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Experimental and methods 

Photoelectrode fabrication and characterization: The precursor sol-gel of NiOx was prepared 

according to existing procedures with minor modifications 1. 0.2M nickel (II) diacetate 

tetrahydrate (≥99.0% Ni(AC)2.4H2O, Sigma-Aldrich®) was dissolved in a 9:1 solution mixture 

of dimethylethanol amine (≥99.0% dmaeH, Sigma-Aldrich®) / mono-ethanol amine (≥98.0% 

MEA, Sigma-Aldrich®), and refluxed for about 4 hours at 100°C. After cooling to room 

temperature, the as prepared sol-gel with dark blue color was filtered (Anodisc 0.2micron) and 

aged 24 hours at room temperature before usage. A NiOx film with thickness of about 40 nm was 

prepared by spin-coating at 4000 rpm for 15 seconds (Laurell model WS-650MZ-23NPP-Lite) 

followed by drying the sample on a hotplate at 275°C for 15 minutes with subsequent sintering at 

400°C in air at one atmosphere in the tube furnace (Mellen SC12.5R). Prior to evaporation of a 

gold film on top of the NiOx surface, an oxygen plasma treatment was performed for about 5 

minutes (200 W oxygen plasma cleaner) to clean and ensure decomposition of organics in the 

NiOx layer. E-beam evaporation of a 2 nm, 6 nm, and 10 nm thick film of gold was performed at 

a base pressure of about 5×10-6 torr and a constant deposition rate of 0.1 Å/s. Then, the sample 

was annealed in air at one atmosphere in the tube furnace. During the annealing process, the 

temperature was raised from room temperature to 300 °C within 30 minutes, was held constant 

for one hour, and naturally cooled down to room temperature. It is noteworthy that we cannot 

rule out the possibility of utilization of holes for NiOx-mediated OER, although NiOx is most 

active for this reaction in the basic pH region, whereas our studies are performed at a slightly 

acidic pH. A Rigaku SmartLab x-ray diffractometer with Cu x-ray tube was used to identify the 

NiOx thin film content. SEM characterization was performed using a FEI Quanta 400 high-

resolution field emission Scanning Electron Microscope (FEI Quanta 400 ESEM FEG).  
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Photoelectrochemical measurements: All photoelectrochemical and spectral photocurrent 

measurements of the fabricated plasmonic photocathodes were taken in a three-electrode 

photoelectrochemical cell setup with a Ag/AgCl (in 3.4 M KCl) reference electrode, a Pt mesh 

counter electrode, and with a SP-300 potentiostat (Bio-Logic Science Instruments, USA). All 

measurements were carried out at room temperature and in 0.5 M Na2SO4 (trace metal basis, 

Alfa Aesar) buffered at pH 5.2 using a phosphate buffer (phosphoric acid (ACS grade EMD), 

potassium monohydrogen phosphate (99.99% Sigma-Aldrich®). Aqueous solutions were 

prepared with ultra-pure water (resistivity 18 MΩ.cm) from a Milli-Q water purifier. All 

electrochemical potentials are reported with respect to the reversible hydrogen electrode (RHE) 

by using the equation: 

ERHE = 0.205+ E Ag/AgCl + 0.059pH  

Nitrogen gas was bubbled through the electrolyte solution 30 minutes prior to the 

measurements, and during the measurements the headspace above the electrolyte solution was 

continuously purged with nitrogen gas. Electrochemical Impedance Spectroscopy (EIS) was 

performed with an AC amplitude of 10 mV and a frequency range from 10 Hz to 15 kHz in the 

same supporting electrolyte solution. For irradiation of the photocathode, a home-built solar 

simulator equipped with a 1000W Xenon lamp, long pass filters (305 nm, 570 nm and 1000 nm), 

and a monochromator (Newport) provides a continuously tunable light source from 350 nm to 

950 nm with a measured 25 nm full width at half maximum (FWHM). The intensity and spectral 

shape of the solar simulator output were recorded using a thermal power meter and spectrometer 

(AvaSpec-2048-USB2), respectively.  

Absorption measurement: for absorption measurements a 60 mm plano-convex lens (Thorlabs) 

was utilized to focus the light to a spot size of 3 mm in diameter. The reflected/transmitted light 
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was collected using an IS200 integrating sphere along with an IS236A Silicon photodetector 

(350 nm to 1100 nm). Since our fabricated structure has no transmittance, all data were taken in 

reflection mode and the absorbed fraction versus wavelength was derived from the reflectance 

data. 

Spectrum of the light source  

A spectrometer (AvaSpec-2048-USB2) was used to record the spectral output of our solar 

simulator.  

              

Figure S1 Spectrum of the light source used for our experiments. The black line shows the output of the 

solar simulator with an AM1.5 filter installed. The AM1.5 spectrum is plotted as a reference for 

comparison (red line). 
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Characterization of plasmonic photocathodes 

 

Figure S2 SEM images and calculated particle size distributions of annealed plasmonic 

photocathodes fabricated from the evaporation of different initial thicknesses of gold films on 

top of 40 nm thick NiOx spacer layers.   
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Characterization of NiOx spacer layer  

 

Figure S3 SEM images of 40nm NiOx thin film prepared on an Al/Si substrate from a NiOx sol-

gel by spin-coating at 4000 rpm for 15 seconds (see fabrication section). The thickness of the 

NiOx thin film is kept constant for all plasmonic photocathode samples. According to SEM 

images, the NiOx film on top of the Al/Si substrate is uniform, smooth and crack-free.    
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Figure S4 Diffraction peaks of a 40nm NiOx thin film prepared on a Si substrate obtained using a 

Rigaku SmartLab X-ray diffractometer with Cu X-ray tube. All the diffraction peaks can be 

indexed face-centered cubic (FCC) NiOx 
2 3 4.  
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Optical characterization of NiOx  

For optical characterization, a NiOx thin film with a thickness of approximately 40 nm was 

prepared on a glass substrate (Corning 2947 Microslide). The monochromated beam with spot 

size of 3 mm was focused on the sample using a 60 mm plano-convex lens (Thorlabs). The 

reflected and transmitted light was collected using an IS200 integrating sphere along with a 

IS236A Silicon photodetector (300 nm to 1100 nm). We measured the optical 

absorption/transmission spectra within the wavelength range from 300 nm to 700 nm. The 

transmittance was more than 70% over the entire visible region and reaches up to 90% at 700 

nm. Based on the absorption spectra the band gap of NiOx was calculated to be about 3.45 eV.   

 

Figure S5 Optical characterization and corresponding digital image of ~ 40 nm thick NiOx thin 

film prepared on top of a glass substrate (Corning 2947 Microslide).  
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Electrochemical impedance spectroscopy (EIS) characterization of NiOx  

Electrochemical Impedance Spectroscopy (EIS) was performed on the NiOx sample (without Au 

nanoparticles). Mott-Schottky (M-S) is a well-known technique to determine the flat band 

potential and the carrier concentration at the semiconductor-electrolyte interface 5 6. 

An SP-300 potentiostat (Bio-Logic Science Instruments, USA) with LabVIEW version 2011 was 

used to perform electrochemical impedance spectroscopy on a 40 nm NiOx thin film prepared on 

a 200 nm Al/Si substrate, where a Ag/AgCl (in sat. 3.0 M KCl) reference electrode and a Pt 

mesh counter electrode were used. Measurements were carried out at room temperature with an 

AC amplitude of 10 mV and a frequency range from 10 Hz to 15 kHz. Nitrogen-purged 0.5 M 

Na2SO4 buffered at pH 5.2 was used as the electrolyte. A negative slope of the Mott-Schottky 

(M-S) plot was observed at all frequencies confirming the intrinsic p-type nature of the NiOx thin 

film. The apparent flat band potentials were estimated from the M-S plot at frequencies higher 

than 1 KHz at which surface phenomena can be neglected 7. Typical M-S plots, acquired at high 

frequencies of 3.5 KHz, 7 KHz, and 15 KHz are presented with corresponding apparent flat band 

potentials of a) 0.07, b) 0.04, c) -0.01 w.r.t NHE. The calculated carrier densities for different 

frequencies are in the range of 1018-1019 cm-3 and are of the same order of magnitude as the 

values previously reported for NiOx films obtained with different fabrication methods 2 8 9 10.   
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Figure S6 Typical Mott-Schottky (M-S) plots of a 40 nm NiOx/Al/Si sample acquired at high 

frequencies of 3.5 KHz, 7 KHz, and 15 KHz in nitrogen-purged 0.5 M Na2SO4 buffered at pH 

5.2. The apparent flat band potentials were a) 0.07, b) 0.04, c) -0.01 w.r.t NHE. The calculated 

carrier densities for different frequencies are in the range of 1018-1019 cm-3.  
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Photocurrent density response of the plasmonic photocathode  

Nitrogen-purged 0.5 M Na2SO4 buffered at pH 5.2 was used as the electrolyte solution. 

Ag/AgCl (in saturated 3.0 M KCl) and a Pt mesh were used as a reference and counter electrode, 

respectively. a) and b) show the photocurrent density response of samples decorated with 2 nm 

thick (10 nm particle size) and 6 nm thick (30 nm particle size) Au NPs, respectively, under 

chopped illumination (at a light intensity of 100 mW cm-2) and at a low cathodic overpotential of 

-0.1 V versus the RHE.  

 

 

Figure S7 Photocurrent density response of the plasmonic photocathodes decorated with 2 nm 

thick (10 nm particle size) (a) and 6 nm thick (30 nm particle size) Au NPs (b) under chopped 

illumination (at a light intensity of 100 mW cm-2) and at a low cathodic overpotential of -0.1 V 

versus the RHE in nitrogen-purged 0.5 M Na2SO4 buffered at pH 5.2.  
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NiOx/Al Control experiments  

a) Current versus potential behavior of NiOx/Al under chopped illumination at one sun (100 

mW/cm2) immersed in a nitrogen-purged solution of 0.5 M Na2SO4 buffered at pH 5.2. The 

photocurrent is approximately 0.08 µA/cm2 at an electrode potential of 0.3 V vs. RHE and 

reaches 0.250 µA/cm2 at 0V vs. RHE. The scan rate was 2 mV/s. b) Calculated internal quantum 

efficiency (IQE) and measured wavelength-resolved photocurrent for a NiOx/Al control 

experiment. The symbols show the internal quantum efficiency (left axis), and the solid line 

(right axis) shows the measured photocurrent. Photocurrent measurements were taken at a low 

cathodic overpotential of -0.1 V versus the RHE and at a pH of 5.2. No photocurrent was 

observed from 500 nm to 900 nm demonstrating that the photocurrent observed in the Au-

containing structure does not originate from potential defect or trap states in the NiOx. However, 

a photocurrent of - 0.25 µA/cm2 is found at 375 nm, which is near the bandgap of NiOx. Thus, 

the photocurrents without Au NPs are ~ 100x smaller than with Au NPs.  

 

Figure S8 NiOx/Al control experiment a) current versus potential behavior of NiOx/Al under 

chopped illumination at one sun (100 mW/cm2) and b) Calculated internal quantum efficiency 

(IQE) and measured wavelength-resolved photocurrent for a NiOx/Al control experiment. 
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Electromagnetic simulation  

The Finite Difference Time Domain Method was used to analyze the optical response of the 

nanostructure. Particularly, we employed the commercial grade software Lumerical FDTD 

Solutions  11, which is a 3D Maxwell solver capable of analyzing the interaction of UV, visible, 

and IR radiation with complicated structures and nanometer scale features. Using Lumerical, an 

array of Au nanoparticles was simulated, and we investigated the absorption properties in the 

300 nm to 950 nm wavelength regime. The thickness of the particles was set at the evaporation 

thickness while the diameter was taken from the measured histogram of particle size 

distributions. In the simulation, the polarization of the E-field was set along the X-axis and the 

polarization of the H-field was set along the Y-axis. The propagation direction of light was set 

along Z-axis. To simulate an array of nanoparticles, symmetric boundary conditions are applied 

along the X and Y axes. To attain convergence, a Perfectly Matched Layer (PML) condition was 

applied at the positive Z axis, at 1000 nm above the (x, y, 0) surface. A PML at the Negative Z-

axis, starting at -1000 nm, was extended through the structure (in this case Aluminum) for better 

absorption of light. Hence, the total length of the simulation region along the Z-axis is 2000 nm. 

A plane wave was launched downward from 100 nm below the upper PML. The simulated 

absorbed fraction of light within the Au NPs for a) 2 nm and b) 6 nm thick Au NPs versus 

thickness of NiOx is shown below. Both numerical structures have gold nanoparticles with an 

anisotropic shape, but the 5:1 diameter-to-thickness aspect ratio is maintained (30 nm: 6 nm and 

10 nm: 2 nm, respectively). The numerical absorbed fraction reaches about 80% for the 30 nm 

particles and 50% for the 10 nm particles for a 40 nm NiOx spacer layer thickness. 
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Figure S9 Simulated absorbed fraction of light within the Au NPs for a) 2 nm and b) 6 nm 

thick Au NPs versus thickness of NiOx. Both numerical structures have gold nanoparticles with 

an anisotropic shape, but the 5:1 diameter-to-thickness aspect ratio is maintained (30 nm: 6 nm 

and 10 nm: 2 nm, respectively). The numerical absorbed fraction reaches about 80% for the 30 

nm particles and 50% for the 10 nm particles for a 40 nm NiOx spacer layer thickness. 
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Figure S10 Experimental set up for measuring the photocatalytic activity of our plasmonic 

photocathode.  
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