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ABSTRACT 

Plasmonic metal nanoparticles (NPs) extend the overall light absorption of semiconductor 

materials.  However, it is not well understood how coupling metal NPs to semiconductors alters 

the photo-electrochemical activity of small molecule oxidation (SMO) reactions.  Different 

photo-anode electrodes comprised of Au NPs and α-Fe2O3 are designed to elucidate how the 

coupling plays not only a role in the water oxidation reaction (WO) but also performs for 

different SMO reactions.  In this regard, Au NPs are inserted at specific regions within and/or on 

α-Fe2O3 layers created with a sequential electron beam evaporation method and multiple 

annealing treatments.  The SMO and WO reactions are probed with broad-spectrum irradiation 

experiments with an emphasis on light-driven enhancements above and below the α-Fe2O3 band 

gap.  Thin films of α-Fe2O3 supported on a gold back reflective layer resonantly-traps incident 

light leading to enhanced SMO/WO conversion efficiencies at high overpotential (η) for above 

band-gap excitations with no SMO activity observed at low η.   In contrast, a substantial increase 

in the light-driven SMO activity is observed at low η, as well as for below band-gap excitations 

when sufficiently thin α-Fe2O3 films are decorated with Au NPs at the solution-electrode 
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interface.  The enhanced photo-catalytic activity is correlated with increased hydroxyl groups at 

the Au/α-Fe2O3 interface, as well as simulated volume-integrated near-field enhancements over 

select regions of the Au/α-Fe2O3 interface providing an important platform for future SMO/WO 

photo-electrocatalyst development.   

 

INTRODUCTION 

The complete electrochemical oxidation of alcohol fuels containing a single carbon-

carbon (i.e., C-C) bond such as ethanol is difficult to perform at low temperatures (i.e, < 80°C).  

It is well known that at these low temperatures alcohols containing C-C bonds are not 

completely dissociated due to inefficient catalyst activation.1  As a result, state-of-the-art 

electrochemical power generators typically use fuels that don’t contain C-C bonds (e.g., 

methanol, formic acid, H2, N2H4, etc.), or perform high-temperature catalytic reformation steps.  

However, these approaches are not optimal for portable systems since fuels without C-C bonds 

have either a lower specific energy (e.g., methanol is lower than ethanol and ethylene glycol on 

a kW kg-1 basis) or are considered unsafe (e.g., hydrazine, N2H4).  Moreover, reformation 

components increase the system complexity and weight required, thereby lowering the overall 

specific energy density of the device.2  Several strategies have been undertaken to facilitate 

small molecule oxidation (SMO) at low temperatures including Pt- or Pd-alloying3-5, metal-

oxide promotion (i.e., metal in combination with TiO2, Sn-doped TiO2, CeO2, Ce-doped α-

MoO3, ZrO2 etc.)6-10, altering the nanoparticle aspect ratio and geometry (e.g., core-shell, rods, 

antennas, etc.)11-13 and modifying the reaction media14-15.   In addition to these strategies, 

integrating plasmonic metal nanoparticles (NPs) into electrodes creates many opportunities.  

Once plasmonic NPs are integrated into the electrode the redox kinetics and selectivity of the 
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desired SMO reaction can be enhanced or altered with light-driven processes in conjunction 

with an anodic bias.16-18  Plasmonic-enhancement was previously demonstrated for gold 

nanofiber electrodes with observed photo-enhancements for both the methanol and ethanol 

oxidation reactions.19  In addition to plasmonic metals, coupling metallic NPs with a 

semiconductor structure extends the photo-catalytic devices’ absorption of the available solar 

spectrum, thereby increasing the energy available to promote oxidation.20-22   

Metal-semiconductor photo-active electrodes have been demonstrated in various energy-

related applications including water-splitting23-25, carbon dioxide reduction26, hydrogen 

dissociation27, formic acid oxidation28-29, among other findings.  For example, metal-

semiconductor electrodes that utilize metal NPs as light antennas to transfer energy to the 

adjacent semiconductor has been shown to enhance photo-conversion in the adjacent 

semiconductor both above and below the band gap.30 It was previously reported that positioning 

NPs at different locations within a film and/or incorporating a metal reflector allows one to 

reduce the physical thickness of the semiconductor.25, 31  Therefore, efficient hot carrier 

extraction is possible for metal-semiconductor-metal (MSM) and metal-insulator-metal (MIM) 

systems with optimally configured back reflector contacts and semiconductor thicknesses.32-33  

Despite successful demonstrations, incorporating plasmonic metal NPs into an electrode without 

optimization of the materials, the electrode configuration and the light trapping scheme often 

leads to a decreased light-driven performance.   

We describe different Au/α-Fe2O3 electrode configurations for SMO reactions at low 

overpotentials (η) and compare the performance to the water oxidation (WO) reaction and mixed 

SMO/WO reactions at high η.  Au NPs are of particular interest since they exhibit extinction 

cross sections up to 10× their geometrical cross-section,34 are chemically stable and 

Page 3 of 48 Nanoscale



4 
 

electrochemically active in alkaline media,35-36 and have shown increased electrochemical 

activities with decreasing NP size.37  In addition, α-Fe2O3 is chemically stable in high pH media, 

readily abundant, absorbs solar irradiation due to a desirably situated band-gap, and exhibits 

spectral overlap with Au NPs near the band-edge.38 It was previously shown that porous α-

Fe2O3 decorated with Au NPs were effective ethanol gas sensing substrates.39  In addition, 

interface manipulation of α-Fe2O3 with Au NPs and/or Al2O3 was shown to be an effective 

strategy to promote plasmon-coupled water-splitting.40   However, a thorough undertaking of 

photo-enhanced SMO reactions has not been established. The ultimate objective is to configure 

the metal-semiconductor architecture to efficiently extract electrons while promoting the 

migration of holes to the solution-electrode interface.  It remains unclear how positioning Au 

NPs at the surface and/or within a semiconductor effects the overall charge-transfer dynamics 

for SMO electrocatalytic reactions.  The results highlight important design considerations and 

quantify the potential-dependent light-driven SMO and WO reaction responses.   

  

EXPERIMENTAL  

Electron-Beam Evaporation 

        Thin film (TF), surface (SF), embedded (EM) and distributed (DB) structures were 

fabricated using a sequential electron-beam evaporation process. All electrodes were prepared on 

pre-cleaned fluorine-doped SnO2 (FTO) substrates (i.e., 500 µm thickness with a 9 Ω-cm2 

resistance).  Depositions were performed in an Evatec BAK 641 electron-beam (EB) evaporation 

tool with a base pressure of ~10-6-10-7 Torr and a collector rotation rate of 15 rpm.  The total 

deposited sample thickness was monitored via a quartz crystal with a targeted deposition rate of 

0.2 and 0.3 nm s-1 for FexOy and Au materials, respectively. Three different FexOy nominal 
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thicknesses were considered (i.e., 25, 50 and 75 nm) for the TF, SF, EM and DB electrodes 

resulting in twelve different wafer-size electrode configurations.   The sample thicknesses were 

determined for the α-Fe2O3 and Au layer depositions independently on control Si double-side 

polish wafers by measuring the step height profile with a KLA Tencor P-15 profilometer.  The 

step-height profiles were calibrated with Tencor step-height control samples.  The Si control 

wafers minimized surface roughness effects commonly observed for FTO substrates and allowed 

accurate determination of the deposit thickness for determining the tooling factor and subsequent 

deposition rate.  The measured iron oxide thicknesses are 27.2 ± 2.3 nm, 51.7 ± 3.1 nm, and 77.1 

± 1.5 nm.  The iron oxide thicknesses reported here-in are nominal values for simplicity.  For all 

electrodes discussed, a 50 nm layer of Au (Au Layer 1) was deposited on FTO to serve as a 

working electrode contact, as well as a back metal reflector for light-trapping. The back contact 

(Au Layer 1) thickness is   51.4 ± 3.3 nm measured by profilometry.  A schematic of the EB 

deposition steps (i.e., EB1, EB2, EB3), as well as annealing (∆T) treatments is shown in Fig. 1. 

The TF electrodes were prepared by depositing iron oxide (FexOy) on the Au film-coated FTO 

followed by annealing (∆T) in a Tystar tube furnace; the specifics of the annealing steps are 

outlined in the next experimental subsection.  The SF configurations were prepared similarly to 

the TF samples; however, a 5-nm Au film was added to the surface of the FexOy before annealing 

(EB1 followed by ∆T).  The EM and DB configurations required two annealing steps to achieve 

Au NPs at an embedded and/or surface location.  Specifically, the EM configuration was 

prepared by adding Au NPs at the midpoint in the nominal 25, 50 or 75 nm FexOy thin film.  For 

example, for the nominal 50-nm thin Fe2O3 film, Au NPs were added to the surface of 25 nm of 

FexOy followed by an additional coating layer of 25 nm of FexOy, which encased the Au NPs 

(EB2 followed by ∆T). The DB configurations were developed by adding Au NPs at the 
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midpoint of the FexOy film, as well as at the surface (EB3 followed by ∆T).  It is worth noting, 

that only the location of the Au NPs was altered for each configuration to effectively normalize 

the iron oxide mass loadings for the TF, SF, EM and DB configurations. 

 

  Single- or Multi-Step Annealing  

The annealing procedure (i.e., ∆T for each step previously discussed in the EB section) is 

an important process for creating the TF, SF, EM and DB electrodes.  First, 100 mm FTO wafers 

coated with sample were loaded into quartz trays and introduced from room temperature into a 

Tystar tube furnace preheated to 350°C at a controlled speed, which allowed the sample to 

slowly equilibrate to the initial tube furnace temperature.  The sample-loaded tube furnace was 

then ramped from 350°C to 450°C at 2°C min-1 in N2 with 200 sccm of O2.  Next, the 

temperature of the furnace was held at 450°C for 4 hr and the N2 flow-rate was simultaneously 

reduced until there was only a pure O2 gas flow.  The pure O2 environment and length of 

annealing converts the evaporated iron oxide (i.e., denoted as FexOy) to α-Fe2O3. The pure O2 

environment and annealing time also simultaneously converted the thin 5 nm Au film to NPs.  

Next, the furnace temperature was ramped down at 2°C min-1 to 350°C in a mixed N2/O2 

atmosphere and slowly removed at room temperature.        

   

Photo-Electrochemical Experiments  

The TF, SF, EM and DB electrodes were studied in two different custom-made Teflon 

apparatuses.  Figure S1 shows the two different apparatuses used for the photo-electrochemical 

experiments excited with a continuous wave laser (CWL) and solar-simulated light experiments 

(AM1.5G).  The power densities for the CWL and AM1.5G experiments were calibrated using a 
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photo-diode in place of a typical working electrode.  The power densities for the CWL 

experiments were controlled from ~5-70 mW cm-2 (i.e., a typical power density range for both λ 

= 532 and 785 nm).  The power density for the AM1.5G experiments was calibrated to ~100 mW 

cm-2 at the location of the sample for the custom-built apparatus.  The power decreased with the 

insertion of cut-off filters in-line with the light path.  The power and current densities for a given 

experiment (i.e., at a given voltage), were used to convert to incident-photon-to-current 

efficiencies (IPCE %) with the following equation: 

IPCE	%	�	100× �(	����)
�(�	����) ×

1240
�(��)										[1] 

Both three-electrode cells were fitted with an O-ring to set the geometric areas to 0.61 

and 0.99 cm-2 for the CWL and AM1.5G experiments, respectively.  Based on the geometric 

electrode areas and assuming a density of 5.25 g cm-3 and 19.32 g cm-3 for iron oxide and Au, 

respectively, the final mass loadings of the Au Layer 1, and three different iron oxide layers (i.e., 

correlated to the three different thicknesses measured by profilometry) are 58.9 ± 3.9, 8.7 ± 0.7, 

16.5 ± 1.0, 24.7 ± 0.5 µg cm-2 for the CWL experiments.  For the AM1.5G experiments, the mass 

loadings of the Au Layer 1 and three different iron oxide layers are 95.6 ± 6.3, 14.1 ± 1.18, 26.8 

± 1.59, 40.07 ± 0.8 µg cm-2, respectively. The Au NP loading is based on a 5 nm nominal 

thickness and yielded approximately 5.9 and 9.6 µg cm-2 for the CWL and AM1.5G experiments, 

respectively.  To achieve the optimal photo-electrochemical response for the CWL experiments, 

the objective was set to 5× for an experimentally optimized cell distance, with the laser 

excitation incident through a sapphire window.  For the AM1.5G experiments, the light housing 

was equipped with a 300 W Xe bulb, an AM1.5G filter, and select cut-off filters (LPF) as 

appropriate.  Both apparatuses included a Pt coil counter and reference (i.e., Ag/AgCl, Sat. KCl) 

electrodes, which along with the fabricated TF, SF, EM and DB working electrodes were 
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connected to a Gamry potentiostat for photo-electrochemical experiments.  All electrochemical 

experiments were performed at room temperature in high pH media (0.1M KOH) with and 

without the presence of either 0.5M Methanol (MeOH), Ethanol (EtOH) or Ethylene Glycol 

(EG). Solutions were sparged with N2 prior to testing, and a continuous stream of N2 flowed in 

the head-space through a built-in port.  The potentials reported were converted to the reference 

hydrogen electrode (RHE) scale with the following formula: 

���� � �� /� "# + 0.0596×pH + �� /� "#+ 										[2] 
where �� /� "#	is the measured potential, �� /� "#+  is 0.197 V, and a nominal pH of 13.  For 

select chronoamperometry and photo-potential experiments, the results were background 

subtracted to decouple the light-driven response from the dark response (i.e., absence of 

illumination).  Examples of the background subtraction method used for chronoamperometric 

experiments and open-circuit potential experiments are shown in Figures S5 and S7.   

 

X-Ray Photoelectron Spectroscopy  

X-ray photo-electron spectroscopy (XPS) measurements were performed on a ULVAC 

PHI VersaProbe III with monochromatic Al Kα source energy of 1486.6 eV.  The spot size for 

X-rays was 100 µm with an X-ray power of 25W.  The pass energy was set to 224 eV and 55 eV 

for surveys and high-resolution scans, respectively. The high-resolution and survey scans were 

shifted to align the adventitious C1s peak at 284.8 eV.  High-resolution spectra were fitted using 

Casa XPS software with a Shirley background and each peak-fit component line-shape set to 

GL(30) for the O1s spectra.   

 

Diffuse Reflectance Spectroscopy 
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The UV-Vis transmittance and diffuse reflectance was measured with an Avaspec 2048 

spectrophotometer and halogen light source.  Diffuse reflectance (%R) measurements were 

collected with an Avasphere-30 PTFE integrating sphere with data collection set to a 250 ms 

integration time with averaging over 100 scans.  The transmittance (%T) was also collected with 

the same Avantes setup without the need for the integrating sphere and setting the integration 

time to 4 ms with averaging over 250 scans.  Both spectra were acquired after subtracting the 

underlying FTO substrate with the final quantity reported as ΦAbs = 1-T-R	(%). 

 

Atomic Force and Scanning Electrochemical Microscopy.  

Atomic force microscopy (AFM) was performed in ACAFM mode (164.2 kHz) on an 

Agilent AFM (Model 5500, Keysight Technologies) using 150 kHz Silicon probes with a DLC 

coated tip (Ted Pella, Inc.).  Data was collected using Agilent’s Pico-View software over a 5 µm 

x 5 µm area, and scans were collected at 6.125 µm s-1.  Gwyddion freeware was used to visualize 

all images.  Scanning electron microscope (SEM) images were obtained with a Zeiss Auriga 60 

Field-Emission SEM.  Additional SEM images with energy dispersive spectroscopy (SEM-EDS) 

were acquired using a XEIA field-emission gun SEM. The TF, SF, EM and DB electrodes were 

imaged for all Fe2O3 loadings, and were typically inspected at 2-5 kV, with a working distance of 

~5 mm, and the stage at either 0⁰ or 15⁰ tilt.  Image J software was used to measure Au NP 

distributions, as well as α-Fe2O3/Au Layer 1/FTO substrate sizes for each electrode 

configuration.  

 

HAADF-STEM, TEM & EDS Imaging  
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 Cross-sections were prepared using focused ion beam SEM (FIB-SEM).  First the sample 

was coated with carbon for ~4 sec. with an estimated thickness of 20 nm to protect the surface of 

the Au/α-Fe2O3 samples.  Next, an area of 750 µm3 was coated with Pt using a 30 kV Xe ion 

beam at 150 pA for 30 mins (Tescan XEIA).  The cross-section lamellae were prepared with a 

30kV Ga+ ion beam at 145 pA, and then was subsequently polished at 2 kV and 45 pA (Tescan 

GAIA).  High-resolution transmission electron microscopy (TEM) and high angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) of the Au/α-Fe2O3 samples 

was performed using a JEOL JEM-2100 (FEG-TEM). The accelerating voltage was maintained 

at 200 kV with probe size of 0.5 nm for STEM-HAADF imaging and an inner/outer collection 

angle of 80 and 200 mrad for EDS measurements, respectively.   

 

Discrete Dipole Approximation Simulations 

The discrete dipole approximation (DDA) methodology was used to perform 

electromagnetic scattering simulations in this study.41-43 DDSCat, which employs the DDA 

methodology, has been used to discretize target structures as a system of finite sized dipoles, 

subject to electromagnetic radiation at a prescribed wavelength. This methodology uses the 

Clausius-Mossotti relations to account for the effects of material (dipole) polarization on local 

relative dielectric. Both the near-field and far-field electromagnetic scattering characteristics 

were calculated with the DDA methodology.  For each electrode configuration examined within 

the current work, a doubly-periodic system was created, discretized and analyzed.  The resulting 

(far-field) scattering characteristics were extracted from the Mueller scattering intensity matrix.41 

In addition, the near-field enhancements that take the form of local electric fields were also 

calculated with this methodology. In order to provide a more systematic and quantitative 
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measure of the influence of the structure materials and geometry on the near-field scattering, 

volume-normalized integrations of the square of the near field enhancement (i.e., square of the 

ratio of the local and incident electric fields and denoted ρ(λ,φ)) were additionally performed.43  

The ρ(λ,φ) was determined using the following equation: 

/(�, 1) � 	 234 5 6 ��76
�
89:3           [3] 

where λ, φ, |� �+⁄ |�are the wavelength, phase, and near-field enhancement, respectively.  

Additional details and discussion regarding the DDA simulations is given in the supporting 

information.   

 

RESULTS & DISCUSSION  

The electrode configurations were created using a sequential deposition method followed 

by single or multiple annealing steps.  Figure 1 shows the TF, EM, SF and DB configuration 

schematics (dashed boxes).  All configurations were created with a gold backing layer, which 

served as a working electrode contact, reflective layer and as a diffusion barrier to prevent 

doping of the iron oxide by the underlying FTO substrate.44  After annealing, the underlying Au 

layer is modified and shows a decreased reflectance at λ ≥ 600 nm, which is typically observed 

for thermally-treated Au films.45-46  Figure 2 shows representative SEM images of four different 

configurations for select iron oxide thicknesses.  Figure 2a is a low and high (inset) 

magnification image of the TF configuration with a nominal deposited iron oxide thickness of 25 

nm.  Complimentary schematics of the photo-electrode configurations are shown in Fig. S2 

corresponding to the SEM images in Fig. 2.  After annealing, the iron oxide layer is at the 

surface with continuous film, and a substrate (α-Fe2O3/Au Layer 1/FTO) diameter size 

distribution centered at ~206 nm (Fig. S3).  The substrate diameter distribution is mainly affected 
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by the FTO underlayer.  This is confirmed by measuring the AFM roughness as shown in Fig. S3 

and compared for similar samples. Additional Si wafer samples were prepared for comparison 

and exhibited a lower roughness.     Raman analysis of the FexOy film before annealing has peaks 

characteristic of Fe3O4, however after annealing the Fe3O4 peaks disappear and the α-Fe2O3 

phase is identified as shown in Fig. S4a.  The Raman peak locations and relative peak 

magnitudes are consistent with previous analysis of Au/α-Fe2O3 composites and localized spin-

waves.47-48  Figure 2b shows after annealing Au NPs distributed across the surface of the nominal 

25 nm α-Fe2O3 thin film (SF25).  The Au NPs are uniformly dispersed with a diameter centered 

at ~30 ± 8 nm as shown in Fig. S3.  The thin Au film conversion to Au NPs has been previously 

observed for thermally-treated Au films.46, 49  Figures 2c-d show the embedded and distributed 

configurations for a total 50 nm α-Fe2O3 thickness denoted EM50 and DB50, respectively.  The 

EM50 and DB50 configurations preserve the Au NP geometry even after the FexOy over-coating 

and subsequent annealing to α-Fe2O3.  Complimentary AFM images were acquired for the 

different electrode configurations and are shown in Figs. S3c-f for the nominal 25 nm α-Fe2O3 

thickness.  The AFM z-height profile is similar for the different SF, TF, EM and DB 

configurations over the 25 µm2 area measured.   In addition to the morphological and phase 

identification analysis, it was necessary to determine if the α-Fe2O3 successfully over-coated the 

Au backing layer and/or the Au NPs positioned at the surface.  Therefore, FIB-SEM cross-

section lamella of the Au/α-Fe2O3 electrode were prepared and imaged with TEM, HAADF-

STEM ad EDS mapping. Figure 3a shows a cross-section image of the EM50 sample.  The 

EM50 sample shows the (Au Layer 1) with a thickness of ~51 nm consistent with the 

profilometry measurements discussed in the experimental section.  In addition, multiple cross-

section images confirm the ~25 nm α-Fe2O3 layer atop the (Au Layer 1), as well as Au NP of 
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~30 nm in diameter.  Finally, an additional ~25 nm α-Fe2O3 atop the Au NPs is also observed.  

Figure 3b shows HAADF-STEM image over several micrometers, with EDS mapping shown in 

Fig. 3c.  Figure 3c clearly shows the Sn (i.e., from the FTO substrate), Au (i.e., from Au Layer 1) 

and Fe (i.e., from the Au/α-Fe2O3 layer) with a continuous profile observed for the Au and Fe 

layers.  The continuous profile and height distribution is consistent with that found from the 

AFM images shown in Fig. S3.  Complimentary SEM-EDS images are shown in Fig. 3d for a 

large area with the increased Au L signal due to the Au backing layer and Au NPs.  Additionally, 

XPS probed the surface oxygen, gold, iron surface chemistry for each configuration. 

Figure 4a shows the XPS survey scans for all TF configurations considered.  There is a 

noticeable Fe2p, O1s, and Fe3p signature associated with the iron oxide layer.  High resolution 

spectra of the Fe2p binding energy region (Fig. S4b) show the Fe2p3/2 peak approximately 

centered at ~711 eV, which suggests a Fe3+ oxidation state.44, 50  For the TF25, TF50 and TF75 

samples the Fe2p3/2 peak is approximately centered at 710.6 ± 0.03 eV.  For the SF25, TF50 and 

TF75 samples, the center of the Fe2p3/2 peak shifts to 710.7 ± 0.10 eV.  The location of the 

Fe2p3/2 The binding energies, peak separation and satellite peaks (~719 eV) observed in the 

Fe2p region are consistent with the Raman spectra, which suggested an α-Fe2O3 (hematite) 

phase.51-53  Addition of Au NPs to the interface (SF configurations) is verified by the XPS survey 

scans shown in Fig. 4c with the appearance of Au4d and Au4f peaks.  Figures 4b and 4d 

compare high-resolution scans of the TF and SF configurations for two different thicknesses.  As 

expected, the Au4f signature is not observed at the surface for the TF configurations, whereas the 

SF configurations show peaks that are approximately centered at ~84.1 and 87.8 eV for the 

Au4f7/2 and Au4f5/2 lines, respectively. (See Table S1 for exact peak locations)  The peak 

locations, spin-orbit splitting and peak area ratio is consistent with metallic Au0
 and previous 
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reports for Au/Fe2O3 catalysts calcined above 573K.54  The Au 4f peak positions were previously 

discussed for porous α-Fe2O3 decorated with Au NPs.39  For example, a negative shift of the 

binding energy from ~84.1 to 83.9 eV was reported to be an increased interaction of the Au NPs 

and Fe2O3 support.  A small negative shift in binding energy (i.e., compared to bulk gold) is 

observed for the thinnest SF configuration with Au NPs at the surface.  However, the shift in this 

study is smaller.  Moreover, the higher binding energy of the Fe2O3 2p3/2 peak for the SF 

electrodes by 0.1 eV compared to the TF electrodes (i.e., after the addition of the Au NPs) is 

possibly due to a change in surface termination resulting from concomitant reshaping of the Au 

NPs.  For example, it is possible the surface has a small surface termination of α-FeOOH, which 

has a reported binding energy peak location of ~710.2 eV.50 In addition, DB and EM 

configurations were analyzed and showed the presence and absence of Au at the surface, 

respectively.  The XPS analysis of the TF, SF, EM and DB electrodes confirms the α-Fe2O3 over-

coating, as well as evidence that mixing of Au NPs at unintended depths after annealing is 

avoided.  The XPS findings indicate controlled fabrication for a direct comparison of the photo-

electrochemical performance.  The Au NP location is important for identifying the contributions 

of the Au and α-Fe2O3, the interplay of the interface formed at the Au/α-Fe2O3 boundary, as well 

as the charge extraction dynamics of the photo-electrodes.   

High-resolution scans of the O1s region are compared in Fig. 5 for the different TF and 

SF configurations.  The TF and SF electrodes show a main peak at ~529.8 eV (O1s Peak 1) with 

a shoulder to the high binding energy side and peak position of ~530.9 eV (O1s Peak 2).  Table 

S1 shows the O1s fittings with the peak locations, peak FWHM, peak area (%) and Std. Dev. (%) 

for O1s Peak 1 and O1s Peak 2.  The low and high O1s binding energy peaks are associated with 

oxygen atoms in the Fe2O3 lattice and hydroxyl groups in the lattice, respectively.39,44 For a 
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nominal 25 nm α-Fe2O3 thickness (i.e., TF and SF electrodes), the oxygen atoms associated with 

hydroxyl groups in the lattice are increased relative to the oxygen atoms in the Fe2O3 lattice.  

Moreover, thinner α-Fe2O3 films possess increased hydroxyl groups compared to thicker α-Fe2O3 

films, which is evident by a decreased (O1s Peak 1):(O1s Peak 2) area ratio.  For thicker α-Fe2O3 

films, the hydroxyl groups decrease with an increased (O1s Peak 1):(O1s Peak 2) area ratio, 

whereby the SF and TF ratios approach similar values. Interestingly, the addition of Au NPs to 

the surface appears to be the main contributing factor for the increased O1s Peak 2 area 

especially for thinner α-Fe2O3 films.  Since the gold concentration at the surface is the same for 

each SF configuration, it is determined that the ultra-thin film also contributes to the increased 

oxygen population at the surface.  Therefore, the combination of Au NP reshaping, oxidation of 

FexOy � α-Fe2O3, and texturing of the Au back contact provide appropriate conditions to 

generate a more hydroxyl-group rich Au/α-Fe2O3 perimeter at the electrode interface.   

Figure 6 shows the UV-visible ΦAbs spectra for TF, SF, DB and EM configurations for 

two different α-Fe2O3 thicknesses.  Figure 6a shows that the 25 nm α-Fe2O3 layer deposits reach 

a maximum ΦAbs of ~90% at ~600 nm for the SF, EM and DB configurations.  In contrast, the TF 

configuration has a lower ΦAbs suggesting that the addition of Au NPs at the surface and/or 

within the α-Fe2O3 film enhances the overall ΦAbs, especially at energies below the band edge 

(i.e., ~2 eV as determined from a Tauc plot analysis of the α-Fe2O3 layer and shown in Fig. 6a 

inset).17, 55-56  The Tauc plot is made by plotting the (αhν)2 vs. hv to quantify the onset of 

absorption as previously reported.56  As the film thickness is decreased the relative 

(SF25):(TF25) ΦAbs ratio is also decreased.  Fig. 6b compares the different configurations for α-

Fe2O3 layer nominal thicknesses of 50 nm.  The overall ΦAbs in Fig. 6b is lower compared to Fig. 

6a, except for the EM and DB configurations, which have a noticeable red-shift in ΦAbs (~100 
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nm more positive) and a ΦAbs close to that of their 25 nm thick counterparts observed in Fig. 6a.  

The red-shift in the surface plasmon resonance maximum is commonly observed for NPs 

encased in a media with an increased dielectric function.34  The SF, EM and DB configurations 

have an increased ΦAbs compared to the TF configuration. It is important to note that we 

compared simulations for the SF, EM and DB configurations for Au NPs with diameters of 32 

nm (i.e., within the Au NP diameter average shown in Fig. S3b).  In addition, we compared DDA 

simulations for different Au NPs sizes located at the surface (i.e, ranging from 32 to 64 nm in 

diameter).  There are essentially two contributions to the ΦAbs at λ > 625 nm.  The first 

contribution is due to the reflective Au backing layer.  The second ΦAbs contribution is from Au 

NPs with diameters ≥ ~42 nm.  However, since the TF configuration (i.e., for a comparable 

thickness) have a similarly increased ΦAbs at longer wavelengths it is determined that the 

contribution at λ > 625 nm is primarily due to the underlying Au/α-Fe2O3/FTO substrate and not 

Au NPs > 32 nm in diameter at the surface.  The electrode performance is evaluated to 

understand how the interplay between Au/α-Fe2O3, as well as the different ΦAbs features effects 

the photo-electrochemical results of the small molecule (SMO) and water (WO) oxidation 

reactions.  

The TF, SF, EM and DB configurations were photo-electrochemically compared first by 

monitoring the open-circuit potential (OCP) under 10 sec. interval light-chopping (AM1.5G) in 

the presence and absence of 0.5M EtOH in 0.1M KOH prior to performing electrocatalytic 

experiments. Figure S6 shows the photopotential (∆OCP = OCPLight – OCPDark) with markedly 

different responses for the various configurations.  The photo-voltage measurements probe the 

Fermi levels under equilibrium and quasi-equilibrium conditions as previously suggested.40   

Illuminating the thinnest TF configuration negatively shifts the OCP ~10 mV, however the shift 
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is short-lived (~1 sec.) and positively decays to a nearly constant value after ~5 sec.  Turning off 

the illumination results in a nearly symmetric overshoot (i.e., relative to the maximum negative 

shift) in the positive charge accumulation direction, which then negatively decays to a nearly 

constant value after ~5 sec.  The oscillating negative (positive) accumulation after the respective 

light (dark) irradiation suggests that the TF configuration undergoes e--h+ pair separation that is 

followed by an undesirable recombination and thermalization.57-58  The large photopotential 

spike observed for the TF configuration may be due to recombination of carriers that are able to 

separate under illumination but unable to sustain charge separation in the absence of a bias.   

This is further illustrated by both the ∆OCP and the TF switching becoming less pronounced 

with increasing α-Fe2O3 thickness considering the minority carrier diffusion length reported for 

n-type α-Fe2O3.
38  The addition of Au NPs to the TF surface results in a much larger ∆OCP and a 

sustained photo-potential after light irradiation.  Switching the light off causes a rapid decay of 

the current to the initial OCP baseline without the overshoot observed for the TF configuration.  

The trends for the maximum ∆OCP achieved are qualitatively like the TF configurations (i.e., 

comparing only the maximum negative charge accumulation region), however the SF electrodes 

possess nearly an order-of-magnitude larger ∆OCP shift for the best configuration.  The rapid 

light on/off response of the SF configurations suggests that the time to quasi-equilibrium 

conditions is rapid as opposed to the other configurations.  It should be noted that the ∆OCP in 

0.1M KOH is larger for the SF configurations by ~30-40 mV.  In contrast, the EM & DB 

configurations (Fig. S6c & S6d, respectively) have much smaller ∆OCPs, and are ~1 and 2 

orders-of-magnitude lower than the TF and SF configurations, respectively.  The difference 

between the TF and SF electrodes is attributed to the addition of Au NPs at the solution-electrode 

interface.  However, simply adding Au NPs to the surface of the EM configurations (e.g., to 
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create the DB electrode) is not enough to enhance and recover the large ∆OCP observed for the 

SF electrodes.   

To compliment the ∆OCP experiments, light-chopping (AM1.5G) chronoamperometry 

(10 sec. intervals) was performed for the EtOH oxidation reaction (EOR).  Figure 7 shows three 

different SF configurations compared at different overpotentials (η) for the EOR illuminated 

with AM1.5G solar-simulated light.  At a relatively low overpotential (η = 0.6V) the EOR 

activity is approximately equal for the different thicknesses. (Note: Here we denote η as the 

measured potential minus 0V vs. RHE) Incident light generates a transient increase in the current 

response which quickly transitions to a sustained steady-state current of approximately equal 

magnitude for the different α-Fe2O3 thicknesses.  The magnitude of the transient response 

decreases with increasing η for all configurations.  Moreover, the SF25 electrode revealed the 

largest steady-state current response at all η with the transient response nearly disappearing for η 

≥ 1.0V.  The square-wave function means charge carriers separate quickly at the overpotentials.  

When the η ≈ 1.0-1.1 V, the WO process is initiated yielding a mixture of the WO/SMO 

reactions.  The decrease in the transient current and the increase in the steady-state currents are 

indicative of decreased recombination processes under anodic biasing.21, 58  Furthermore, the 

decrease in recombination rate is evident by the disappearance of the anodic spike (i.e., light on) 

and slow disappearance of the cathodic spike (i.e., light off).  The current density was compared 

for the TF, SF, EM and DB electrodes with the largest photopotential (Fig. S8).  The SF 

electrodes show nearly an order-of-magnitude steady-state current enhancement compared to the 

TF, EM and DB configurations for the η = 0.8-1.0 V potential range.  For the EM and DB 

configurations, following light irradiation, the holes are not able to efficiently separate from 

photogenerated electrons leading to a decay in photo-excited current.  For example, it was 
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previously observed that embedding Au NP in hematite resulted mainly in an electrochemical 

increase rather than an optical increase.59  It is interesting to note that the DB configuration 

exhibits the next best steady-state current albeit much lower than the SF current increase.  It may 

be of interest to physically separate the Au NP from the semiconductor junction, thus avoiding 

recombination of photo-generated carriers and exciting the nearby semiconductor through a 

plasmon-induced resonance energy transfer process for promoting SMO reactions. .40, 60,30  

To better understand the different configurations and decouple contributions of the Au 

and α-Fe2O3, a CWL method was developed with laser wavelengths chosen above and below the 

α-Fe2O3 band gap.  Figure 8 shows slow-scan linear sweeps (2 mV s-1) of the TF and SF 

electrodes under chopped laser irradiation (~25 sec. intervals).  Figure 8 compares the current 

density response for λ = 532 and 785 nm wavelength excitations and the TF25/SF25 and 

TF50/SF50 configurations, respectively.  For both TF25 and TF50 configurations shown (i.e., λ 

= 532 nm ) the onset potential for oxidation begins at ~1.0-1.1 V, which is consistent with 

previous reports on pristine α-Fe2O3 electrodes for water oxidation.44  Moreover, very little 

current density enhancement is observed for the λ = 785 nm excitation, which is expected 

considering the band edge of α-Fe2O3.  Therefore, the light-trapping design for the TF 

configuration does not allow for photo-enhancements at below band-gap excitations, which was 

discussed in a recent review.30 In contrast, the SF25 and SF50 configurations show current 

density enhancements at much lower η with the response for the SF25 greater than SF50 for η < 

1.0V.  Figures S9a-d show scans in KOH only solutions with little to no activity observed for 

potentials less than η ≈ 1.1V (i.e., at both λ = 532 and 785 nm excitations).  It is instructive to 

dissect Figure 8 into potential regions that are more negative (positive) of the WO region.  In the 

presence of alcohol molecules, the WO region (i.e., more positive than η ≈ 1.1 V) is complicated 
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by a mixture of the two oxidation processes from the alcohol molecule and water. Moreover, the 

SMO region (i.e., more negative than η ≈ 1.1 V) has a considerably larger light-driven current 

contribution for SF configured electrodes.  Interestingly, the light-driven current density increase 

for the λ = 785 nm excitation is only observed for SMO reactions with Au NPs at the α-Fe2O3 

interface.  The excitation energies can generate hot carriers that have energies higher than the 

Schottky barrier at a metal-semiconductor interface, thus directly injecting into the conduction 

band.  The metal-semiconductor coupling (i.e., with a thin semiconductor film) has been 

described in terms of non-thermal energetic distribution with energetic carriers above the 

conduction band.30 The above-below band-gap excitations were analyzed with-respect-to the 

electrochemical activity of the electrode configurations via discrete dipole approximation 

simulations.   

Fig. 9a-b shows normalized volume-integrated near-field enhancements, ρ(λ, φ), derived 

from Eq. 3 and the |� �+⁄ |� enhancements obtained using DDA simulations.  A volume region of 

approximately twice the minority carrier diffusion length in α-Fe2O3 (~5 nm diffusion length of 

minority carriers) was used to evaluate the ρ(λ,φ) as previously reported and highlighted in the 

inset of Fig. 9a for Region 1.56, 61-62  The ρ(λ, φ) was also investigated for Au NPs of different 

sizes, the entirety of the α-Fe2O3 layer, the solution phase, and other regions of interest, however 

the results did not correlate with the experimental observations.  As a result, we only discuss the 

most pertinent interfacial enhancements derived from the ρ(λ,φ).    Figure 9a shows that the 

ρ(λ,φ) increased with increasing λ until a maximum was reached followed by a decay in the 

|� �+⁄ |�enhancement.  For the thinnest TF electrodes, the enhancement is observed near the 

band-edge of α-Fe2O3, however with increasing thickness the enhancement shifts to longer 

wavelengths.  Fig. 9b shows the ρ(λ,φ) after the addition of the Au NPs at the solution-electrode 
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interface for the SF configuration.  Two different regions (Regions 3 and 4) were considered for 

the ρ(λ,φ) as shown in the inset in Fig. 9b.  For a given α-Fe2O3 thickness, the SF configurations 

yield a larger ρ(λ,φ) at λ = 532 and 785 nm.  The |� �+⁄ |� enhancements are related to the 

AM1.5G solar-irradiated electrochemical results with the current density increase consistent with 

the ρ(λ,φ) findings.  However, the enhancement observed for the TF configurations at longer 

wavelengths (e.g., ~785 nm for comparison) is not observed experimentally for lower η.  In 

contrast, for a λ = 532 nm excitation, the ρ(λ,φ) does correspond in terms of WO or mixed 

SMO/WO reactions.    Therefore, the near-field enhancement alone is not enough to describe the 

photo-electrochemical activity of TF configurations for the SMO region at low η.  However, the 

SF electrodes with addition of Au NPs at the surface follows the relative ρ(λ,φ) model trends.  

Fig. 8a-b shows that the λ = 532 nm-excited current density response for SF25 > SF50 (i.e., 

compared at ~1.0 V) is approximately 2× greater, which is close to a ratio of the (ρ(λ,φ)SF25):( 

ρ(λ,φ)SF50).  Moreover, the λ = 785 nm-excited current density response for SF50 is only 1.3× 

that of SF25, which is close to the ratio of the simulated (ρ(λ,φ)SF50):(ρ(λ,φ)SF25).  For 

comparison, Fig. 9c-e show near-field cross-sections of the different SF, EM and DB 

configurations for a given thickness, and the region of interest particularly located at the 

solution-electrode interface.  The EM and DB structures have pronounced enhancements located 

within the α-Fe2O3 layer, however this does not extend to the solution-electrode interface, which 

is of considerable importance for electrocatalytic reactions. At the surface, we see a 4-5× lower 

ρ(λ,φ) for the EM and DB at λ = 600 nm (i.e., maximum ΦAbs shown in Fig. 6a) compared to the 

TF and SF configurations.  The ρ(λ,φ) model is further evaluated in terms of the IPCE (%) as 

shown in Fig. 10.   
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The IPCE (%) was determined for the TF and SF electrodes and two different α-Fe2O3 

thicknesses.  The IPCE(%) was calculated using Eq. 1 for λ = 532 and 785 nm at different 

potentials in the SMO and WO regions.  Figures S10a-f shows |� �+⁄ |� cross-sections for the SF 

electrodes at relevant wavelengths for the CWL experiments (Fig. 10a-d).  The cross-sections 

highlight the relevant enhancements for decoupling the above-below α-Fe2O3 band-gap 

excitations and the surface-configured Au NPs. A potential-dependent mechanism at λ = 532 and 

785 nm is apparent for both the SMO and WO regions.  Interestingly, the IPCE(%) for the SF25 

is 2× that of the SF50 configuration in the SMO region for the EOR and the λ = 532 nm 

excitation.  At higher η the TF configuration activities exceed that of the SF electrodes, i.e. for a 

comparable α-Fe2O3 thickness.  The efficacy of the SF electrodes was also evaluated for other 

SMO reactions including MeOH and EG molecules (Fig. 10c).  The maximum IPCE (%) 

achieved (SMO region) is observed for the SF25 electrodes with the current efficiency 

enhancements as follows: EG ≥ EtOH > MeOH > KOH Only.  At low η, all small molecules 

have enhanced activities relative to KOH only media.  The larger photo-enhanced EtOH 

oxidation activity compared to the MeOH oxidation activity was also observed for gold 

nanofiber electrodes yielding an increase of 61 and 107 %, respectively, due to photo-

excitation.19  In the WO region, EG ≥ MeOH ~ EtOH > KOH.  The IPCE (%) for the KOH only 

media is only substantial at η ≥ 1.1V, whereby the TF and SF configurations for the thinnest 

configuration shows the best WO enhancement.  Since the SF configurations demonstrated the 

largest IPCE (%) at low η for SMO this suggests that the mechanism of photo-electrochemical 

enhancements for SMO and WO reactions are different.  A noticeable increase in the IPCE (%) 

of the SMO reactions is observed at λ = 785 nm for the SF electrodes compared to the TF 
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configurations with an onset potential η ≈ 0.6 V and activities of EG > EtOH > MeOH > KOH 

only media.   

Figure 11 shows band energy diagrams for the different processes considered in this 

study.  Figure 11a shows the density of states (DOS) of α-Fe2O3.  The α-Fe2O3 has a band-gap of 

~1.9-2.2 eV as previously reported and consistent with the DOS calculations shown.38 The redox 

potential difference for H2O/H2 to H2O/O2 is a total 1.23V vs. RHE.  The SMO/CO2 redox 

potential is situated positive of the H2O/H2 position, which is commonly observed in fuel cell 

catalysis and plasmonic catalysis on gold nanofiber electrodes.10,19  Figure 11b shows the band 

energy diagram for a typical TF photoelectrode.  At η < 1.0 V, there is little to no photocurrent 

increase observed for above or below band-gap excitations.  At η > 1.0 V, only above band gap 

excitations (hν > Eg) is there a substantial photo-current observed for the TF electrodes.  A 

previous study showed that resonantly trapped light in quarter-wave thin α-Fe2O3 films layered 

on back metal reflectors amplified the intensity close to the water interface allowing photo-

generated holes to oxidize water before bulk recombination.25, 64  However, the resonantly-

trapped light is only suitable at higher η and above band-gap energies.   Moreover, it was 

previously shown that a substantial positive bias enhances the h+ lifetime by overcoming charge 

recombination processes.65  For example, transient absorption spectroscopy (TAS) on Si-doped 

α-Fe2O3 electrodes determined that an anodic bias decreased the 50% decay time of e--h+ 

recombination by ~33× for the WO reaction.57 In contrast, SF electrodes with Au NPs situated at 

the hematite interface exhibit photo-enhancements for low and high η.  Additionally, the photo-

enhancements are observed for hν > Eg and hν < Eg excitations.  Figure 11e shows that there are 

two possible mechanisms for excitation.  For hν > Eg, the process may occur by directly exciting 

the α-Fe2O3 layer, as well as interband transitions in the Au NPs.  Additionally, for hν < Eg, the 
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α-Fe2O3 layer is not directly excited and intraband transitions in the Au NP are excited resulting 

in direct electron transfer (DET) process into the conduction band of α-Fe2O3. The hot electrons 

generated from direct injection and near-field coupling are able to pass into the conduction band 

of α-Fe2O3 when energy levels are greater than the Schottky barrier (φb).
63  Figure 11d shows the 

DOS of Au with the sp-band and d-band contributions with approximate locations near the fermi 

level for exciting intra- and inter-band excitations. The different processes for above-below 

band-gap excitations have been discussed elsewhere.30  Our findings along with previous 

observations highlight the difference in the SMO and WO region reactions with emphasis placed 

on the Au/α-Fe2O3 interface.  In general, location of Au NPs at the surface couples light into the 

ultra-thin α-Fe2O3 layer, which in combination with the resonantly-trapped light enhances the 

ΦAbs of the electrode and extends the lifetime of minority carriers and/or the number of carriers 

generated for reaction participation.  When the Au NPs are located within the EM or DB 

configurations the |� �+⁄ |� is coupled to the α-Fe2O3 yielding increased ΦAbs locally however the 

additional Au/α-Fe2O3 interfaces within the semiconductor may also serve as electron-hole trap 

centers, thus impeding efficient carrier collection evidenced by the decreased IPCE (%) for a 

comparable α-Fe2O3 thickness.  The collection efficiency of the EM and DB might be enhanced 

with even thinner α-Fe2O3 layers (i.e., less than the thicknesses considered), however the 

electron-beam evaporation method undertaken in this study may not be sufficient.  In addition, 

the existence of a reflective Au back contact layer has been shown to support surface plasmon 

polariton modes31, 66, however due to the distance away from the solution-electrode interface 

these modes do not appear to play an important role in the experimentally determined SMO 

electrochemical activity at low η (Region 1 inset in Fig. 9a).  Moreover, the ρ(λ,φ) was also 

determined for each configuration for Region 2 (Inset Fig. 9a), and since the results are similar 
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this is ruled out as a significant contributing factor at low η.  The diameter of the metal NP has 

been discussed in terms of hot carrier production probability with NPs believed to produce a 

large fraction of hot carriers under light excitation.22  In this regard, Fig. S3b shows that there is 

a distribution of Au NPs at the surface that range from ~10-50 nm in diameter.  However, a 

recent experimental study found that a rather large distribution of NP diameters resulted in 

similar carrier lifetime measurements, whereby the light excitation was more efficient in 

generating additional hot carriers when targeting the interband transitions in the metal.67 Finally, 

the increased oxygenated surface species at the Au/α-Fe2O3 surface and their interactions with 

alcohol molecules may play an important role.  For example, the metal/metal-oxide interface 

plays an important part in the Mars-van Krevelen mechanism, where the presence of Au has been 

shown to facilitate the formation of oxygen vacancies at the α-Fe2O3 boundary.68  In the present 

study, increased oxygenated species at Au/α-Fe2O3 surface was observed and correlated with an 

increased O1s peak contribution at higher binding energies. (We denote this as “P” in Figure 

11e-f)  The formation of these oxygenated species is in part due to a strong metal oxide support-

metal interaction also shown to be useful for oxidation reactions.69 The shift in Au 4f binding 

energy is consistent with a strong support metal interaction, however the relative shift was 

slightly lower than that previously reported.39  Furthermore, the Fe2p3/2 peak positions for the SF 

electrodes indicated that there may the presence of α-FeOOH at the surface suggesting an 

additional source of the oxygenated species.  The source of the the hydroxyl species originates 

only from the addition of the Au NPs at the α-Fe2O3 followed by annealing.  Therefore, the 

fabrication method presented yields not only a distribution of Au NPs at the photo-

electrochemical interface for hot electron generation, but also establishes a method to create 

more hydroxyl-rich Au/α-Fe2O3 perimeter/interface.  However, the perimeter oxygen-rich 
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(hydroxyl groups) must be available for reactant molecule attachment to undergo successful 

oxidation.  This is the case for the surface-configured electrodes.  In contrast, the embedded and 

thin film configurations do not populate the electrochemical interface with these groups, which 

may be an additional source of low activity due to trap centers.  In summary, the theoretical and 

experimental findings identify optimal metal-semiconductor couplings that increase the photo-

oxidation behavior of SMO and WO reactions. An emphasis is placed on strategies to obtain 

enhanced activities at low temperatures and η with particular attention to the photo-

electrochemical interface and corresponding electromagnetic ρ(λ,φ) simulations.   

 

CONCLUSIONS 

   Photo-electrodes comprised of Au NPs and α-Fe2O3 were designed in different 

configurations to understand how the metal-semiconductor coupling played not only a role in the 

WO reaction, but also participated in different SMO reactions including EtOH, MeOH and EG 

oxidation.  A fabrication process was established via multiple electron beam evaporation and 

annealing steps to generate Au/α-Fe2O3 electrodes with Au NPs of ~30 ± 8 nm in diameter 

within and/or at the surface of the photo-electrodes.  TEM, HAADF-STEM and EDS mapping 

confirm the thin electrode structures with the Au reflective contact layer, as well as a continuous 

α-Fe2O3 film with Au NPs.  The best Au/α-Fe2O3 coupling resulted in a substantial SMO current 

density increase for SMO reactions under AM1.5G solar-simulated light excitation compared to 

baseline configurations at low η.  In contrast, the addition of Au NPs provided less of a relative 

photo-enhancement at large η where competing SMO and WO reactions occur.  At low η, the 

SMO IPCE (%, λ = 532 nm) for the SF25 electrode increased as follows: EG ≥ EtOH > MeOH > 
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KOH only media.  At light excitation energies below the band-gap a current density increase was 

also observed, but only for the surface-configured films with Au NPs positioned at the interface.  

The IPCE (%, λ = 785 nm) at low η for the SF25 electrode was as follows EG > EtOH > MeOH 

> KOH only media.  The current density increase correlated with electromagnetic simulations 

and ρ(λ,φ) determined over select regions of the Au/α-Fe2O3 catalytic electrochemical interface.  

The regions evaluated included the Au NP, the α-Fe2O3 layer, the reflective Au back contact, and 

various Au/α-Fe2O3 combinations.  The ultra-thin α-Fe2O3 film supported on the reflective Au 

back contact is believed to resonantly trap the incident light enhancing the WO or a mixture of 

SMO/WO (i.e., in the presence of alcohol molecules) reactions at η > 1.1 V.  The addition of Au 

NPs to the α-Fe2O3 thin film further enhanced the IPCE (%) by lowering the η required to drive 

different SMO reactions by nearly 400 mV with a unique signature current density increase for λ 

= 785 nm excitations below the α-Fe2O3 band edge.  In addition, the fabrication process yielded a 

hydroxyl-terminated Au/α-Fe2O3 interface especially for increasingly thin α-Fe2O3 films as 

determined by XPS.  It is believed that the increase in oxygenated species at the surfaces plays a 

unique role in the photo-electrochemical activity providing potential adsorption sites for catalytic 

oxidation.  The physical characterizations and photo-electrochemical analysis provides a 

foundation for future studies that seek to understand and enhance light-induced SMO reactions.  

Furthermore, the electromagnetic simulations highlight the importance of the ρ(λ,φ) determined 

at the electrode-solution interface providing a design criteria for photo-electrocatalytic SMO 

reactions.   
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Figure Captions 

 
Figure 1.  Schematic of the fabrication process for creating the Au/α-Fe2O3 photo-electrodes.  

Electron-beam (EB) evaporation deposited FexOy layers onto the thicker Au-coated FTO 

reflective substrate (Au layer 1).  Annealing (∆T) the photo-electrode converted the FexOy layer 

to the α-Fe2O3 (hematite) film.  A 5 nm Au film (Au Layer 2) was converted to Au nanoparticles 

(NP) after the ∆T treatment.  A single ∆T is required to create the thin film (TF) and surface-film 

(SF) configurations, whereas two ∆T steps are required to create the embedded (EM) and 

distributed (DB) configurations. 

 

 

Figure 2. Scanning electron microscope (SEM) images of a) thin film (TF) b) surface (SF) c) 

embedded (EM) and d) distributed (DB) configurations.  Note: a-b are shown for 0° stage tilt, 

whereas c-d are shown at 15° stage tilt to highlight the over-coated Au NPs in the EM and DB 

configurations, as well as the surface roughness created during the annealing treatments.   

 

Figure 3.  Cross-section a) TEM image of the EM50 sample.  The EM50 sample is made by first 

depositing a nominal 25 nm of α-Fe2O3 layer on the Au Layer 1 (nominal 50 nm thickness).  

Next, Au NPs are deposited atop the 25 nm α-Fe2O3 layer.  Finally, 25 nm α-Fe2O3 layer is 

deposited over the Au NPs.  b) HAADF-STEM image showing the FTO, Au, α-Fe2O3 and Au 

NP surface with a protective carbon coating at the surface. c) EDS mapping of the cross-section 

highlighting the FTO substrate, Au Layer 1, and Au NP/α-Fe2O3 surface. d) SEM-EDS spectra of 

a typical Au/ α-Fe2O3 photo-electrode.   
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Figure 4. X-ray photoelectron spectroscopy (XPS) survey scans of the different a) thin film (TF) 

and c) surface (SF) configurations for 25, 50 and 75 nm thick α-Fe2O3 layers.  Corresponding 

XPS high-resolution spectra of the Au4f binding energy region that compares the b) SF25 and 

TF25 (25 nm α-Fe2O3 thickness) electrode and b) SF50 and TF50 (50 nm α-Fe2O3 thickness).      

 

Figure 5. High-resolution XPS spectra of the O1s binding energy region that compares different 

α-Fe2O3 layer thicknesses for both the thin film (TF) and surface (SF) configurations.  O1s Peak 

1 refers to oxygen atoms in Fe2O3 lattice.  O1s Peak 2 refers to hydroxyl atoms in lattice and 

increases with addition of Au NPs to surface and decreasing α-Fe2O3 film thickness.  Note:  25, 

50 and 75 nm α-Fe2O3 deposit thicknesses shown.      

 

Figure 6. UV-visible ΦAbs (%) spectra for the a) TF, SF, EM and SF with a 25 nm α-Fe2O3 

thickness compared to b) TF, SF, EM and SF with a 50 nm α-Fe2O3 thickness.  Note: Solid lines 

for TF, short dot lines for EM, dashed lines for SF, and dash-dot lines for DB.  The inset in 5a 

shows the Tauc plot of a typical α-Fe2O3 used to determine the band edge and band gap energies. 

 

Figure 7. a) Light-chopping (10 sec. intervals) for solar-simulated (AM1.5G) 

chronoamperometry experiments performed for three different SF configurations and three 

different overpotentials (η) of a) 0.6 b) 0.8 and c) 1.0V vs. RHE.  Experiments performed at 

room temperature in 0.5M EtOH and 0.1M KOH.  (Note: SF25, SF50, SF75 refers to a 25, 50 

and 75-nm thick films of α-Fe2O3, respectively)  
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Figure 8. Light-chopping (25 sec. intervals) linear-sweep voltammetry (LSV) under continuous-

wave laser (CWL) excitation at λ = 532 and 785 nm for a) SF25 b) SF50 c) TF25 and d) TF50.  

(Note: 25 and 50 nm α-Fe2O3 thicknesses, respectively) LSV experiments performed at room 

temperature in 0.5M EtOH and 0.1M KOH with a 2 mV s-1 scan rate.   

 

Figure 9. Normalized volume-integrated near-field enhancements, ρ(λ, φ), for a) thin film (TF) 

configurations with the α-Fe2O3 layer thicknesses ranging 10-80 nm and b) surface (SF) 

configurations with α-Fe2O3 thickness ranging 10-80 nm and Au NP diameters of 32 nm.  Near-

field cross-sections shown for the c) SF d) EM and e) DB configurations at the peak ΦAbs shown 

in Fig. 5.  Inset in a) show cross-sections of the TF electrode where Region 1 refers to the α-

Fe2O3, and Region 2 refers to the interface of the Au back contact and bottom-side of the α-

Fe2O3 layer.  Inset in b) shows a cross-section of the SF electrode where Region 3 refers to the 

Au NP surface, and Region 4 refers to the α-Fe2O3 at the solution-electrode interface. 

 

Figure 10.  Incident-photon-to-current efficiencies, IPCE (%), for the TF and SF electrodes with 

25 and 50 nm α-Fe2O3 thicknesses.  IPCE (%) determined from laser irradiated experiments for 

the ethanol (EtOH) oxidation reaction and TF25, TF50, SF25 and SF50 electrodes at a) λ = 532 

nm and b) λ = 785 nm wavelength excitations.  IPCE (%) comparison of different small 

molecule (SMO) and water oxidation (WO) reactions for methanol (MeOH), ethylene glycol 

(EG) and KOH only media and the SF25 photo-electrode at c) λ = 532 and d) λ = 785 nm 

wavelength excitations.  The dashed line indicates the transition from the SMO at low η to either 

the WO only or mixed SMO/WO region at high η.  Note: Error bars shown for approximately 

every 5th measurement for clarity. 
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Figure 11.  Band energy diagrams for the TF (Fig. 11a-c) and SF (Fig. 11d-f) samples.  The 

density of states (DOS) for (Fig. 11a) α-Fe2O3 and (Fig. 11d) Au are shown on the left axis. The 

redox potentials for the SMO and WO regions are also shown (Fig. 11a).  The band energy 

diagrams are shown for the low η (Fig. b and e) diagrams, as well as the high η region.  Direct 

electron transfer (Direct) from the photo-excited Au NP injects energetic electrons (Ee-) into the 

conduction band of the α-Fe2O3 is shown for hν > Eg, whereas near-field enhancements (Near-

field) are observed at hν > Eg.  The SF samples also have an increased O1s peak 2 as determined 

by XPS, which we denote as (P).  Note: Green arrows (left axis) denote hν > Eg, whereas the red 

arrows (left axis) denote hν < Eg. 
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