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Abstract

The comprehension of the solid-liquid interface associated with the poor charge carrier dynamic
of hematite has prevented its commercial application as a photoanode in a photoelectrochemical
cell. The development of a low-cost and scalable strategy to overcome such drawbacks is yet
pursued by the scientific community. Here, a simple surface modification of hematite photoanode
designed with different thickness was performed employing ultrasonic treatment (UST) process.
UST creates an inhomogeneous defect distribution based on the solid-liquid energetics. The thicker

photoanodes (H-4h) showed that the mechanical process can contribute to remove unstable layers,



creating favorable sites for oxygen evolution without compromise the solid-solid interface. UST
approach for H-2h has promoted surface states pinning and possibly increased the stress in between
hematite-FTO. The effects on thinner photoanodes (H-2h) can drastically create polarized states
that enhance surface trapping states, reducing the photogenerated charge lifetime. The outcome
findings reveal that the surface hydroxylation might be extremely dependent on the electrode
thickness. This study indicates that the UST approach is an efficient tool to boost thicker
photoanodes performance, as desired for practical applications. Thus, for thinner layers, the stress
induced at the hematite-FTO interface can be aggravated by mechanical treatment overcoming the
beneficial effects at the solid-liquid interface. In fact, hydroxylation conducted via the sonication

process is highly recommended for designing thicker films.

1. Introduction

Hematite, owing to its excellent chemical stability and favorable band gap, has been widely
investigated as a photoanode for photoelectrochemical (PEC) hydrogen generation.'> However,
its performance is limited by several factors, including weak light absorption, inefficient charge
separation and slow surface kinetics. A major effort in the community is to understand the surface
reactions and transport properties of hematite photoanodes.’ ' Numerous methods have been
employed to improve the oxygen evolution reaction (OER) efficiency such as oxygen vacancies

=13 doping engineering (in-situ and ex-situ),'*'® and high temperature

incorporation,
treatments.'*?! Many of these methods enhance the PEC performance of hematite via surface
modification. Previous reports have demonstrated that the intentional doping of Sn or Sb can

significantly increase the carrier density of hematite, favoring an efficient charge separation and,

thus, its photocatalytic performance.!>*2> Some of these surface modifications successfully



promote OER by accelerating the photogenerated charge transfer and reducing the charge
resistance at the solid-liquid interface.'®2%%’

The kinetics at the interface are closely related to the surface states, which can facilitate or
trap photogenerated charges. Despite previous efforts to boost the hematite performance, all
reports show that there is room for improvement, and the carrier dynamics on the hematite surface
is an interesting area for further exploration. In recent years, a considerable number of strategies
for incorporating OH species onto hematite surfaces have been discussed.?®?’ An attractive way

to activate oxide surfaces with these functional groups is the use of mechanical processes mediated

by ultrasound technique.’®*! The main reactions, including the free radical formation by

sonication, can be described as follows:2%%°
D)) .
H,0 — H + OH (Reaction 1)
M) '
OH + OH — H,0, (Reaction 2)

H,0, + OH: )22 HOO + H,0 (Reaction 3)

In water, the complete reaction involved in the ultrasonic process leads to the formation of
several free radicals as mentioned in the reactions 1, 2 and 3; including peroxide as well described
in the literature.>! However, dealing with the sonication power and exposure time, it is possible to
limit the reaction only to the hydroxyl formation (reaction 1) at short time, avoiding access to other
radicals that may be interesting to other applications. In the photocatalytic process, the overall
efficiency is governed by several factors, including a change in the ionization state of the
semiconductor surface, which affects not only the adsorption mode, but also the selectivity towards
reactants, since the redox reactions in the photochemical process are sensitive surface potential
variations. Additionally, the presence of different species or complexes on the semiconductor

surface can alter the electron-hole dynamics and, thus, the efficiency of photocatalysis. In the



ultrasound process, the hematite surface states are strongly influenced by its interaction with water
molecules, which are highly dependent on the coordination number of Fe atoms and the surface
composition.*? In this condition, there are mainly two hydroxyl moieties on the hematite surface:
terminal hydroxyl groups (Fe-OH) and bridging hydroxyl groups (Ox-H). Because of the chemistry
of surface defects associated with the effect of ultrasonic treatment, OH™ ions are expected to
migrate between the interconnected defective crystallite boundaries, while H3O" ions diffuse
through proton hopping at the surface.*

Carvalho and co-workers®* investigated that the oxygen evolution reactions are governed
by an initial slow step of oxy-hydroxide group formation on the electrode surface, which possibly
limits the PEC performance. Nonetheless, the use of methods that promote surface hydroxylation
has been investigated and points out certain controversies among different groups. Li et al.®
demonstrated a strategy and the importance of removing surface states, classified as trap states,
acquired by the presence of hydroxyl species in the solid-liquid interface that limits the
photogenerated charge mobility. On the other hand, Fabrega and co-workers® investigated the
water photo-oxidation conducted by TiO2 and revealed that the trapping states on the surface play
an important role as intermediates in surface reactions. The hydroxyl states on the surface
contributed to an increase in the photogenerated charge lifetime reducing the electron-hole
recombination.

In addition, Tang et al.>* have recently demonstrated a simple and effective methodology
to modify metal oxide surfaces, showing that the incorporation of OH states enhances the
photogenerated charge carrier dynamics at the solid-liquid interface without compromising bulk
properties. Hydroxylation effectively improved the photoelectrocatalytic performance without any

changes in basic properties such as optical, electronic, and/or structural properties. Their work



showed that hydroxylated hematite surface induced by ultrasonic process mediates the hole
transfer at the solid-liquid interface promoting an efficient OER, in which or wherein the only
assigned variation is due to the OH-states incorporation; regardless of the solvent, time or
ultrasound power used during experimental procedure.

Based on the literature propositions, it is well known that for thicker materials, surface
modifications do not have a drastic impact on the metal oxide-substrate interface, and often present
major positive effects related to the solid-liquid interface.?’*” However, for thinner layers, there is
a greater interaction between the layer and the substrate, which can approach the material as
composed only of the surface.*®° In this sense, the mechanical stress involved in the hydroxylation
process can significantly affect all homo- and/or hetero-interfaces of different thicknesses,
achieving opposite results. Hydroxylation might contribute or accumulate effects that negatively
affect the photoanodes efficiency. Herein, we report a study to understand how the hydroxylation
processes mediated by ultrasonic treatment change the charge dynamics at the hydroxylate surface
of hematite-based photoanodes with different thicknesses. We seek to distinguish and elucidate
the charge transfer mechanism at the semiconductor-electrolyte interface and how the surface

hydroxylation process can have different impacts.

2. Materials and Methods

Hematite nanowire arrays were prepared by a hydrothermal method reported
previously.!**26 A precursor solution containing 0.15 M of iron chloride (FeCls.6H,0) and 1 M of
sodium nitrate (NaNQOs3) were prepared. A clean conductive glass substrate, FTO (F:SnO, /
fluorine-doped tin oxide) was used as the growth substrate. The substrate and 30 mL of the

precursor solution were transferred to a Teflon-lined stainless-steel autoclave. Two iron



oxyhydroxide (f-FeOOH) samples were obtained under hydrothermal conditions at 95 °C for 2 h
and 4 h, respectively. After these processes, the obtained yellowish film was washed several times
in water in order to remove all impurities resulting from the hydrothermal synthesis including
chlorine ions adsorbed on the surface.*’ The as-synthesized photoanodes were further annealed in
air at 750°C for 30 min to convert the f-FeOOH phase into hematite (a-Fe>O3). The hematite
sample was then placed (faced up) in a beaker filled with distilled water and subjected to a fast
treatment in an ultrasonic bath (70W) for 10 s. After treatment, the sample was air-dried at room
temperature.

The morphology of the hematite photoanodes was analyzed by FE-SEM using a dual-beam
microscope (FEI Quanta 3D field emission microscope). The structural characterization was
carried out by X-ray photoelectron spectroscopy (XPS) using a spectrometer (ScientaOmicron
ESCA+) with a high-performance hemispheric analyzer (EAC2000) and an excitation source of
monochromatic Al Ka (v = 1486.6 eV) radiation. The analysis was performed in an ultra-high
vacuum chamber (UHV) at 10 Pa. XPS spectra were obtained at a constant pass energy of 20 eV
with a step size of 0.05 eV.

The photoelectrochemical measurements were performed in a three-electrode
configuration using a CHI 660D electrochemical workstation coupled with a solar simulator
(Newport 6255) with a 1.5 AM Global filter, power adjusted at 100 mW
cm. Hematite photoanode was used as the working electrode. Ag/AgCl ( sat. KCl) electrode and
a Pt coil were used as the reference and counter electrodes, respectively. Linear sweep
voltammograms were collected from -0.8 to 0.8 V vs. Ag/AgCl, in IM KOH solution (pH=13.5)

at a scan rate of 50 mV s!. Photoelectrochemical impedance spectroscopy (PEIS) was performed



in a frequency range from 1 mHz to 100 kHz using a potentiostat (CHI 660D) with an FRA
analyzer and the results were analyzed using Z-view software with minimal fitting error dispersion.

The photogenerated charge carrier dynamics were investigated by transient absorption
spectroscopy (TAS) using a spectrophotometer (Optical Building Blocks Corporation, OBB) and
the measured signal was evaluated by a digital oscilloscope (Tek-tronic, TDS 2022C). The TAS
configuration was composed of a nitrogen laser excitation pump (337 nm) and a monochromatic
probe operating at a wavelength of 650 nm. The measurements were carried out under no bias and

a 1.23 applied potential in alkaline (pH=13.5) electrolyte.

3. Results and discussion
Hematite-based photoanodes designed with different thicknesses under hydrothermal
conditions were sonicated in distilled water for 10s and denoted as H-2h and H-4h (before) and

SH-2h and SH-4h (after), respectively.



Figure 1. Top view FE-SEM images of (a) H-2h, (b) SH-2h, (c) H-4h and (d) SH-4h. Insets: Cross-

sectional view FE-SEM images of the photoanodes.

The top and cross-sectional view FE-SEM images shown in Figure 1 reveal the formation
of a nanowire array morphology as expected, and using image software (Image J), the average
nanowire lengths were calculated to be 166 = 12 nm and 261 + 11 nm for H/SH-2h and H/SH-4h,
respectively. Moreover, no obvious morphological (nanowire length) change upon ultrasonication
is observed corroborating with its non-destructive effect, as previously reported.*° Interestingly, in
the same report, it was noted that the ultrasonic treatment (UST) retained a similar electrochemical
active area and did not lead to the formation of an amorphous layer on top of the hematite surface.
The presence of micropores due to the UST process can be neglected.’® To evaluate the surface

hydroxilation due to the UST process and its possible dependence with hematite thickness,



photoelectrochemical measurements combined with several other techniques were employed.
Figure 2 shows the PEC performance of the hematite photoanodes before and after hydroxylation

in the dark and under illumination.
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Figure 2. Linear sweep voltammetry (LSV) of hematite photoanodes (H-2h, SH-2h, H-4h and SH-
4h) in 1M KOH electrolyte (pH=13.5) collected in the dark and under light illumination (Solar
simulator + AM 1.5 G filter).

Despite the observed difference in hematite photoanode thickness, H-2h and H-4h exhibit
a similar photocurrent, with a slight increase for H-4h. Interestingly, after ultrasonic treatment, the
two photoanodes exhibited different photocurrent responses. The photocurrent density of H-2h
decreased from 0.47 to 0.27 mA cm™ after sonication (Figure 2a). On the contrary, H-4h achieved
an enhanced photocurrent from 0.53 to 0.69 mA cm™ (Figure 2b). Moreover, a triplicate study
reinforces the opposite results acquired after the surface hydroxylation process in photoanodes

with different thicknesses (Figure S1, Supporting Information). In this scenario, the better



phoelectrochemical response was observed for the thicker photoanode. Therefore, electrochemical
impedance measurements (EIS) were performed to understand the electronic changes (Figure 3)

and calculated parameters are summarized in Table 1.
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Figure 3. (a) Mott Schottky measurements performed with potential ranging 0.2-1.8 Vrug; Nyquist
plots in aqueous electrolyte under solar simulated light conditions for: (b) H-2h and SH-2h, (c) H-
4h and SH-4h; (d) Electrical parameters calculated from fitted equivalent circuit Rs[Rpui/Couik
[Re1/Css]] where Ret — resistance to charge transfer at solid-liquid interface for all photoanodes

under three different applied potentials:1.2, 1.4 and 1.75 VrHE.



Table 1. Electrochemical impedance parameters calculated from linear adjustment on Mott-Schottky

analysis: Donors Density (Ng), flat band potential (V) and depletion layer length (W).

J at 1.23 Vrue (mA cm™) Na (10P°cm) Vi (VruE) W (nm)
H-2h 0.47 5.70 0.58 16
H-4h 0.50 2.43 0.70 15
SH-2h 0.27 5.64 0.58 16
SH-4h 0.69 8.38 0.57 13

EIS and PEIS measurements were carried out at 1 mHz — 100 kHz. H-4h has a Vg, value
higher than that of H-2h, in agreement with the visualized photocurrent response. The slight
changes observed (Table 1) in the donor density number (Np) within the same order of magnitude
can be more associated with different film roughness (exposed area) and Mott-Schottky model
limitation than the UST treatment. Therefore, normalizing the EIS data by the exposed geometric
area (roughness) to the electrolyte during the measurements will probably show similar Np values
in between them. Based on this argument, the highest PEC performance exhibited by SH-4h is
attributed to the UST surface activation. The pronounced change in the overall capacitance (Figure
3a) is a another strong indicative that the surface was the limiting factor to achieve PEC
performance.

Based on this, PEIS was carried out to analyze the surface properties and Nyquist results
(Figure 3b-c), revealing that UST has impacted differently for the hematite photoanodes; SH-2h
has increased overall resistance while the resistance of SH-4h decreases after the UST process.
Charge transfer resistance (Rct) was calculated by applying equivalent circuit analysis to Nyquist
plots using the Z-view software: Ry[Rour/Cou [Re1/Css]] (Figure 3d). Regarding the equivalent
circuit, it is important to point out that some approximations was applied to adequately fit the

measured data. As the system is composed by non-ideal capacitors, it was necessary to introduce



a CPE (constant phase element) in the equivalent circuit for fit optimization, with exponential
factors > 0.8. This case, from the general CPE equation (Z-pg = [Yo(jw)™] 7}, it is well-know that
the exponential factor n ~1 describes an ideal capacitor, thus the fit simulation can be easily
approximated to a simple capacitor.

The H-4h photoanodes showed reduced charge transfer resistance at the solid-liquid
interface. On the other hand, the increase in Rct for SH-2h suggests the creation of trapping states
at the surface that suppresses the OER. Moreover, SH-4h shows a favorable surface for the OER
because of its lower charge transfer resistance, revealing a possible determinant process:
passivating trapping states mediated by the SH-approach or including few surface states that
improve the kinetics. In this sense, the determining factors of the photoassisted processes on the
designed hematite photoanode surfaces with different thicknesses were investigated in detail.

Photoresponse (Jynon) 1s a function determined by the current provided by the absorption
efficiency (Juns) and the global efficiency (ngiobal), Which is defined by intrinsic and coupled

processes, as shown in Equation 1.

Johoto = Jabs - Nglobai ,and  Jgps = —q@(l - exp_fal d'l), (1
where a is the absorption coefficient, [ is the thickness, g is the elementary charge and @ is the
photon flux provide at AM 1.5G. The absorbance curves from 320-720 nm were presented in the
Figure S2 (Supporting Information) and the absorption efficiencies (Juss) of H-2h, H-4h, SH-2h
and SH-4h were estimated to be 3.22, 5.52, 3.15 and 5.47 mA cm, respectively. In this sense,
Figure 4 shows the global efficiency of the hematite photoanodes estimated from the photocurrent
normalized by Juss, revealing insights in the real performance. Despite the difference in Juss, Nglobal
ensures that the sonication process affects the surface efficiency provided by surface

hydroxylation. This observation implies that the charge transport process may have been slightly



different from the water oxidation reaction occurring at the solid-liquid interface in these hematite

samples.
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Figure 4. Calculated global efficiency (ngiobal) at 1.23Vrue applied potential for the hematite

photoanodes.

The ratio between the photocurrents obtained in the absence and presence of H,O» provides
important information on the charge injection efficiency (Minj =/pn/Jm202) of each photoanode.
Figure S3 (bottom panel, Supporting Information) clearly shows that there is no obvious
difference in n;, between H-2h and SH-2h. On the other hand, SH-4h showed increased injection
efficiency compared to H-4h over the entire applied potential range. The injection efficiency is
directly associated with the quality of the surface for hole collection mediated by favorable surface
states; as a result, SH-4h has a better catalytic performance.

Furthermore, as observed in Figure S3 (top panel, Supporting Information), the
hematite samples responded differently in terms of charge separation efficiency (Msep = Juz02/Jabs)
before and after the surface hydroxylation process. It was noticed that the nsep of H-2h decreased
after sonication, which suggests that, for thinner photoanodes, the UST effect is more sensitive to
the structure, revealing electron trapping states that hinder electron transport to the back contact.

H-4h, for instance, increased nsep after the UST process, confirming a reduced energetic barrier for



charge transport in thicker samples. ns¢p involves kinetic parameters intrinsic to the semiconductor,
in which its increase is directly associated with an increase in the lifetime and mobility of the
photogenerated carriers, where the pronounced increment in 1sep is mainly associated with doping
or a reduction in the energy barrier at homo-interfaces along with the bulk structure.*’ The
comparative analysis between the photocurrent response before and after surface hydroxylation
and the global efficiency suggests that the improved PEC performance of SH-4h is the majority
due to the increase in the injection efficiency.

At this point, it was clarified that the differences observed in the photoelectrochemical
properties due to the thickness variation are unquestionable, where the hydroxylated surface plays
a determinant role in the final performance. Thus, to probe the surface chemistry of nanowire and
its coordination structures before and after ultrasonic treatment, XPS studies were performed. Fe
2p spectrum showed the orbital splitting with a Fe2p3» and Fe2p1,2 peaks centered at 710.67 + 0.06
eV and 724.3 £ 0.03 eV, respectively, with no obvious difference between hematite photoanodes
(Figure 5a). The results revealed a majority presence of Fe** confirmed by the well-defined

satellite peak for Fe2p 3/2 orbital displaced ~8.5 eV from the hematite main peak.
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Figure 5. (a) Fe 2p core-level X-ray photoelectron spectra of hematite samples. The black arrow

highlights the signal of Fe*" species; (b) H-2h and (c) SH-2h spectra with deconvoluted peaks and

observed Fe** ions coordination.

A detailed investigation of the Fe 2p spectrum is shown in Figures 5b-c and Figure S4
(Supporting Information). By comparing the hematite samples before and after UST, some
peculiarities can be noticed and can become decisive in the final application. SH-2h compared to
H-2h, in particular, there was an increase in the surface peak (green curve) by ~50%, which is
different from that observed between H-4h and SH-4h (Figure S4, Supporting Information). As
previously discussed in the literature, the presence of a surface peak is associated with the Fe** ion
neighborhood surrounded by a lower electron density, requiring greater energy to produce a

photoelectron.*!



Clearly, the asymmetric characteristic of the Fe 2p1/2 peak was altered for SH-2h, revealing
a decrease in the iron coordination induced by UST. It is known that in the a-Fe>Os3 structure, the
ions are octahedrally and the apparent tetrahedral portion can be clarified by the presence of
surface defects.* '™ As shown in Figure 5, H-2h exhibits an asymmetry with a pronounced
displacement at higher energies, which indicates a significant contribution of tetrahedral Fe**,
although octahedral Fe** contribution remains predominant. In contrast, SH-2h showed a greater
contribution of Fe*" octahedra, suggesting the removal of defective states, probably filled by OH .
This trend was not followed by SH-4h and the results are shown in the supplementary data (Figure
S4, Supporting Information). In fact, the hematite efficiency for photo-applications is associated
with a defective surface, where the surface states have an important role in the oxygen evolution
reactions working as mediated sites.® Furthermore, the interaction strength with water molecules
in iron oxide is strictly dependent on the coordination of Fe** and the coexistence of oxygen and
iron ions in the upper layer.>? These results suggested that the similarities presented by the as-
synthesized H-2h and H-4h were not maintained after the UST process. Similar surfaces could

exhibit the dynamics of energetically distinct surface states after ultrasonic treatment.
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Figure 6. (a) Ols XPS profile of hematite samples. (b-e) Corresponding deconvoluted O 1s XPS profiles.

We further investigated the Ols profiles of hematite samples before and after the UST
process. As shown in Figure 6, the core-level Ols spectra revealed a centered peak at 529-530 eV
attributed to the signal of oxygen in the Fe2Os crystal lattice (Fe-O bonds). In addition, the
observed shoulder at higher binding energy was ascribed to the adsorbed OH™ species. In fact, all
samples exhibited similar spectra with well-defined lattice oxygen and surface hydroxyl profiles.
Specifically, H-2h presented a lower oxygen lattice binding energy with a displacement of ~0.5
eV. This indicates that H-2h has a more stoichiometric surface with a lower concentration of
vacancies.***> Moreover, this shift towards lower energy can be associated with an upward band
bending related to the Fermi level closer to the conduction band minimum.*®

Figure 6b-e present the deconvoluted O1s spectra, in order to detail the profile before and
after modification. In general, the surface of hematite samples has answered differently to
hydroxylation, where: (i) SH-2h revealed maintenance of the proportion of the hydroxyl signal

compared with H-2h, and (ii) SH-4h decreased the ratio of Fe-OH state resulting in a smoothed



shoulder. To confirm this evidence, we collected XPS spectra from three different regions over
hematite samples. We noticed an inhomogeneous contribution of Fe-OH bonds (Figure S5,
Supporting Information). Interestingly, the SH-4h surface altered the hydroxyl signal depending
on the region, reinforcing the inhomogeneity of hydroxylation. This trend was not observed for
SH-2h, where the surface showed similar to H-2h. These results indicate that the modification is
dependent on the manufacturing process time, which can be associated with the concentration of
unfilled states on the precursor sample.

As previously reported, it was observed that even for a long sonication time, the surface
symmetry was maintained, as evidenced in the valence band spectrum (Figure Sé6a, Supporting
Information). In this sense, in the valence band profile, the first sharp peak at lower binding
energy indicates that the crystal field was equally distributed around the iron atoms, which
confirms the crystallization into the hematite phase.*’” While the Ols profile (Figure Sé6b-c,
Supporting Information) presents a lower peak definition composed of adsorbed water, Fe-OH
and Fe-O. XPS analysis showed that the impact of the mechanical process induced by sonication
on the hematite nanowire surface does not contribute to the loss of surface symmetry (even for an
extended sonication process), confirming that the only clear effect on the solid-liquid interface is
related to the incorporation of OH states.

To investigate the impact of UST treatment on the charge carrier dynamics of these
hematite photoanodes, transient absorption spectroscopy (TAS) measurements were performed
(Figure 7 and Figure S7). The measurement was carried out under no bias condition, see Figure
S7 a-b. In open circuit condition, it was not observed evident changes in the photogenerated charge

lifetime, either for thin or thick photoanodes, with only small deviations in intensity.
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Figure 7. (a) Hole lifetime analysis by TAS using a pump of 337 nm and probe 650 nm in alkaline
medium (1M NaOH) at an applied potential of 1.23 Vrur for SH-2h (blue) and for SH-4h (red);

(b) Schematic energy diagram for SH-2h and SH-4h.

Further analysis was performed under 1.23 Vrug applied potential showing the TA spectra
for surface hydroxylated photoanodes (Figure 7a). It was noticed that the SH-2h have presented a
strong decay after 10 ms (already observed in literature)*®, which reveals a lower carrier lifetime
compared to SH-4h. The enhancement in charge carrier lifetime observed for thicker materials
consequently provides more time for the charge to be collected and promote the chemical reaction
at the oxide photoanode surface. Thus, the best photoelectrochemical performance measured for
the SH-4h can be essentially attributed to the enhanced charge carrier lifetime.

As the present idea of the charge dynamics for the synthesized photoanodes, Figure 7b
shows a schematic band diagram where the ultrasonic treatment contribution is summarized. After
the UTS, a Fermi level pinning due to the saturation of surface states for H-2h is noticeable, which
explains the observed discrepancy in the LSV curves and TAS decay under applied potential,

representing a competitive transport for photogenerated pairs. On the other hand, for the thicker



photoanodes (H-4h), the inclusion of the surface states after ultrasonic treatment contributes to the
overall energetic distribution at the solid-liquid interface, increasing the presence of catalytic
states, which results in faster OER kinetics(observed in the photo/electrochemical measurements
and TAS).

In this work, it was clearly observed that thin photoanodes are quite sensitive to the
manufacturing and subsequent ultrasound processes. The stress acquired between TCO/oxide
layer under ultrasound directly reflects their efficiency in charge transport due to the possible
complete detachment of the oxide layer from the substrate.*” As a consequence, no charge is
transported from bulk to back contact, losing an effective charge transport (or charge carrier
mobility). This effect seems to be less pronounced in thicker photoanodes, while the surface effect
becomes dominant. The important message here is associated with the surface hydroxylation
process at thinner photoanodes, which may not lead to a positive property accumulation when
subjected to mechanical stress processes. However, considering the absorption of the solar
spectrum in its entirety, device applications constituting thick layers are more attractive for
sufficient absorption. In this scenario, although the hydroxylation process is not extended for
thinner (or ultra-thin) materials, it remains a great strategy for thicker materials, making them more
active. However, for fundamental studies that require thin materials, the gain is not the same.
Finally, we return to the presented duality on the role of OH states at the hematite surface, and we

conclude that it will be dependent on the photoelectrode design.

4. Conclusions
This work has clearly demonstrated how different photoanode thicknesses are affected by surface
modification mediated by ultrasonic treatment, creating an inhomogeneous distribution of defects

based on the solid-liquid energetics. The thicker photoanodes (H-4h) showed that the mechanical



process can contribute to the removal of unstable layers, creating favorable sites for oxygen
evolution without compromising the solid-solid interface. On the other hand, the ultrasonic
approach for H-2h promoted surface state pinning and possibly increased the stress between
hematite-FTO. The effects on thinner photoanodes (H-2h) can drastically create polarized states
that enhance the surface trapping states and reduce the photogenerated charge lifetime. The gain
of surface hydroxylation versus the inhomogeneity of hematite surface is mandatory to this
ultrasonic approach not being possible to extend positive contributions for all hematite
photoanodes differently designed. However, the technique is very satisfactory for thicker
photoanodes, proving that the initial surface energy distribution, before ultrasonic treatment, is a

determinant on the final PEC performance.
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