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Abstract

Localized surface plasmon resonance (LSPR) have been investigated to enhance light harvesting
on hematite-based photoelectrode modified with AuNP, meanwhile, an extensive understanding
about the different processes involved in hematite-AuNP system remains unclear. This work
addresses a majority effect associated with AuNP-addition by comparing charge transfer, catalytic
and light harvesting efficiencies. The obtained results revealed that the lower AuNP-amount leads
to higher photocurrent response of 1.20 mA cm? at 1.23 Vgrue in comparison with all
photoelectrodes designed here. Notoriously, increasing AuNP-amount supported on hematite
surface clearly promoted higher light absorption, which was surprisingly not followed by
photoelectrochemical efficiency. This result suggests here that the plasmon-effect is not a dominant
phenomenon that drives the photoelectrode performance. In fact, the deeper analysis showed that
the Schottky contact provides the Fermi level equilibration enhancing charge transport efficiency

classifying as predominant effect to enhance photoresponse in the system.
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1. Introduction

The widely investigated photoelectrode-based hematite (a-Fe>O3) for water splitting faces
some adversities hiding its performance such as: poor charge mobility, high electron-hole
recombination rate and slow surface kinect. These limitations have sluggish oxygen-
evolution Kkinetics and have decreased the efficiency of hematite photoelectrodes to date.
Several strategies has been employed to overcome these intrinsic limitations and modify the
electronic properties by depositing passivation layers,'? incorporation of metal
nanoparticles®> and oxygen-evolution cocatalysts®’

Hematite-based photoelectrodes with plasmonic nanoparticles showed a promisor results
on the literature dealing with the localized surface plasmon resonance (LSPR).%° Au
nanoparticles (AuNP) stands up to recover the hematite photoelectrocatalytic efficiency
rising to plasmonic light trapping in the hematite/electrolyte interface which contributes to
charge separation. Some processes can be associated to hematite-AuNP interface'®: (i)
transport facilitated by Schottky junction leading with the Fermi-level equilibrium,
promoting an enhanced charge transfer in between AuNP-hematite contact, (ii) passivated
surface states induced by AuNPs contributing to reduce surface recombination, (iii) induced
co-catalyst state improving surface kinect at solid-liquid interface and/or (iv) plasmon-
enhanced hematite absorption. Additionally, it has been observed that metallic nanoparticles
can easily oxidize their surface during the photocatalytic process and thus might not be
chemically sustained in use for longer time.'*? Indeed, AuNP-modified surface can play
different roles and an effective route to overcome the shortcomings of plasmonic metal
nanoparticles on semiconductors in terms of energy transfer, scattering and hot electron
transfer might be necessary to reduce recombination losses.**3-16 Despite the progress on

understanding the role of AuNP over hematite system, it is clear that the water splitting



efficiency contributions by designing AuNP-modified hematite photoelectrodes remains a
challenge in the state-of-art.!’

In this scenario, this current work attempted to elucidate the limitations in the efficient
charge transfer by varying the amount of AuNP deposited over hematite photoelectrodes to
reveal the effective metallic particle charge transport mechanism clarifying the limiting and
mandatory processes in this system. A proposed mechanism aligned to deeper investigation
of photoelectrochemical properties and the characteristics of AUNP over hematite electrodes
has been conducted. In summary, it was showed a synergetic effect addressed in between
particles amount and AuNP-oxidize surface as the hard task to improve the system hematite-

AUNP instead of absorption efficiency aggregated by plasmonic particle.

2. Experimental Methods

2.1 Materials Details

Fluorine-doped tin oxide (FTO, Solaronix RQ~8-10 Q cm—1, Transmission > 80% from
500 to 800 nm) substrate was used for growth of the hematite photoelectrodes. All chemicals
were used without further purification. Iron (I11) chloride (FeCls 6H.0O, 99%) and urea
(NH2CONHg>, 99.8%) were purchased from Sigma-Aldrich and Merck, respectively. The
AuUNPs in isopropanol (CAS number 7440-57-5, <20nm at 100mg/L, surfactant and

reactant-free) were purchased from Strem Chemical.
2.2 Photoelectrode Synthesis procedure

Hematite photoelectrodes were grown onto FTO by aqueous route under hydrothermal condition.8
For that, FTO substrates were separately cleaned by deionized water, ethyl alcohol and acetone
solutions. The method consists in preparing 100 ml of aqueous solution of iron (I11) chloride 1.5

10 mol L* and urea 1.5 10° mol L. The system was subjected to hydrothermal conditions for



0.5, 1 or 2 hours in an oven (Memmert, Universal Oven UF 55) at 100 °C. After synthesis, the
films were annealed in a tubular furnace (Carbolite) at 750 °C for 30 minutes with a heating rate
of 3 °C min? and cooling rate of 1 °C min? to obtain the pure hematite films. The AuNP
modifications were carried by a self-made dip coating system under several different conditions
varying the amount of AuNP deposited: 1%, 2% and 4%. In a conventional route, AuNPs
isopropanol solution (< 20nm at 100mg/L) was dip coated onto the surface of hematite
photoelectrodes at a withdrawal speed of 0.03 mm mint. The samples were divided into two main
groups: i) fixed hematite thickness, hydrothermally synthesized for 1h (H1: 237 + 9 nm) varying
the AUNP amount deposited, where, H1 (control sample, without AuNPs deposition), HLAUNP
1%, H1AUNP 2% and H1AUNP 4%; (ii) hematite photoelectrodes were synthesized in three
different synthesis times (0.5, 1 and 2h) followed by deposition of a fixed amount of AuNP by dip
coating maintaining the AuNP % deposited (AuNP 1%), which will be named HO.5AuUNP 1%,
H1AUNP 1% and H2AuNP 1%. The AuNP concentration (1, 2 or 4%) deposited in each sample
was determined by successive large area top-view scanning electron microscopy (SEM) images

and energy-dispersive X-ray spectroscopy (EDX) analyzes.

2.3 Characterizations Information

Morphological analysis was evaluated by SEM technique using a microscopy (FEG-SEM, FEI
Inspect F50) in top and cross-sectional view. Additionally, the chemical map confirmed the
elemental distribution using energy-dispersive X-ray spectroscopy (EDX) analysis. Optical
absorbance/transmission measurements were carried out using a spectrophotometer (Cary 50 Conc
UV/Vis spectrophotometer, Agilent, USA) without an integration sphere. Photoelectrochemical
measurements were carried out with a scanning potentiostat (Potentiostat/Galvanostat pAutolab III

with Fra module) in a three-electrode configuration with 1 M NaOH (pH 13.6) as the electrolyte



and an AgQ/AgCI (in saturated KCI solution) reference electrode and platinum wire counter
electrode. The measurements were performed in dark and under illumination with a solar simulator
(450 W xenon lamp (Osram, ozone free) and an AM 1.5 filter). The light intensity was set to 100
mW cm2. Electrochemical impedance spectroscopy measurements were recorded in dark at open
circuit potential over a frequency ranging from 10° to 0.1 Hz with amplitude of 10 mV. Mott-
Schottky plots were obtained at a fixed frequency of 1 kHz.

Topographic and 3D images were obtained using an Atomic Force Microscopy (AFM, Agilent
5500) in tapping mode. It was used a cantilever with a spring constant of 42 N/m (manufacturer
data) with a resonant frequency of 278 kHz. The acquisition of images was performed with a scan
area of 4 x 4 um?. X-ray absorption near-edge structure (XANES) was performed at the Fe K-edge
(7112eV eV) in the XAFS1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS). To
provide good energy reproducibility during data collection, the XANES spectrum of FeO standard
or a-hematite standard was simultaneously measured, and the energy was calibrated by aligning
the respective absorption edges. Data edge-step normalization was performed after a linear pre-
edge subtraction and the regression of a quadratic polynomial beyond the edge, using ATHENA
software FeO and hematite standards samples will be used as standards for Fe?* and Fe* valence

states, respectively. All standards samples were purchased from Sigma-Aldrich.

3. Results

Chemical method combined to an annealing procedure provide bare hematite electrodes with
columnar morphology as illustrated in scanning electron microscopy (SEM) images, Figure 1. By
playing with synthesis time (0.5, 1 and 2h), different hematite rods length or film thickness were

estimated by cross-sectional SEM images, ranging from 140 to 380 nm (see Figure la-c).
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Figure 1. Scanning electron microscopy (SEM) images of cleaved hematite electrode synthesized with
different thickness controlled by the substrate kept under hydrothermal conditions at constant temperature
(100°C): (a) 0.5 hour, (b) 1.0 hour and (c) 2.0 hours. (d) Top-view SEM images of gold nanoparticle AuUNP-
modified hematite photoelectrode and chemical map revealing the presence of those added particles (the

AuNPs are highlighted in yellow).

The investigation was conducted to find the optimum performance of bare hematite electrode
modified with gold nanoparticles (AuNPs). Hematite rods surface (Figure 1d) modification was
done using the dip coating technique as described in experimental section. In this sense, two
different approaches were performed: (i) fixed amount of AuNPs over all synthesized hematite

electrode with different thickness (Figure 2a) and (ii) different AUNP concentration added over the



selected bare hematite electrode surface (Figure 2b). The AuNP modification was confirmed by
SEM analysis and the additional chemical map (region highlighted by yellow circles) in Figure 1d
without alter the nanorods morphology. By performing photoelectrochemical in triplicate
measurements was selected the electrode for each condition mentioned in Experimental Section
under front (Figure 2c - top) and back illumination (Figure 2c - down). The combination of the
three different hematite thicknesses (synthesis time) with the three concentrations of AuNP

deposition was summarized in terms of photocurrent response at 1.23 VrHE.
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Figure 2. Schematic performed synthesis with: (A) fixed amount of AuUNP varying hematite thickness and
(B) fixed hematite thickness at 1h-hydrothermally synthesized (H1) varying AuNP concentration (1-4%);
(C) Average photocurrent density at 1.23 Vrye against synthesis time measured under front-side and back-
side illumination. Red column: pure hematite, black column: hematite modified with 1% of AuNP, blue

column: hematite modified with 2% of AuNP and gray column: hematite modified with 4% of AuNP.

Pure hematite photoelectrode in which no AuNP was deposited is taken as standard for reference
comparison. The photocurrent responses at 1.23 Vrre suggest that independent of the sunlight

irradiation side and AuNP concentrations the highest performance can be achieved by electrodes



obtained after 1 hour of synthesis (see highlighted in black dashed square, Figure 2c). In addition,
atomic force microscopy analysis conducted to all electrodes clearly shows that the 1 hour designed
system (with and without AuNP) provides the highest available surface area-roughness
combination (Figure S1, see supplementary information). Towards to understanding the role of
metallic AUNP deposited on top of hematite surface electrodes the discussion will be focused on
electrodes designed at 1 hour of synthesis (see schematic representation in Figure 2c). Firstly, the
complete JV curve under front-side sunlight irradiation, presented in the supplementary data
(Figure S2), was re-analyzed showing that the highest photocurrent response was achieved with
low amount of AuNP (H1AuUNP-1%) loaded. To address the photocatalytic improvement AuNP-
induced on hematite electrodes, further analysis was conducted to understand the role of this
semiconductor modification.

As a first step of analysis, the addition of AuNP over H1 photoelectrode surface was evaluated in
terms of optical property by performing UV-visible spectroscopy. The transmittance spectra of
pure hematite (H1) and decorated hematite photoelectrodes (HLAuUNP 1 to 4%) were presented on
Figure S3a. The transmittance curves showed a slightly decrease at all wavelengths for HLAuUNP
1 and 2% in comparison to the H1 spectra. However, HLAUNP 4% exhibited a pronounced
reduction in the transmittance profile which is probably related to the highest amount of AuNP
deposited. Considering that the hematite thickness is the same for all photoelectrodes analyzed, the
increase in the light absorption was calculated by subtracting the absorption curve of AuNP-
containing photoanodes with that of pure hematite. Once the contribution of hematite phase is
extracted from optical absorption spectra, it was possible to observe an enhancement in absorption
along the wavelength from 500 to 600 nm, which is the typical absorption band for the SPR effect
of AuNP (Figure S3b). AuNP solution absorption spectra was included as control and characteristic

absorption peak was centered at around 530 nm for the AuNPs with average size of 20 nm, as seen



in Figure S3b (black dotted line). Red-shift on the AuNP characteristic peak for the hematite-
modified photoelectrodes was observed due to the coupling between the metal and semiconductor.
Besides that, plasmon absorption peak wavelength is affected by the amount of AuNP and the red
shift might be a consequence of a high number of deposited particles, suggesting an agglomerated
AUNPs on hematite surface.!®? This effect is clearly noticed for HLAUNP 4%, which presented a
broader plasmon band, supporting the agglomerated prediction and evidencing that high AuNP
concentrations can affect the photoelectrochemical performance.

Following step was conducting electrochemical impedance spectroscopy under dark (EIS) and
illuminated condition (PEIS) to get insights on the electronic parameters with presence of AuNP
over hematite photoelectrode. EIS and PEIS data were analyzed in terms of Mott-Schottky plots
were the linear adjustment analyzed at frequency of 1 KHz allowed to estimate electronic
parameters which was summarized on Table 1. The results revealed no significant changes on the

overall capacitance represented by the slope at the Mott-Schottky plots (Figure S4).

Table 1. Current density measured at 1.23 Vrue and electrochemical parameters calculated from Mott-
Schottky linear adjustment in a presence and absence of sunlight simulated conditions: donors density (Np),

flat band potential (V1) and depletion layer length (W).

Jat1.23 Nb Vo w
Vree (MA cm™®) (10%cm™®) (VrHE) (nm)
Dark Light Dark Light Dark Light

H 0.82 5.38 541 0.43 0.36 14 13
H1AUNP 1% 1.20 4.70 4.89 0.54 0.42 16 16
H1AUNP 2% 0.95 3.63 3.52 0.53 0.41 18 16

H1AUNP 4% 0.75 6.00 4.05 0.49 0.39 16 16




EIS/PEIS (Figure S4a-d) and calculated parameters does not confirm that the major effect of
AuNP-incorporation is associated to electronic effect inducing enhancement on
photoelectrocatalytic performance. Similarly, Li et al'® reported a negative shift in the flat-band
potential from 0.32 Vrpe for bare hematite to 0.20 Vrue for hematite-AuNP and the Mott-Schottky
slope was bit smaller AUNP-modified electrode, indicating higher capacitance on the interface. On
the other hand, the authors showed that after performing a protective layer on the AuNP surface
the flat-band potential returns to 0.31 Vrue. The negative shifts on the onset potential for Li’s work
suggests the catalytic nature of those AuNP.

In our work Np, Vs, and W values were not significantly affected by AuNP presence on hematite
surface in light conditions which does not explain the difference on the photocurrent changes. At
this point, we can confirm that the metallic particle is forming a heterojunction onto the surface.
Although, it was noticed (Figure S4 a and ¢) an increase in the resistance to charge transfer aligned
to the increased AUNP amount in Nyquist plots. This confirms the presence of a heterojunction
forming a Schottky-layer increasing the charge distribution in between hematite-AuNP contact
which is a new resistance is associated to the system.

Besides the disparity observed in optical properties, photoelectrochemical performance and no
clear electronic effect for AuNP-added at fixed hematite thickness, a further discussion about the
efficiency is helpful to clarify the obtained results. Considering the global photoelectrochemical
efficiency as a function of absorption (Jabs), catalytic (ncat) and charge separation efficiency (nsep),

the photo-response can be written as Equation 1 below:

]photo = Jabs - Necat MNsep (1),

where the Jas is function of the integrated absorption spectra, ncat is represented by the ratio in

between the photocurrent obtained in alkaline electrolyte and photocurrent resulted from OH-



saturated electrolyte (Jphoto/JH202), and Nsep = Jn2o2/dabs, as defined elsewhere.??? Figure 3

summarizes the global equation parameters and analysis.
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Figure 3. (A) Increment of absorption and measured photocurrent on the unmodified hematite related to
AUNP-deposited amount; (B) Separation (top) and catalytic (down) efficiencies calculated from

experimental data for each condition.

Figure 3a revealed the contributions on hematite Japs due to incorporation of AuNP, where was
noticed a linear enhancement on hematite Japs increasing due the concentration of AuNP, as
discussed on optical analysis. This linear enhancement can be confirmed once the hematite layer
thickness was fixed and no additional annealing was performed after AUNP deposition. On another
hand, the linearity observed on absorption efficiency was not followed on photocurrent response.
The lowest absorption contribution was found for HLAuUNP 1% which reached 1.5% of increment
in the Jus parameter. In contrast, the global efficiency does not show this trend where the
photocurrent density was enhanced to about ~50% for HLAuUNP 1%, followed by ~15-20% for

H1AUNP 2% and HLAUNP 4%, in comparison with bare photoelectrodes. This result suggests that



the photoelectrochemical enhancement might be contribution of another parameter which is not
majority related to plasmon-effect.

Furthermore, the catalytic and separation efficiency were illustrated on Figure 3b. As evidenced by
LSV measurement (Figure S2), HLIAUNP 1% acts specifically in photocurrent evolution at
potentials higher than 1.0 Vrre. In fact, the charge transport was enhanced, highlighted by the
difference on separation efficiency (Figure 3b —top). On the other hand, the incorporation of AUNP
does not contribute to the catalytic efficiency at potentials higher than 1.0 Vrre independent of the
AuUNP amount, as observed on Figure 3b-down. The result clarifies that the major effect on surface
modification is attributed to charge transport efficiency. Therefore, the remaining question that
arises is regarding to the mechanism that governs the charge transfer on AUNP-modifying hematite
during photoelectrochemical measurements.

What is the mechanism for charge transfer on hematite-AuNP electrode?

Further experiments to help us to address this question was carried out. X-ray absorption near-edge
structure (XANES) was used to investigate and clarify the effect of the AUNP 1% on the hematite
surface. The data revealed the fingerprint of the phases and valence states, where Figure 4 shows
the normalized XANES spectra recorded at the Fe K-edge of iron-containing chemical standards
(FeO (Fe?*) and o-hematite (Fe**)) and HLAUNP 1% photoelectrode. It is evident in Figure 4 that
the XANES spectra profile of hematite standard and HLAUNP 1% are significantly different from
that obtained for the FeO. Two distinct regions at low (LE) and high (HE) energy is observed,
which is a characteristic behavior found for iron-based materials. LE-region in XANES spectra
correspond to the pre-edge, which showed a similar profile for a-hematite standard and HLAuNP

1% manifesting the presence of Fe* species in the samples.?® The Fe K-edge absorption energies



in LE region appear at 7112.5 and 7115 for FeO, hematite and HLAUNP 1%, respectively, as was

expected (no anomalous structural behavior).
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Figure 4. (A) Normalized XANES spectra at the Fe-K absorption edge of the FeO standard, hematite

standard and HLAUNP 1%; Zoom-view at (B) Low-energy region (LE) and (C) High-energy (HE) region.

According to previous reports and comparison with the a-hematite standard spectrum, the first
peak centered around 7115 eV is associated with local excitations of 1s electrons to d levels.?
Although the position of the pre-edge peak is very sensitive to changes in speciation, oxidation,
and coordination states (in particular to the Fe**/total Fe ratio), its intensity showed no variation in
H1AuUNP 1%, which means that Fe-d levels were not nearly disturbed by the presence of the
metal.?>? The Fe species in the AuUNP-modified photoelectrodes were mainly present in the form
of Fe*, similar to bare hematite.?’

Thus, the slight spectral change of Fe L-edge (Fig 4) suggests the chemical interaction between the
semiconductor and metallic nanoparticles, probably promoting the charge transfer from Fe (3d)

state to Au (6s/5d) due to orbital interaction.?® This may lead to increased oxygen electrocatalysis,



causing the plasmonic layer to act in the evolution of the as water oxidation. 2° The second region
(HE), considered as main edge, verifies the effect of the AUNP deposition on the photoelectrodes.
Based on XANES data, it was possible to observe the differences in between the pure hematite
surface and the modified ones with AuNPs, suggesting the advantage of the semiconductor + metal
assembly for PEC devices. The sample HLAUNP 1% presented a well-defined shoulder around
7130 eV and the peak of maximum energy at 7134 eV, which is due to the dipole-allowed 1s to 4p
electron transition, similar to the hematite standard.?® As the intensity of the 1s to 4p transition was
proportional to the population of Fe(lll), it is possible to conclude that the H1AuUNP 1%
photoelectrode has less iron ions in the Fe®* valence state.

X-ray photoelectron spectroscopy (XPS) was performed to detail the surface chemistry of AuNP

anchored over hematite photoelectrodes, as seen in the Figure 5.
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XPS data illustrated that the AuUNP, after photoelectrochemical measurements at alkaline
electrolyte, undergo partially electrochemical oxidation. A high-resolution spectrum of Au4f,
shown in the top Fig 5 a-c, contains peaks due to different gold oxidation states (Au® and Au™
where &=variable gold oxidation state).! The Au 4f spectra of the hematite-modified
photoelectrodes show a signed metallic peak (Au®) at a binding energy of 83.6 eV with an orbital
split pronounced at 87.5 eV. It was clearly noticed that HLAUNP 4% has a higher amount of Au
nanoparticles compared HLAUNP 1%. The existence of an additional pair was interpreted as the
state of oxidized gold complexes (Au*®), which is assigned to the presence of small amounts of
gold oxygen compounds on the gold nanoparticle surface as a result of gold oxidation during
photoelectrochemical processes®**>>% This result supports the formation of a thin layer of gold
complex covering the AuNPs, since at high potentials and alkaline media the formation of oxidized
gold species may takes place.®® Thus, based on thermodynamic stability, we proposed that the
surface consists of an overlayer oxygen being chemically absorbed on AuNP. 3-8 Previous studies,
under different experimental conditions, have been able to distinguish different Au-O species based
on the contribution of various peaks in their O 1s XPS spectra.®®3° The same analysis and
interpretation cannot be done because AuNPs are deposited on the hematite and the overlap
between the binding energies of the different oxide species makes their individual detection
difficult , so the different Au-O/Au-OH complexes are not easily distinguished based on the XPS
spectra of the Au 4f region.>>%940 Despite this limitation, the O 1s spectra show changes in the
energetic state of the 1s oxygen electrons on the different AUNP-hematite systems, suggesting the
presence of several oxygen species and supporting the hypothesis of the presence of an oxidized

gold complex layer. 363941

General Discussions



Overall enhancement on photoelectrocatalytic performance can be assigned to amount of AuNP
added on top of hematite photoanode. The electrochemical characterizations suggested that
H1AuUNP 1% enhances surface electron transfer at the photoanode/electrolyte interface. Three
hypotheses are commonly addressed to explain the origin of the enhanced surface charge transport
by AuNPs in contact with semiconductor: (i) increased charge transfer from semiconductor-to-
electrolyte facilitated by metallic nanoparticle presence (co-catalyst effect)?®#2 (ii) AuNPs acting
as a passivating layer, which leads to a reduction of the surface recombination®® and (iii) plasmon-
enhanced hematite absorption.

Based on our results, AUNPs plasmon resonance has showed optical absorption influence in our
photoelectrodes in the visible range but it is clearly that it is not determinant to the hematite
photoelectrochemical performance. In this same direction, Li’s report showed that the main effects
is based to Fermi level equilibration and surface catalysis with low-contribution on
photoelectrochemical response provided by plasmonic effect.’® In this case, a schematic
photoelectrochemical process at AuNP-modified photoelectrodes interface indicating the

limitations involved in the photocatalytic processes was proposed in Figure 6.
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Figure 6. Schematic representation of (A) AuNP/hematite/electrolyte interface in the photoelectrochemical

conditions and (B) band diagram.

Figure 6a summarizes the processes of photo-oxidation considering the AuNP in contact with the
electrolyte under illumination. In this work we understand that multiples charge transfer processes
can occur in the system, as evidenced in the band diagram (Figure 6b). The AuNP supported onto
hematite photoelectrodes submitted to an alkaline medium and light-simulated conditions might
deal with electrons being transferred from AuNP-to-semiconductor surface. The photogenerated
holes created on the semiconductor surface can be trapped by generated states in the AuNP-
hematite contact, as suggest in the schematic band diagram on Figure 6b.

The Schottky interface among AuNP-hematite electrodes corroborate to inject electrons directly in
the hematite conduction band, improving the available charges (non-major effect) based on the
Fermi Level equilibration. Although the limiting process is attributed to the transfer in the AUNP-
electrolyte interface due to the oxidize resistive surface which contribute to enhance recombination
(as shown on the XPS results and confirmed in the EIS-PEIS).

Due to the alteration of the electrochemical surface potential during the anodic process, AUNP
oxidation is preferentially governed by O/OH adsorption and Au-O/OH place-exchange.® It is
already known that the gold species rapidly hydrolyzes to form complexes on the AuNP surface
during oxygen evolution process under highly alkaline medium.* From the extremely catalytic
surface, the AuNP interact with hydroxyl groups and hematite surface leading to the formation of

oxidized AuNP after photoelectrochemistry measurements.3®4>% The formation of unstable Au



hydroxide might be related to abundance OH* radicals from electrolyte which can oxidize metallic
Au as clarified in the XPS profiles and similarly observed in the literature,*’#8

Cyclic voltammetry measurements were performed to clarify the electrochemical effect on AuNP
surface, and the electrodes was analyzed by UV-visible spectra, detailed on Figure S5. Au-modified
photoelectrodes were subjected to 20 cycles ranging from -0.8 to 0.8 Ag/AgCl, and the results
indicated that the applied potential and the interaction with the alkaline electrolyte lead to a slight
oxidation of the AuNPs. The contribution of light in the formation of an oxidized product can also
be seen in Figure S5. The appearance of this hydrated/oxidized gold phase in the interface
electrode/electrolyte may affect the conductivity impairing the photocatalytic performance due to
the passivation layer on the surface formation, decreasing the number of the transferred charge.*®
Most notably, it has been reported that the appearance of the oxidized gold species on metals can
induce a reduction of the metal work function.3*475° This implies that under photoelectrochemical
conditions, the presence of chemisorbed species (Au-O) plays role in the photoactivity of AuNP.
In this case, the oxidized gold phase acts as inhibitor for water oxidation as it is a non-photoactive
material.

Based on the obtained results and return to band diagram (Figure 6b), it is possible to observe that
the processes involved between the injection of electrons by the AUNP into hematite and the total
interaction of the system with the electrolyte should be a synergy between: gold-amount and
oxidized gold layer thickness. Thus, the encapsulation of the AuNPs should be necessary to reduce
the effect of surface states induced by oxidized interface, as already proposed by other authors. In
summary, the gain achieved in the water splitting efficiency with AuNP-hematite photoelectrodes
is governed by a sum of factors, such as the thickness of nanorods, permeability of the electrolyte,

roughness, and linearity in the deposition of AuNP. In this work the mandatory process to enhance



hematite-AuNP system photoelectrochemical performance is related to the increased charge

transfer in the Schottky contact mediated by Fermi Level equilibration.

6. Conclusions

In summary, we demonstrated that the photoactivity of AuNP-hematite photoelectrodes for
photoelectrochemical water oxidation can be effectively enhanced in the entire UV—visible region
by adopting different amount AuNP deposited. The obtained results revealed that, differently of
the commonly reported for hematite-AuNP system, the addressed absorption improvement was not
the major mechanism responsible to contribute to the photoelectrochemical performance. The
Schottky contact in between hematite-AuNP and the Fermi level equilibration provided an
enhancement in the charge separation efficiency, leading to the conclusion that the enhanced
transport is the majority of the effect to enhance photoresponse. Moreover, the AuNP-oxidized
surface clarifies an important insight about the limiting process to achieve an improved catalytic
efficiency on the solid-liquid interface. The controlled amount of deposited AuNP while
maintaining a good surface catalysis is the determinant factor to improve photoelectrocatalytic

performance.
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