18, 19]. However, information on the
improvement of the stability of Fe2O3@TiO2 heterostructures
using in situ PEC techniques should be advanced, as only a
few reports have evaluated the stability of Fe2O3 nanostructures
using ex situ quantification of Fe dissolution [17, 18, 22, 23].
Moreover, most stability studies on Fe2O3@TiO2 heterostructures
have not addressed alkaline electrolytes, and our previous work
revealed the highest dissolution rates for the Fe2O3 NR during
PEC operation [15]. Therefore, it is of utmost importance to
gather information of the stability and dissolution kinetics of
both constituents (i.e., Fe2O3 and the TiO2 overlayers) in such
electrolytes under operating conditions.

This study aims to enhance the stability of Fe2O3 NR by deposit-
ing thin TiO2 coatings and to investigate the relationship
between stability and activity in an alkaline electrolyte as a func-
tion of TiO2 thickness, using in situ PEC-ICP-MS. The deposition
of the TiO2 layer was performed using atomic layer deposition
(ALD), as this technique ensures precise control over film

thickness at the Ångström scale by changing the cycle number,
offering a promising pathway to enhance the stability of PEC sys-
tems without compromising their efficiency [18, 20, 24, 25].

In photoelectrochemical research, degradation tests are typically
conducted through long-duration experiments under constant
illumination and a constant potential (or current density)
[3, 5, 26, 27]. While widely used, this approach is time-consuming
and unsuited for advanced degradation analyses employing
in situ techniques. As an alternative, accelerated stress tests
(ASTs) speed up the degradation process by applying controlled
stress protocols within the operational range intended for the
material under study [28–32]. Besides, ASTs can be designed
to be combined with in situ ICP-MS [33, 34]. Therefore, in this
work, we propose using ASTs as a versatile tool suitable for PEC-
ICP-MS online measurements.

We observed a decrease in the activity of the Fe2O3@TiO2 as the
TiO2 thickness increased. Also, an annealing step after ALD is
crucial for enhancing the performance of the heterostructures,
particularly for thicker TiO2 layers. PEC-ICP-MS successfully
identified the decrease in Fe dissolution upon Fe2O3 NR protec-
tion. Stability measurements using PEC-ICP-MS revealed differ-
ing trends between a single cyclic voltammetry (CV) scan and the
AST, offering valuable insights into the impact of startup and
shutdown cycles simulated with potential pulses. Using this
approach, we found a tradeoff between activity, stability, and
photocurrent retention, observing that a layer of 2.8± 0.5 nm
(50 ALD cycles) of TiO2 appears to be the optimal choice to pro-
tect the Fe2O3 NR for PEC applications.

2 | Results and Discussion

2.1 | Preparation and Structural Characterization
of Fe2O3@TiO2 Core–Shell Photoelectrocatalysts

Herein, Fe2O3 nanorods were prepared employing an optimized
hydrothermal method introduced in our previous work [15]. The
photoanode consists of homogeneously distributed Fe2O3 NR
supported on FTO. The high-angle annular dark field scanning
transmission electron microscopy (HAADF–STEM) image pre-
sented in Figure 1a shows hematite nanorods with a length of
170 ± 30 nm and a width of 100 ± 10 nm, similar to the nanorods
characterized in the mentioned study. STEM energy-dispersive
X-ray spectrum (EDXS) imaging reveals the Fe signal of the
hematite particles and some Sn residues that were probably
introduced from the substrate (possibly scratched out during
sample preparation).

To study the influence of the thickness on activity and stability of
the Fe2O3@TiO2 heterostructures, different numbers of ALD
cycles (25, 50, and 75) were used to coat the Fe2O3 NR with a
thin layer of TiO2. Figure 1a displays HAADF–STEM images
and corresponding STEM EDX spectrum images of the
Fe2O3@TiO2 with 25 cycles, where the TiO2 layer is rough
and barely visible and perhaps not fully closed. However, the
TiO2 layer can be clearly identified for 50 or 75 ALD cycles, with
the titania layer showing a different Z contrast due to the differ-
ent atomic masses of Fe and Ti. The corresponding STEM-EDX
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spectrum images in Figure 1a confirm the presence of a
homogenous TiO2 coating encapsulating the nanorod structure
for all ALD cycles. Therefore, the preparation conditions
used yielded a core–shell type of heterostructure presenting a
conformal and continuous distribution of a TiO2 layer for all
samples.

It is well defined in literature that a postannealing treatment
can promote the diffusion of Ti(IV) ions into the Fe2O3 crystal
structure, leading to a doping effect that can improve the
PEC performance of the photonoades [35–37]. To exclude this
scenario, STEM-EDX spectra were recorded. Results are pre-
sented in Figure S1 along with the corresponding Ti and Fe line
profiles of individual particles of the heterostructures prepared
with 75 cycles for a sample as prepared and a sample annealed
after ALD. Following annealing, the TiO2 layer remains confor-
mal (i.e., the Ti signal remains flat despite the increasing Fe
signal toward the particle’s center), indicating that the core–
shell structure is preserved after exposure to 500°C for
30 min. This observation aligns with literature reports, which
suggest that significant solid-state reaction of TiO2 and Fe2O3

typically occurs only at annealing temperatures exceeding
500°C.

The thickness of the TiO2 coating was determined from STEM
images, each sample presenting different ALD cycles, and the
results are presented in Figure S2. The average thickness
increases from 1.5± 0.2 nm for 25 cycles, over 2.8± 0.5 nm
for 50 cycles, to 4.7± 0.6 nm for 75 cycles, indicating a continu-
ous growth with the number of ALD cycles. In addition, spectro-
scopic ellipsometry yields very similar results of film thicknesses
deposited on monitor wafers of 1.7 and 2.6 nm for 25 and 50 ALD
cycles (considering the 0.6 nm per cycle growth rate, 4.5 nm is
expected for 75 cycles). The larger uncertainties originate from
films not being fully closed (visible from the rough surface), dif-
ferent growth rates on individual crystal planes, and a convolu-
tion of the real structure with the electron probe. The electron
probe has a finite size of roughly 1.2 nm (full-width at tenth max-
imum) [38] and is, thus, of a very similar size to the TiO2 layer,
slightly broadening the measured thickness while the error mar-
gin still overlaps with the result of the ellipsometry
measurement.

To characterize the crystal structure of the photoelectrocatalyst
heterostructure, XRD was performed on the Fe2O3@TiO2 photo-
anodes. As a representative sample, the diffractogram of the sam-
ples coated with 75 cycles is shown in Figure S3. The reflections

FIGURE 1 | (a) HAADF–STEM and corresponding STEM-EDX spectrum images of bare Fe2O3 nanorods (Fe and Sn signal) and Fe2O3 nanorods

coated with 25, 50, and 75 ALD cycles of TiO2 (Fe and Ti signal). (b) Bright field TEM image and corresponding selected area electron diffraction pattern

of titania-coated hematite particles. (c) Integrated SAED and XRD spectrumwith an additional reference XRD spectrum of rutile TiO2 [43], and (d) high-

resolution HAADF–STEM and ADF-STEM image with corresponding diffractogram. The inset with the blue frames depicts which spots belong to the

titania phase and the hematite phase, respectively.
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found in the XRD pattern mainly indicate the presence of SnO2

related to the substrate. The prominent (110) diffraction peak
associated with hematite indicates that the Fe2O3 NR are aligned
along [110] direction on the substrate, perpendicular to the FTO
surface [39, 40], which was also revealed by the cross-section
images presented in our previous work [15]. No signals related
to the crystalline phase of TiO2 were detected using XRD, since
the crystallites are too small compared to those of hematite
and SnO2. Additional STEM-EDXS analysis of the whole
Fe2O3@TiO2 – SnO2 layer stack on silicon substrate is shown
in Figure S4 in the Supporting Information.

To delve deeper into the crystalline structure characterization,
selected area electron diffraction (SAED) on a smaller scale
was recorded from an area shown in Figure 1b, and SAED results
are plotted alongside the XRD spectrum in Figure 1c. The distor-
tion-corrected SAED pattern [41] of the catalyst particles, in turn,
confirms the presence of a hematite phase (α-Fe2O3); however, it
does not allow for an identification of the titania phase. The crys-
tallites in the coating are very small and their total volume frac-
tion only amounts to roughly 2% (see discussion in S4), leading to
small diffraction amplitudes (intensity scales roughly with the
crystallite volume) [42]. To reveal the crystal phase of the titania
coating, we performed lattice imaging using high resolution
HAADF–STEM and annular dark field STEM (ADF-STEM), with
the results shown in Figure 1d. Diffractograms of the whole
structure and the coating only (blue box) revealed that some lat-
tice planes of TiO2 were resolved.

Comparison with known crystal phases enabled us to identify the
titanium oxide phase, which appears to be rutile TiO2. Four
d-spacings were indexed as (101) (measured: 2.46 Å, theory:
2.50 Å), (110) (measured: 3.36 Å, theory: 3.29 Å), (111) (measured:
2.21 Å, theory: 2.20 Å), and (010) (measured: 4.71 Å, theory: 4.65
Å) planes [43]. The angle between (101) and (110) planes was
determined to 66.7° (theory: 67.64°). By looking at the position
of the identified peaks in reciprocal space (Figure 1c, blue line rep-
resenting a reference XRD pattern of rutile TiO2) [43], it gets evi-
dent, why an identification from the recorded SAED patterns is
challenging: three of the four peaks are superimposed by very
intense peaks of the hematite and the fourth one lies within
the amorphous carbon signal originating from the TEM grid.

It can be concluded that the conditions and number of ALD cycles
used in this work yield samples with distinct and well-character-
ized TiO2 thicknesses to study the impact of different overlayers on
the activity and stability of TiO2@Fe2O3 heterostructures.

2.2 | Photoelectrochemical Characterization of
Fe2O3@TiO2 Using the Scanning Flow Cell

The PEC activity toward the OER was measured for the
Fe2O3@TiO2 heterostructures. It was shown that the annealing
after ALD at 500°C for 30 min can improve the performance of
such heterostructures [17, 18, 20]. Therefore, the PEC perfor-
mance of the samples as-prepared and annealed after ALD
was analyzed using a PEC scanning flow cell (SFC). First, a pho-
tovoltammogram was collected, and Figure 2a indicates that all
Fe2O3@TiO2 samples (as-prepared and annealed) present an
anodic shift of the photocurrent onset as well as a lower

photocurrent value when compared to the bare Fe2O3 NR.
Both the anodic shift and the decrease in photocurrent scale with
the thickness of the TiO2 overlayer in all samples. For
Fe2O3@TiO2 heterostructures, the valence band edge alignment
is unfavorable for hole transport toward the electrolyte [20] (see
scheme in Figure 2b), so the charge transfer across the TiO2 layer
occurs mainly by the tunneling effect [44]. Therefore, the trends
observed in the performance of the different as-prepared and
annealed Fe2O3@TiO2 photoanodes can be understood as the
hindering of hole tunneling when the TiO2 layer gets thicker [20].

Another feature that stands out in the bare samples is the pres-
ence of anodic spikes at the beginning of the photocurrent tran-
sients (and cathodic spikes once the light is turned off ). Notably,
the anodic and cathodic spikes decrease upon the deposition of
TiO2. This effect observed in the photovoltammogram is related
to the passivation of trap states that prevent hole accumulation at
the interface in the presence of the TiO2 overlayer [45, 46].

The annealing after the ALD process leads to an increase in activ-
ity for all samples (see Figure 1a panel II), although the photo-
current values are still lower than the bare Fe2O3 NR. To better

(a)

(b) (c)

FIGURE 2 | (a) Photovoltammogram of Fe2O3 and different

Fe2O3@TiO2 photoanodes measured in 50mM NaOH at a scan rate of

10 mV s−1. Panel I displays the as-prepared samples, no further treatment

after ALD, while panel II shows the samples annealed after ALD.

(b) Scheme of the processes taking place at the Fe2O3@TiO2|electrolyte
interface under irradiation, VB stands for valence band and CB stands for

conduction band. (c) Photocurrent of the different modified photoanodes

during a chronoamperometry at 1.5 VRHE. Average values were obtained

from 3 measurements on different spots using the same sample, and the

error bars represent the standard deviation.
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depict the changes in activity for the as-prepared and annealed
samples, a chronoamperometry (CA) was recorded at 1.5 VRHE

under irradiation, and the mean values of several measurements
are plotted in Figure 2c. The trends observed during the photovol-
tammogram are confirmed, showing a decrease in activity for
thicker TiO2 layers and an enhancement in photocurrent after
annealing. The increase in photocurrent after annealing for the
sample coated with 4.7 nmTiO2 is remarkable, improving the pho-
tocurrent by 20 times, while the improvement for the 1.5± 0.2 and
2.8± 0.5 nm coatings is 1.1 and 1.3 times, respectively. Therefore,
for the specific case of a 4.7 nm thick TiO2 coating, the annealing
leads to activation of the sample. Similar results were found for
Fe2O3 nanostructures prepared by spray pyrolysis, reporting a
decrease in photocurrent after coating with TiO2 using ALD
[17, 18]. Similarly, the annealing after ALD produced an improve-
ment in the activity. Other studies have related the better perfor-
mance after annealing due to a higher crystallinity of the TiO2

coating, which facilitates the transport of the holes toward the
electrolyte [47]. Additionally, doping of Fe2O3 with Ti(IV), diffus-
ing from the TiO2 coating, could contribute to improved material
performance [36, 37]. Although the annealing conditions
employed in this study are not expected to promote a solid-state
reaction between TiO2 and Fe2O3—and, as previously noted, the
core–shell structure remains preserved after annealing—the pos-
sibility of Ti(IV) doping cannot be entirely ruled out. Even mini-
mal diffusion may significantly influence the PEC response [48].
Furthermore, previous reports have shown that annealing after
the deposition of submonolayer TiO2 by ALD can generate inter-
mediate surface states that enhance the OER [35]. Therefore, the
postannealing step may affect the system by inducing Ti(IV) dop-
ing, altering the TiO2 crystal structure, or modifying surface states
—all of which can directly impact PEC performance.

The results highlight the importance of postmodification proce-
dures when ALD is used and their impact on the PEC activity of
protected photoanodes. Since the annealed Fe2O3@TiO2 NR
showed better activity, only this group of samples is considered
for further stability measurements.

2.3 | Comparison of Performance Losses Using a
Long-Term Measurement and an AST

The long-term stability of photoanodes is a crucial property to
assess; however, these measurements are time-consuming and
can lead to irreproducible results. To overcome this drawback
and investigate stability more efficiently, AST was developed
as a practical tool that enhances the degradation process in a
shorter time scale.

In this study, we aim to investigate the stability of Fe2O3@TiO2

heterostructures using the PEC scanning flow cell (PEC-SFC)
during an AST. As there is little information in the literature
on ASTs applied to photoanodes, we took inspiration from
ASTs used for dark OER electrocatalysts [29, 33, 34]. These pro-
tocols typically involve alternating short potential pulses or fast
CV scans between targeted operational potentials. We consider
the AST protocol based on pulses to be suitable for PEC evalua-
tion, as it mimics the effects of startup and shutdown cycles, con-
ditions that PEC devices may encounter due to the intermittent
nature of solar irradiation. Specifically, the AST was conducted
between OCP and 1.7 VRHE (a potential used for long-term
stability measurements) under constant irradiation [17, 49].
Figure 3a illustrates a few experimental cycles recorded in the
SFC to showcase the protocol. The resulting photocurrent profile

(a) (b) (c)

FIGURE 3 | (a) Representative cycles of the AST of bare Fe2O3 NRmeasured in the PEC-SFC using 50mMNaOH. Panel I displays the potentiostatic

profile applied, and panel II shows the corresponding current density. (b) PEC performance of a bare Fe2O3 NR photoanode during two types of measure-

ments is shown. First, a long-term measurement was conducted in a three-electrode bulk cell. In this case, panel (I) displays the potentiostatic protocol

applied. The bottom panel (II) shows the current density obtained during the long-term measurement. Second, AST was measured using the PEC-SFC.

Panel (III) presents the potentiostatic protocol applied. The bottom panel (IV) shows the current density obtained during the AST protocol. The yellow

segment allocated above highlights the irradiation period for all previous figures. (c) Comparison of the retention of photocurrent of bare Fe2O3 NR after

both types of aging. Average values were obtained from 2 repetitions, and the error bars represent the standard deviation.
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closely resembles the one observed during the photovoltammo-
gram shown in Figure 2a, showing the expected photocurrent
along with the associated anodic and cathodic spikes that have
been previously described.

We compared the effects of the selected AST in PEC-SFC on deg-
radation with long-term measurement (LTM) in a conventional
three-electrode bulk cell. Figure 3b indicates that the photocur-
rent measured in the bulk cell is approximately one-third of the
photocurrent observed in the PEC-SFC. This lower photocurrent
in the bulk-cell is likely due to the larger irradiated area than the
PEC-SFC (10 times greater). It has been reported that upscaling
photoanode materials generally leads to a lower current density
under irradiation [50]. The reduction is attributed to the signifi-
cant resistance of the fluorine-doped tin oxide (FTO) layer [51].
Also, this effect has been demonstrated in Fe2O3 photoanodes,
where an increase in length (for a fixed width) resulted in lower
photocurrent density despite the larger overall area [52].
Therefore, the lower performance in the bulk cell can be
explained in terms of the significantly higher area of the photo-
anode used in the experimental setup.

The retention of photocurrent is 90% for the LTM, obtaining sim-
ilar results as other reports in literature, indicating 85% of pho-
tocurrent retention in similar time-scale experiments [4, 27],
while others show comparable trends in the photocurrent decay
during a chronoamperometry [20, 26].

In both the LTM and AST, a decrease in activity is observed over
time. The retention of photocurrent is plotted in Figure 3b,
showing a similar decline in performance in both cases.
Therefore, we concluded that the 300-cycle pulses AST of
30 min generates a performance decrease comparable to a
5-h constant applied potential (CA) measurement in a bulk-cell,

which is an acceptable timescale for PEC-ICP-MS applications.
A direct comparison of the photocurrent losses on the same
timescale is presented for both protocols in Figure S5, showing
that the AST achieves ∼10% performance loss in significantly
less time.

It is important to note that, although the degradation rate
appears similar under both protocols, the underlying mecha-
nisms responsible for the performance losses may differ.
Therefore, we emphasize that the two protocols are not equiv-
alent; rather, the AST protocol performed in the SFC can induce
performance losses comparable to those observed under
constant applied potential in a bulk cell, but on a shorter
timescale.

2.4 | Stability of Fe2O3@TiO2 Using 1 CV and AST
Measured with PEC-ICP-MS

The stability evaluation was performed using two different pro-
tocols to compare the AST results with commonly used
approaches in PEC-ICP-MS. First, a single CV under dark con-
ditions followed by a single CV under irradiation were recorded
with PEC-ICP-MS. Also, the AST described in the previous sec-
tion was applied to the different Fe2O3@TiO2 heterostructures.

Figure 4a shows the stability measurements for the bare and pro-
tected Fe2O3 NR using the 1 CV cycle. When 1 CV is recorded in
the dark, negligible current density is observed, as no significant
redox processes take place. This goes in line with the photovol-
tammograms shown previously, where it was clear for all sam-
ples that the interruption of irradiation led to negligible activity
up to 1.7 VRHE. No dissolution of Fe is observed in the dark, con-
firming our previous findings in 50 mM NaOH [15].

(a) (b) (c) (d)

FIGURE 4 | (a) Stability measurement using the PEC-ICP-MS (a) during a series of CVs and (b) during the defined AST. Different panels show

I) potentiostatic protocol vs. time also displaying illumination period (yellow area), II) obtained current density, and III) Fe dissolution detected during

the measurement. S-number (e−) calculated from an (c) irradiated CV and (d) the proposed AST.
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As the sample is irradiated during the following CV, the photocur-
rent increases with potential, confirming the trends in activity
observed in the previous section. Fe dissolution takes place for
the bare Fe2O3 NR sample, reaching a peak at 0.07 ng cm−2 s−1

during the irradiated CV. The Fe dissolution is decreased for
all Fe2O3@TiO2 heterostructures, showing peak dissolution
in the range of 0.03 ng cm−2 s−1. Noteworthy, the Fe dissolution
decreased to almost the same level for the different TiO2

thicknesses, suggesting that a TiO2 coating of 1.5 nm is suffi-
cient to reduce Fe leaching. Similar results were observed
for IrOx@WO3 photoanodes [24]. Also, Ti dissolution was mea-
sured during this protocol (see S6). No Ti leaching was found
either during the CV in the dark or under irradiation, or Ti dis-
solution is under the detection limit of the ICP-MS, confirming
that TiO2 is a material suitable to protect Fe2O3 for PEC appli-
cations in alkaline electrolyte.

Figure 4b presents stability results for both the bare and the pro-
tected sample with 4.7 ± 0.6 nm TiO2 during the applied AST.
The photocurrent measured reveals once again higher activity
for the bare sample when compared to the Fe2O3@TiO2 hetero-
structure, consistent with previous observations.

Throughout the AST, the bare sample exhibits a noticeable
decrease in photocurrent, while the protected sample shows only
a negligible decline. This observation highlights the superior
photocurrent retention during the AST when the Fe2O3 NR
are coated with 4.7 ± 0.6 nm TiO2. A dedicated discussion on
photocurrent retention after the AST for all samples is developed
in Section 2.5.

Regarding Fe dissolution, the bare sample initially shows a peak
dissolution rate of 0.03 ng cm−2 s−1 at the start of the AST, which
gradually decreases to a stationary state of approximately
0.01 ng cm−2 s−1. Notably, the Fe dissolution continues through-
out the entire AST, only decreasing once the AST is stopped.
During the AST, the Fe2O3@TiO2 heterostructures present a
marginal Fe dissolution, reaching a stationary rate of
0.007 ng cm−2 s−1 more quickly.

Similar trends were found for the Fe2O3@TiO2 samples covered
with 1.5 ± 0.2 and 2.8 ± 0.5 nm TiO2 during the stability evalua-
tion using the AST. As can be observed in Figure S7, lower activ-
ity and a decrease in Fe dissolution are observed during the AST.

Similarly, as it was observed during the 1 CV protocol, Ti disso-
lution during the AST was negligible or under the detection limit
of ICP-MS (see S8).

The AST led to a loss of 18 ng cm−2 of Fe for the unprotected
Fe2O3, while the protected Fe2O3 with a few ALD cycles experi-
enced a loss of 5 ng cm−2. This result further confirms that TiO2

protection successfully reduces Fe dissolution during the AST.

The higher peak dissolution rate on the bare Fe2O3 NR obtained
during a single irradiated CV (0.07 ng cm−2 s−1) called our atten-
tion, when compared to the lower AST peak dissolution rate
(0.03 ng cm−2 s−1). We performed an additional AST consisting
of CVs recorded at 200 mV s−1 from OCP to 1.7 VRHE, finding that
the CV AST protocol led to higher dissolution rates and total

dissolved Fe than pulses. A dedicated discussion on the results
can be found in S9.

To determine the optimal TiO2 thickness to protect Fe2O3 NR,
both activity and stability should be evaluated together. The S-
number is a metric introduced to compare electrocatalysts by
considering both metal dissolution and total O2 evolved (or elec-
trons exchanged if other than OER reactions are involved). Thus,
the S-number is calculated based on the quantification of metal
dissolved during a specific protocol, which can be measured
using online ICP-MS, and the total amount of O2 evolved, which
is derived from the charge passed under the assumption of 100%
Faradaic efficiency for OER.

However, since 100% Faradaic efficiency is not often reported in
PEC systems, the S-number (e−) for photoanodes was redefined
[11], considering the number of electrons (e−) passed during a
given protocol divided by the number of metallic atoms dis-
solved (M)

S−number e−ð Þ= n e−ð Þ
n Mð Þ (1)

The S-number (e−) was calculated for the bare and Fe2O3@TiO2

heterostructures using both protocols tested in the PEC-ICP-MS:
a single CV under irradiation and the AST. As shown in
Figure 4c, the S-number (e−), obtained from a single CV, slightly
increases when Fe2O3 NRs are protected by a TiO2 layer. In con-
trast, the S-number (e−) quantified from the AST protocol
reaches its maximum for the 2.8 nm TiO2 coating, highlighting
a tradeoff between activity and stability when the material is
exposed to more severe conditions. Accordingly, an optimal
TiO2 thickness can be identified that enhances stability while
maximizing activity during the AST.

The results highlight the use of the AST as a practical approach to
probe PEC degradation and monitor metal dissolution in situ.
While this protocol is not intended to be a definitive standard,
it represents an important first step toward developing reliable
long-term stability protocols in the field.

2.5 | PEC Performance Over AST

To investigate the impact of TiO2 thickness on performance after
the AST, we measured the photocurrent at 1.7 VRHE at both the
beginning and the end of the AST to calculate the photocurrent
decay. Additionally, CVs were measured under irradiation before
and after the AST to gather more information about the perfor-
mance of the photoanodes.

The photocurrent decay is shown in Figure 5a for the bare Fe2O3

sample and Fe2O3 NRs protected with different TiO2 thicknesses.
A clear trend is observed: as the TiO2 thickness increases, the
photocurrent decay decreases, indicating that a thicker TiO2

layer helps retain the performance during the AST. This further
confirms that TiO2 deposition via ALD is an effective method to
enhance not only the stability but also the photocurrent retention
of Fe2O3 NRs.

Solar RRL, 2025 7 of 11
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The CV results before and after the AST also support this trend
(see Figure 5b). For the bare Fe2O3 sample, a decrease in photo-
current is observed across all potentials after the AST, while the
change is minimal for the sample with a TiO2 coating of 4.7 nm.
The CVs measured for the 1.5± 0.2 and 2.8± 0.5 nm TiO2 coat-
ings are provided in S10.

The cause of the photocurrent decrease in Fe2O3 is not fully
understood yet. It has been suggested that Fe dissolved in alka-
line media comes from material detachment during operation
due to mechanical erosion by the OER [53]. However, ALD
might not significantly improve adhesion to FTO. Also, the con-
sumption of OH− during OER could decrease pH locally if the
photocurrent is high enough, leading to dissolution of Fe due
to increased acidity in the vicinity of the photoanode [13]. On
the other hand, it was reported that after prolonged operation
in alkaline electrolyte (up to 70 h) FeOOH structures are detected
[54]. Further, it was demonstrated that the use of neutral electro-
lytes containing phosphate buffers can directly react with Fe2O3

[15, 55], leading to surface modification and possibly degrada-
tion. These results indicate that subtle surface reconstruction
takes place in Fe2O3 photoanodes during long-term operation

in different electrolytes and might be the reason for the decrease
in performance observed. Therefore, we hypothesize that pro-
cesses such as Fe dissolution and redeposition of inactive Fe spe-
cies, leading finally to surface reconstruction, can occur at the
surface and interfere with the critical process of hole transfer
to the electrolyte during OER. Given the decrease in Fe dissolu-
tion and improvement in photocurrent retention with TiO2 over-
layers, it is possible that surface reconstruction is mitigated, and
the performance is better retained over time.

Thus, optimizing the TiO2 coating thickness is crucial to prevent-
ing dissolution under PEC conditions and minimizing perfor-
mance loss during AST.

3 | Conclusions and Outlook

In this work, we investigated the stability and PEC performance
of Fe2O3 NRs protected with TiO2 of different thicknesses
obtained by ALD. To assess stability, we combined AST with
online PEC-ICP-MS characterization. The AST protocol success-
fully replicated long-term degradation trends within a shorter
timeframe, proving to be an effective tool for rapid stability
assessment. Our results demonstrate that the TiO2 overlayer sig-
nificantly improves the stability of Fe2O3 by reducing photocor-
rosion, while its thickness plays a critical role in balancing
activity and protection. Also, our results highlight that it is nec-
essary to include a post-ALD annealing to improve the perfor-
mance of thinner TiO2 or even activate the samples with
thicker TiO2 coatings. Increasing the TiO2 thickness reduces
Fe dissolution but also leads to lower PEC activity. We consider
that a conformal coating of 2.8 nm TiO2 prepared by ALD leads to
an optimal condition, minimizing degradation while maintain-
ing acceptable photocurrent performance. These insights high-
light the importance of ASTs and PEC-ICP-MS to engineer
protective layers and improve the stability of photoanodes in
PEC applications.

4 | Experimental

4.1 | Synthesis of Fe2O3 Nanorods

Fe2O3 nanorods were synthetized on an FTO glass substrate
(TEC15, Sigma–Aldrich) using an adapted hydrothermal method
optimized previously [15].

4.2 | Preparation of the Fe2O3@TiO2 Photoanodes

The TiO2 overlayers were grown on hematite using a commercial
LD reactor Gemstar-6 XT by Arradiance. The Fe2O3 surfaces
were cleaned preliminarily using ozone during 30 min. For
ALD, titanium (IV) isopropoxide (TTIP) was used as a metal pre-
cursor while ultrapure water was used as the oxygen source. The
canister containing the iron precursor ferrocene was heated to
70°C, and water was kept at room temperature, while the mani-
fold and reaction chamber were maintained at 100°C, and 150°C,
respectively. The precursors were introduced into the ALD cham-
ber in a sequence using N2 as purging and carrier gas. For the

(a)

(b)

FIGURE 5 | (a) Decay in the photocurrent after the AST for the pris-

tine and protected photoanodes in 50mM NaOH. Average values were

obtained from 3 measurements in different spots, and the error bars rep-

resent the standard deviation. (b) CVs at a scan rate of 10 mV s−1 mea-

sured previous and after the AST for bare and Fe2O3@TiO2 covered

photoanodes with 4.7 nm of TiO2.
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TTIP precursor the pulse time, exposure time and purge time
were 0.8, 50, and 70 s. For water, the pulse time, exposure time,
and purge time were 0.5, 50 s. This whole sequence consisted of 1
ALD cycle. The Fe2O3 photoanodes were covered using 25, 50,
and 75 cycles. After ALD, the Fe2O3@TiO2 samples were
annealed at 500°C for 30min.

4.3 | Morphological Characterization

The structure of the synthesized Fe2O3 and Fe2O3@TiO2 samples
was investigated using high-resolution scanning transmission
electron microscopy (HR-STEM). Measurements were performed
using a Talos F200i from Thermo Fisher Scientific operated at an
acceleration voltage of 200 kV. The microscope features an X-
FEG and a Dual Bruker XFlash 6T-100 EDS detector. The beam
current was set to 240 pA, and a high-angle annular dark field
(HAADF) detector was used for imaging. The crystal structure of
the Fe2O3@TiO2 samples was analyzed by X-ray diffraction in
Bragg–Brentano (BB-XRD) using a Bruker D8 Advance equipped
with a Cu Kα source and LynxEye XE detector.

4.4 | PEC-ICP-MS Measurements

The PEC performance of the Fe2O3 and Fe2O3@TiO2 samples
was characterized using a previously reported SFC setup [9].
The SFC was constructed from polytetrafluoroethylene and con-
nected to the counter electrode (a glassy carbon rod), the refer-
ence electrode (Metrohm Ag/AgCl, 3 M KCl), and an inductively
coupled plasma mass spectrometer (ICP-MS; PerkinElmer
NexION 300) via Tygon tubing. The electrolyte reservoir was con-
stantly purged with Ar (5.0, AirLiquide). The working electrode
was placed on a movable stage (Physical Instruments) to estab-
lish contact with the SFC opening (0.059 cm2 area). Copper tape
was used to ensure electrical contact with the working electrode.
Electrochemical measurements were performed using a Gamry
REF600 potentiostat. The recorded potentials were converted
to the reversible hydrogen electrode (RHE) scale using the fol-
lowing equation

ERHE =EAgjAgCl + 0:197V+ 0:059pH

The optical setup for the PEC-ICP-MS system was previously
described in detail [9]. To simulate the solar spectrum and inten-
sity on the electrode, light from a 300 W ozone-free xenon lamp
(Newport) was passed through an AM 1.5G filter (Newport) and
directed into the PEC-SFC via a liquid light guide (Newport). The
light intensity at the SFC opening was adjusted to 100 mW cm−2

every day before measurements, using a calibrated photovoltaic
cell normalized to the 0.059 cm2 illumination area. Electrolytes
were prepared with NaOH.H2O (99.99% suprapur, Merck) con-
taining low Fe impurities, and DI water (Merck, Milli-Q). The
ICP-MS was calibrated in a daily basis for Fe and Ti with freshly
prepared standards (Merck Certipur) using a four-point calibra-
tion with the following solutions: 0, 0.5, 1.0, and 5.0 μg L−1. A
solution containing a concentration of Co and Sc standard of
10 μg L−1 served as the internal standard for Fe and Ti, respec-
tively. To handle the interference of 56Fe+ with the specie
40Ar16O+, a dynamic reaction cell (DRC) with methane was used

in all measurements involving the quantification of Fe. On the
other hand, Ti was quantified in standard mode during the 1 CV
protocol, and using the DRCmode during the AST to simplify the
measurements.

4.5 | Bulk-Cell Measurements

The measurement to establish the performance decay after oper-
ation over 5 h was conducted using a commercial PEC three-
electrode cell (PEC 15 . 15 mm2, redox.me), which included an
Ag|AgCl reference electrode and a graphite rod as the counter
electrode. The light source was provided by the same optical
setup used in the PEC-ICP-MS, employing a liquid light guide
to irradiate the working electrode from the back (0.5 cm2). The
electrolyte, 50 mM NaOH, was purged with Ar (5.0, AirLiquide)
for 15 min before each measurement, and an Ar flow was main-
tained through the gas inlet/outlet of the bulk cell during the
experiment.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: STEM-EDX spectrum images of
Fe2O3 nanorods (Fe and Ti signal) coated with 75 ALD cycles (a) as prepared
after ALD, (c) annealed at 500°C for 30 min after ALD and corresponding
line profiles (50 px average) of Ti and Fe of individual particles.
Supporting Fig. S2: The thickness of the TiO2 overlayer for the different
ALD cycles used determined through HAADF-STEM on Fe2O3 NR, and
through ellipsometry on silicon monitor wafers. Supporting Fig. S3:
XRD of the sample with 75 ALD cycles annealed. Supporting Fig. S4:
Zoom-in (a) and overview (b) HAADF-STEM and corresponding STEM-
EDX spectrum images of the photoelectrode structure in which a dense layer
of hematite particles (ca. 200 nm) on top of an SnO2 layer (ca 400 nm), both
coated onto an SiO2 substrate, is visible. In XRD measurements, the diffrac-
tion signal of the SnO2 layer overshines most of the hematite signal as well
as the entire TiO2 signal. Supporting Fig. S5: (a) Comparison of photocur-
rent profiles recorded during the AST and the long-term measurement on
the same timescale. (b) Enlarged view of the photocurrent decay during the
AST, overlaid with the photocurrent evolution in the bulk cell over the first
30 min. Supporting Fig. S6: Stability measurement of Fe2O3@TiO2 heter-
ostructures using the PEC-ICP-MS during a series of CVs. Different panels
show I) Potentiostatic protocol vs. time also displaying illumination period
(yellow area) II) Obtained current density II) Ti dissolution detected during
the measurement using standard mode. Supporting Fig. S7: Stability mea-
surement using the PEC-ICP-MS during the AST for samples with
(a) 2.2 nm and (b) 2.8 nm. Different panels show I) Potentiostatic protocol
vs. time also displaying illumination period (yellow area) II) Obtained cur-
rent density II) Fe dissolution detected during the measurement.
Supporting Fig. S8: Stability measurement using the PEC-ICP-MS during
the AST for all Fe2O3@TiO2. Different panels show I) potentiostatic protocol
consisting of alternating pulses (3 s at OCP and 3 s at 1.7 VRHE) vs. time
also displaying illumination period (yellow area) II) Obtained current
density during the AST II) Ti dissolution detected during the AST.
Supporting Fig. S9: Stability measurement using the PEC-ICP-MS during
the AST for bare samples. Different panels show I) Potentiostatic protocol vs.
time also displaying illumination period (yellow area) II) Obtained
current density II) Fe dissolution detected during the measurement.
Supporting Fig. S10: CVs at a scan rate of 10 mV s-1 measured before
and after the AST for Fe2O3@TiO2 covered photoanodes with a) 25 cycles
of ALD (1.5± 0.2 nm TiO2) and b) 50 cycles of ALD (2.8± 0.5 nm TiO2).

Solar RRL, 2025 11 of 11

 2367198x, 2025, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202500570 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [09/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/acs.jpcc.0c00798
https://doi.org/10.1021/acsami.5b03298
https://doi.org/10.1021/acsami.5b03298
https://doi.org/10.1021/acsami.5b01394
https://doi.org/10.1016/j.nantod.2024.102575
https://doi.org/10.1016/j.electacta.2018.02.030
https://doi.org/10.1016/j.electacta.2018.02.030
https://doi.org/10.1021/nl200708y
https://doi.org/10.1021/nl200708y
https://doi.org/10.1016/j.ultramic.2022.113494
https://doi.org/10.1016/j.ultramic.2022.113494
https://doi.org/10.1039/c4ee00450g
https://doi.org/10.1021/acsami.5b07065
https://doi.org/10.1007/s10008-012-1957-3
https://doi.org/10.1021/jp5047479
https://doi.org/10.1016/j.jallcom.2022.166975
https://doi.org/10.1149/2.0621914jes
https://doi.org/10.1149/2.0621914jes
https://doi.org/10.1016/j.ijhydene.2011.02.013
https://doi.org/10.1039/c9se00246d
https://doi.org/10.1016/j.ensm.2017.12.017
https://doi.org/10.1016/j.ensm.2017.12.017
https://doi.org/10.1016/j.nanoen.2016.03.008
https://doi.org/10.1021/acsaem.8b00445
https://doi.org/10.1021/acsaem.8b00445
https://doi.org/10.1002/cssc.201701068
https://doi.org/10.1002/cssc.201701068

	In Situ Photocorrosion Assessment of Protected Hematite Photoanodes During Accelerated Stress Tests
	1. Introduction
	2. Results and Discussion
	2.1. Preparation and Structural Characterization of Fe2O3@TiO2 Core-Shell Photoelectrocatalysts
	2.2. Photoelectrochemical Characterization of Fe2O3@TiO2 Using the Scanning Flow Cell
	2.3. Comparison of Performance Losses Using a Long-Term Measurement and an AST
	2.4. Stability of Fe2O3@TiO2 Using 1 CV and AST Measured with PEC-ICP-MS
	2.5. PEC Performance Over AST

	3. Conclusions and Outlook
	4. Experimental
	4.1. Synthesis of Fe2O3 Nanorods
	4.2. Preparation of the Fe2O3@TiO2 Photoanodes
	4.3. Morphological Characterization
	4.4. PEC-ICP-MS Measurements
	4.5. Bulk-Cell Measurements



