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ABSTRACT 

Particulate photocatalysts for the overall water-splitting (OWS) reaction offer promise as devices 

for hydrogen fuel generation.  Even though such photocatalysts have been studied for nearly five 

decades, much of the understanding of their function is derived from observations of catalyst 

ensembles and macroscopic photoelectrodes.  This is because the sub-micrometer size of most 

OWS photocatalysts makes spatially resolved measurements of their local reactivity very 

difficult.  Here we employ photo-scanning electrochemical microscopy (photo-SECM) to 

quantitatively measure hydrogen and oxygen evolution at individual OWS photocatalyst particles 

for the first time.  Micrometer-sized Al-doped SrTiO3/Rh2-yCryO3 photocatalyst particles were 

immobilized on a glass substrate and interrogated with a chemically modified SECM nanotip.  

The tip simultaneously served as a light guide to illuminate the photocatalyst and as an 

electrochemical nanoprobe to observe oxygen and hydrogen fluxes from OWS.  Local O2 and H2 

fluxes obtained from chopped light experiments and photo-SECM approach curves using a 
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COMSOL Multiphysics finite-element model confirmed stoichiometric H2/O2 evolution of 

9.3/4.6 µmol cm-2 h-1 with no observable lag during chopped illumination cycles.  Additionally, 

photoelectrochemical experiments on a single microcrystal attached to a nanoelectrode tip 

revealed a strong light intensity dependence of the OWS reaction.  These results provide the first 

confirmation of OWS at single micrometer-sized photocatalyst particles.  The developed 

experimental approach is an important step towards assessing the activity of photocatalyst 

particles at the nanometer scale.   

INTRODUCTION 

The photocatalytic overall water-splitting (OWS) process represents a promising technology for 

sustainable hydrogen fuel generation from water.1,2  Particle-based photocatalysts for the reaction 

essentially are miniature photoelectrochemical devices that achieve simultaneous water reduction 

and oxidation under excitation with light.  Because oxygen evolution and hydrogen evolution 

sites are only separated by nanometers (compared to centimeters in ordinary 

photoelectrochemical cells), pH gradients between the anodic and cathodic regions can be 

minimized.  This reduces energy loss from pH-related electrochemical overpotentials 3,4 and 

allows electrolysis of pure water without added electrolytes.  However, generating 

electrochemical potential differences in excess of 1.5 V to drive OWS on the microscale is no 

easy task; it requires both long-lived charge carriers and efficient mechanisms to separate them. 

Furthermore, OWS catalysts must be able to suppress the thermodynamically favorable oxygen 

reduction reaction, which reduces the efficiency of fuel-formation.5  This can be achieved by 

making the hydrogen evolution cocatalyst selective for proton reduction.6  Because of these 

attributes, OWS photocatalysts must be viewed as a separate technology from solar fuel 

photoelectrodes, which only drive one electrochemical reaction, not two.7,8  
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Even though OWS photocatalysts have been around for over 40 years,9 no experiment  

has observed oxygen and hydrogen evolution processes at individual catalyst particles during 

operation (in operando).  Instead, most of our understanding of the working principles of OWS 

catalysts is based on electrochemical studies of macroscopic photoelectrodes,9b H2/O2 evolution 

experiments on particle suspensions,10 electrochemical measurements of catalyst ensembles,11 

photolabeling reactions,12 and theoretical modeling.13  However, in-operando observations on 

individual photocatalyst particles are now within reach, as sub-micrometer resolution is 

achievable with several techniques, including single-molecule fluorescence microscopy,14 

transient absorption microscopy,15 surface photovoltage kelvin probe force microscopy (SPV-

KFM),16 scanning electrochemical cell microscopy,17 potential-sensing atomic force 

microscopy,18 and scanning electrochemical microscopy (SECM).19,20  A suitable target for such 

studies is the Al-doped SrTiO3/Rh2-yCryO3 OWS photocatalyst.  This catalyst employs Al-doped 

SrTiO3 nanoparticles as water oxidation photoanode and Rh2-yCryO3 as selective proton 

reduction electrocatalysts.  Thin films of the material use sunlight to generate hydrogen with a 

solar to hydrogen efficiency of 0.76%,21,22 and optimized versions drive OWS with unity 

quantum efficiency under 350-360 nm illumination.23  Although this material is the most 

advanced OWS photocatalyst today, questions remain about its inner workings.  For example, 

while photolabeling studies suggest that charge separation is controlled by the electron accepting 

and hole accepting properties of the {100} and {110} facets on SrTiO3,23 electrochemical 

measurements combined with modeling conclude that charge separation in the system is 

controlled mainly by the local kinetics of the O2/H2O and H2O/H2 redox reactions.24  

Measurements on individual particles would bring insight into this problem, but to-date 

microscopic level observations of the SrTiO3/Rh2-yCryO3 catalyst are rare, and have not yet  
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achieved sufficient resolution.   

In SECM, the reactivity of electrocatalysts is probed by scanning a small tip electrode 

above the catalyst’s surface to measure local reactant and product fluxes and determine the local 

rates of specific heterogeneous reactions.  Micrometer-sized SECM probes have been 

extensively used in studies of photoelectrochemical processes 25-31 and for screening of 

photoelectrochemical and photocatalytic properties of different materials.32-34  Simpson and 

Rodríguez-López used smaller (240 nm radius) tips for redox nanotitrations by surface 

interrogation SECM to characterize reactivity of adsorbed intermediates on pristine and ion-

milled defective areas of n-doped (100) SrTiO3 photoelectrodes.35  They measured bimolecular 

rates of the reaction between the titrant and adsorbate and reported dramatic differences in these 

rate constants, suggesting that modifications made to the surface influence the reactivity of 

photogenerated reactive oxygen species.  Abruña and co-workers 36 used SECM in combination 

with operando-X-ray reflectivity to investigate the changes in structure and reactivity of a SrTiO3 

layer upon application of an external bias.  In addition to probing the photogenerated O2, they 

performed SECM to evaluate surface coverage with a reactive OH ad-layer.   

The tips employed in all SECM experiments mentioned above were too large to provide 

nanoscale spatial resolution required for single particle experiments and active site mapping.  For 

example, Onishi and coworkers used a 10 µm microelectrode as an SECM tip to determine the 

absolute O2 evolution rate on the photocatalyst film cast on a glass plate.37a  They simulated 

oxygen diffusion to fit experimental photoelectrochemical transients and evaluate the oxygen 

evolution reaction (OER) rate.  O2 evolution was found to lag tens of seconds behind light 

excitation which was attributed to the filling of trap states by the initially generated charge 

carriers.  When excitation stopped, the O2 evolution rate decayed exponentially in seconds.37a  In 
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a follow-up study,37b the team used a similar approach on Al-doped SrTiO3 /RhCrOx / CoOy to 

observe instantaneous O2 adsorption and desorption in addition to steady, photocatalytic O2 

evolution under intense light irradiation. They speculated that O2 adsorption likely involved 

binding and oxidation of surface Ti3+ sites near the oxygen vacancies, and O2 desorption 

followed the reverse sequence. 

Here we employ nm-sized SECM probes for the first in-operando observation of 

photoelectrochemical hydrogen and oxygen evolution from a single cubic Rh2-yCryO3 decorated 

Al-doped SrTiO3 microparticulate photocatalyst, designated as a ‘cube’ in the following.  The tip 

simultaneously served as an electrochemical nanoprobe collecting oxygen and hydrogen fluxes 

produced by the photocatalytic reaction and as a light guide illuminating the cube surface.31,38,39  

The three types of SECM experiments used to image topography and to map surface reactivity of 

a single cube are shown schematically in Fig. 1.  In the feedback mode experiment (Fig. 1A), the 

tip electrode is brought within a short distance from the cube immobilized on a glass surface.  

The electrolyte contains no redox mediator except for dissolved oxygen and the tip potential (ET) 

is such that only the oxygen reduction reaction (ORR) occurs on its surface. When the separation 

distance between the tip and substrate (d) is small (i.e., comparable to tip radius, a), the iT 

decreases with decreasing d because of the hindered diffusion of O2 (negative feedback; the tip 

current near the surface is lower than its value in the bulk solution, i.e.,  iT < iT,∞) due to the cube 

 
Figure 1. Schematic representation of photo-SECM experiments at a single Al:SrTiO3/RhxCryOz 

cube.  (A) Negative SECM feedback produced in the dark by the inert cube surface blocking O2 

diffusion to the tip. (B) SG/TC of photogenerated O2. (C) SG/TC of photogenerated H2 coupled 
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with the positive SECM feedback due to the H2 oxidation at the tip and proton reduction at the 

cube surface.  Not to scale. 

acting as a physical barrier; no oxygen generation occurs on the cube in the dark.   

In the substrate generation/tip collection (SG/TC) mode of photo-SECM, the tip is biased at 

a suitable potential (ET) to collect a product (either H2 or O2) of water splitting on the catalyst 

surface under illumination.  At a negative ET, oxygen generated on the microcrystal surface is 

reduced at the tip electrode (Fig. 1B).  At a positive ET, the tip collects H2 produced by water 

reduction on the cube surface (Fig. 1C).  The hydrogen oxidation reaction (HOR) occurring at 

the tip produces protons that diffuse to the cube surface and get reduced back to H2.  This process 

results in the positive SECM feedback shown in Fig. 1C.  The tip current (iT) can be recorded 

either as a function of d (approach curve) or tip x–y position (imaging).  Since the diffusion-

limited current density at a nm-sized electrode is very high, an inner-sphere electron transfer 

(ET) process (e.g., ORR or HOR) occurring at a nanotip typically produces a kinetic current at 

any attainable overpotential.  Although the electrocatalytic mechanism is complicated and not 

completely known, the kinetic tip current density can be defined as: 

j(r,z) = nFkTc(r,z)      (1) 

where r and z are, respectively, the co-ordinates in the directions radial and normal to the tip 

surface, n is the number of transferred electrons (i.e., 4 for ORR and 2 for HOR at a Pt tip), F is 

the Faraday constant, kT is the effective heterogeneous rate constant at a specific ET value, and 

c(r,z) is the local concentration or redox species at the tip surface.  The theory for SG/TC mode 

of SECM with a kinetic tip current was developed recently.40 

The currents produced by inner-sphere ET processes, including HOR and ORR at metal 

(e.g., Pt) nanoelectrodes are typically unstable and not suitable for SECM imaging 



7 

 

experiments.41  Reagents, products, and intermediates can passivate the electrode surface, and 

adsorbed impurities block active atoms needed to carry out such a reaction.42,43  The smaller the 

tip electrode the stronger the effects of its surface deactivation or contamination, and the harder 

to measure signals produced by HOR and ORR.  This problem has recently been overcome by 

chemically modifying the surface of a carbon or Pt nanotip with redox species to enable 

mediated ET between the nanoelectrode surface and dissolved H2 or O2.41  Nanoelectrodes 

modified with Ru(bpy)3 complex or ferrocene (Fc) molecules have been used to measure a broad 

range of oxidation and reduction processes, including ORR, HOR.41  Here we employ Fc-

modified Pt nanoprobes in conjunction with through-tip illumination to investigate water-

splitting processes at single Al:SrTiO3 cubes.  Additionally, we demonstrate the possibility of 

photo-electrochemical experiments at a single microcrystal attached to a nanoelectrode tip. 

EXPERIMENTAL SECTION 

Chemicals. Titanium(IV) oxide (P25) (99.5%, Acros Organics), strontium carbonate 

(99.9%, Sigma Aldrich), strontium chloride hexahydrate (99%, EM Science), rhodium chloride 

(>99%), chromium(III) nitrate nonahydrate (99%, Acros Organics), alumina crucibles 

(Fisherbrand, 99.7% alumina) and acetone (for HPLC, ≥99.9%, Sigma Aldrich), potassium 

sulfate (99% Sigma Aldrich), (6-bromohexyl)ferrocene (Sigma Aldrich), tetrabutylammonium 

tetrafluoroborate (TBABF4, 99%, Sigma Aldrich), and acetonitrile (≥99.9%, Sigma Aldrich) 

were used as received.  Water used for synthesis was purified to 17.5 MΩ cm resistivity by a 

Nano-pure system.  Aqueous solutions for SECM experiments were prepared using deionized 

water from the Milli-Q Advantage A10 system equipped with Q-Gard T2 Pak, a Quantum TEX 

cartridge, and a VOC pak; total organic carbon (TOC) <3 ppb.  
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Synthesis. Al-doped strontium titanate (Al:SrTiO3) particles were synthesized using the 

published procedure44 by conducting a solid state synthesis followed by flux treatment. 1.68 g 

TiO2 and 3.10 g SrCO3 were ground with a mortar and pestle.  The resulting powder was 

transferred into a covered ceramic crucible and annealed at 1000 ℃ for 10 hours, followed by 

natural cool down to room temperature.  This yields non-doped SrTiO3 powder in 93% yield. 0.3 

g of the powder was then mixed with 4.371 g SrCl2·6H2O ground together using a mortar and 

pestle.  The mixture was then transferred to an open alumina crucible and annealed at 1100 ℃ for 

10 h in air, followed by slow cooling to 600 ℃ by 1 ℃/min and then by natural cooling to room 

temperature.  The grey molten solid was washed with water until no white AgCl precipitate formed 

in the supernatant upon adding a dilute aqueous AgNO3 solution.  Then, the solid was dried at 70 ℃ 

in an oven overnight to yield 83% of Al-doped SrTiO3 crystals. 

Ultrasonication was employed to obtain micrometer-sized cubes from the flux-mediated 

Al:SrTiO3 sample.  40 mg flux-mediated Al:SrTiO3 powder was dispersed in 4 mL water via 

ultrasonication for 2 h.  The suspension was then kept for 2 min allowing sedimentation of large 

aggregates.  Then the supernatant was transferred to another vial, and large particles were 

allowed to sediment for 2 h, after which the supernatant was removed and disposed.  Next, the 

precipitate in the vial was washed 5 times with water to remove Al:SrTiO3 nanoparticles.  For a 

typical washing cycle, water was added to the precipitate to reach the same volume as before, 

followed by a 5 min ultrasonication and 1 h sedimentation, after which the supernatant was 

discarded.  This was repeated 4 times, after which the precipitate was dried in an oven at 70 ℃ 

overnight to yield the product in 7% yield. 

RhxCr2-xO3 cocatalyst was loaded onto the surface of Al:SrTiO3 particles using the 

published procedure44 with a weight ratio of Rh:Cr:SrTiO3:Al = 1:1:1000.  Typically, 150 mg 
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Al:SrTiO3 was mixed with 1.5 mL of 0.972 mmol/L RhCl3 solution (containing 0.1 mg Rh/mL) 

and 1.5 mL of 1.92 mmol/L Cr(NO3)3 solution (containing 0.1 mg Cr/mL) in a vial in a 70 ℃ 

water bath, and water was slowly evaporated under constant stirring.  The product was then 

transferred to a furnace and heated at 350 ℃ in air for 1 h to produce RhxCr2-xO3-loaded 

Al:SrTiO3 in 95% yield. 

RhxCr2-xO3-loaded Al:SrTiO3 particle films were made on sodium borate glass by 

dispersing 1 mg of Al:RhxCr2-xO3/SrTiO3 in 15 mL water via 15 min sonication to form a 

uniform suspension.  200 µL of the suspension was drop-coated on the surface of a 40 mm glass 

petri dish, dried overnight, then annealed at 350 ℃ for 1 h in air in a box furnace with a ramping 

rate of 10 ℃/min.  The particle film was then naturally cooled to room temperature and used for 

electrochemical experiments.  The details of Al:RhxCr2-xO3/SrTiO3 characterization are available 

in the Supporting Information (Figures S4-S6). 

Fabrication of Pt nanoelectrodes.  Disk-type Pt nanoelectrodes were fabricated by pulling 

25 μm-diameter annealed Pt wires (Goodfellow) into borosilicate capillaries (Drummond; O D, 

1.0 mm; ID, 0.2 mm) with the help of a P-2000 laser puller (Sutter Instrument Co.).45  The pulled 

tips were polished on a 50 nm alumina disk (Precision Surfaces International) under video 

microscopic control and sonicated in deionized water for 10 s.  A microforge (model MF-900, 

Narishige, Tokyo, Japan) was used to reduce the RG (i.e., the ratio of glass radius to that of the 

conductive tip) of the tapered tip.  The appropriate protection was used to avoid electrostatic 

damage to the nanoelectrodes.46  The tip size and shape were evaluated from TEM images (Fig. 

S2) and SECM approach curves.47 

Modification of Pt nanoelectrodes.  Ferrocene was attached to the Pt nanoelectrode 

surface using an earlier reported procedure for the reduction of primary monohaloalkanes.48 A Pt 
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nanoelectrode was biased a negative potential (-2.0 V vs. Ag/AgNO3) for 20 seconds in 

acetonitrile solution of 5 mM (6-bromohexyl)ferrocene containing 0.1 M TBABF4 under an inert 

atmosphere.  The modified electrodes were washed carefully with acetonitrile and water.  The 

same Fc modified tip was used to measure O2 and H2 fluxes.  While ORR occurred at the Pt 

surface, and its current was not greatly affected by chemical modification, HOR was mediated by 

the surface-bound Fc molecules.41 

SECM setup and procedures. SECM experiments were carried out using a previously 

described home-built instrument.49  The 3-electrode arrangement was employed with MSE 

(Hg/Hg2SO4) and Pt wire serving as a reference and a counter electrode, respectively.  All 

experiments were performed in a glass petri dish (BR455701, MilliporeSigma).  The 

nanoelectrode tip was initially positioned a few tens of micrometers above a single SrTiO3 cube 

with the help of a long-distance video microscope.  A digital angle gauge (DWL-80Pro, Digi-

Pas) was used to ensure the horizontal orientation of the substrate plane and the correct 

tip/substrate alignment.  A current vs. distance curve was obtained during the subsequent fine 

approach.  All experiments were carried out in a Faraday cage at room temperature (23 ± 2 ºC).  

The current offset of the potentiostat (~2 pA) was subtracted from all measured current values. 

For photo-electrochemical experiments, the SECM instrument was coupled with the optical 

setup similar to that described previously.39b  Briefly, the optical setup (Newport Corporation) 

consisted of an OPS-A500 500 W power supply, a 250 W HgXe lamp with a fiber bundle 

focusing assembly (model 77776) attached to its housing (model 67005), and broad wavelength 

range optical fiber (model 78277, UV-VIS Single Fiber Cable) with a core diameter 1 mm.  An 

IR cutoff FSQ-KG3 glass filter (Newport) was used to minimize sample heating during the 

experiment.  The optical fiber was coupled with an SECM tip using a complex lens system.39b  
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The light from the fiber was focused on the back of the tip, while the glass sheath of the 

nanoelectrode acted as a light-guide focalizing the radiation on the substrate area facing the tip. 

All experiments (except for Figure 8) were conducted with light source power fixed at 250 W.  A 

PM100D power and energy meter (Thorlabs) with a silicon photodiode power sensor (S130VC) 

was used to detect the output power through optical fiber and custom focusing optics.  Unlike 

previously reported bulk experiments,50 no oxygen or hydrogen bubble formation was detected in 

SECM experiments. 

Finite-element simulations.  Simulations were carried out using COMSOL Multiphysics 

version 5.6 commercial package.  Axisymmetric 2D models were built to simulate the SECM 

experiments, including negative feedback and SG/TC modes.  The “transport of dilute species” 

model was used to solve the steady-state diffusion problems.  The COMSOL modeling reports 

are available in the Supporting Information. 

RESULTS AND DISCUSSION 

Topography imaging of SrTiO3 cubes by SECM with O2 mediator.  The ORR based 

negative feedback was employed to locate and image a single Al:SrTiO3 RhxCryOz cube in the 

dark (Fig. 2).  The data reveals that the cube has ~2 µm edge length (Fig. 2A) and contains a 

smaller cube on top of it, as seen also in the corresponding optical image (Fig. 2B).  The 

presence of the smaller cube necessitated a relatively large vertical distance between the tip and 

the top facet of the main cube, which, consequently, produced only a blurred image.  Higher  

 



12 

 

Figure 2. 2D SECM topography image of the Al:SrTiO3 RhxCryOz cube attached to the glass 

surface (A), optical micrograph of the same cube (B), and a more detailed image of a portion of 

the same cube scanned at a closer separation distance (C).  Solution contained 0.1 M K2SO4, a = 

180 nm, ET , V = -1.1 (A) and -0.95 (C) vs. Hg/Hg2SO4.  Scale bar in B is 2 µm. 

spatial resolution (Fig. 2C) was achieved when a portion of the top facet of the same cube was 

imaged with a much smaller d.  The small variation of the current across the surface shows that 

(100) facet has no surface irregularities, but the cube is apparently positioned at a slight angle on 

the glass substrate (with its top corner in the image elevated towards the probe).  

Evaluating OER rate at the Al:SrTiO3 RhxCryOz cube by SG/TC mode of SECM.  

Two current-distance curves (Fig. 3A; symbols) were obtained with the same SECM tip 

approaching the top facet of the cube imaged in Fig. 2.  An oxygen reduction current at the tip 

was observed in the dark (Fig. 3A, curve 1) and under illumination (Fig. 3A, curve 2) at ET =  

-0.95 V vs. Hg/Hg2SO4.  To evaluate the tip/cube separation distance, d, curve 1 was fitted to the 

theory for the ORR-based negative feedback (solid green line40).  At any given d, the difference 

between the current values measured under illumination (curve 2) and in the dark (curve 1) 

represents the flux of oxygen photogenerated at the cube surface and collected at the tip (cf. Figs 

1B and 1A).  The fO2 = 1.3 nmol cm-2 s-1 value was obtained from the fit of the experimental 

approach curve (red symbols in Fig. 3A) to the theory (green solid curve40), and the 

corresponding current density of water oxidation, assuming 4e- OER, is 0.50 mA/cm2. 
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Figure 3. Experimental (symbols) and theoretical (solid lines) approach curves (A) and lateral 

scans (B) obtained with the same Fc-modified Pt tip over the same spot on the top face of the 

Al:SrTiO3 RhxCryOz crystal in the dark (1) and under illumination (2).  Both theoretical curves 

were calculated for a = 180 nm and RG = 8.  The tip current is due to ORR in 0.1 M K2SO4 

solution (pH 7).  ET = -0.95 V vs. Hg/Hg2SO4.  kT = 0.79 cm/s.  

The flux of photogenerated oxygen collected at the tip can also be evaluated from lateral 

scans recorded by moving the tip in the horizontal plane across the top facet of the same cube in 

the dark (Fig. 3B, curve 1) and under illumination (curve 2).  When the tip was scanned above 

the top facet of the cube, it was closer to the sample surface than during the scan above the 

underlying glass, and iT was lower in agreement with the approach curves in Fig. 3A.  The 

shapes of the two line scans are similar, reflecting a slightly slanted top face of the cube, as 

mentioned above.  The light-induced difference between the currents is ~2 pA over the entire 

portion of the line scan over the cube surface.  According to curve 1 in Fig. 3A, iT = 39 pA 

(black curve in Fig. 3B) corresponds to d = 142 nm.  The corresponding current value under 

illumination (~42 pA in Fig. 3B, red curve) is very close to the iT value corresponding d = 142 

nm under illumination (i.e., 43 pA in Fig. 3A curve 2).  Thus, similar ORR flux values can be 

extracted from SECM lateral line scans and approach curves.  

A more convenient way to evaluate the photogenerated flux of O2 is by analyzing chopped 

light tip current transients (Fig. 4A).  A sequence of 10 s long transients was recorded at the Pt 

tip positioned over the top face of an Al:SrTiO3 RhxCryOz cube (both the cube and the tip are the 

same as those in Fig. 3).  The separation distance (d = 20 nm) was evaluated from the steady-

state tip current measured in the dark (~10 pA in Fig. 4A) using the theoretical approach curve 

(curve 1 in Fig. 3A).  The amplitude of the photocurrent transient (ΔiT = 6.8 pA in Fig. 4A) is 

equivalent to the difference between the tip currents measured under illumination and in the dark 
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for the same d.  To determine the oxygen flux, one can use fO2 as a fitting parameter and 

calculate the theoretical ΔiT vs. d curve corresponding to d and ΔiT values found from the 

photocurrent transients.  The ΔiT - d curve in Fig. 4B was calculated for fO2 = 1.3 nmol cm-2 s-1 

and kT = 0.79 cm/s by subtracting curve 1 from curve 2 in Fig. 3A.  The inset in Fig. 8B shows a 

close-up of the short-distance part of this curve, and the red dot corresponds to ΔiT = 6.8 pA and 

d = 20 nm.  Since the experimental point obtained from Fig. 8A lies exactly on the ΔiT - d curve 

derived from Fig. 3A, the oxygen flux value extracted from photocurrent transients is the same 

as that found by fitting approach curves to the theory (i.e., fO2 = 1.3 nmol cm-2 s-1).  Although the 

analysis of chopped light photocurrent transients is equivalent to that of current–distance curves, 

measuring ΔiT is more straightforward and accurate.  An advantage of this approach is that the 

current transients can be measured at a very short separation distance, thus increasing the flux of 

photogenerated oxygen to the tip.  

 
Figure 4. (A) Chopped light current transients for ORR at the tip positioned over the same spot 

on the top face of the Al:SrTiO3 RhxCryOz cube as in Fig. 3A.  The tip is the same as in Fig. 3.  

ET = -0.95 V vs. Hg/Hg2SO4.  (B) ΔiT vs. d curve obtained by subtracting the iT values simulated 

for the same d with (curve 2 in Fig. 3A) and without (curve 1 in Fig. 3A) illumination.  Inset: 

magnified portion of the ΔiT-d curve (Fig. 4B).  The red circle represents the amplitude of the 

photocurrent transient (ΔiT = 6.8 pA) recorded at d = 20 nm (panel A).  

The iT transients in Fig. 4A are very fast with the rise time in the range of milliseconds.  By 

contrast, the current transients at a micrometer-sized electrode positioned above a SrTiO3 
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photocatalyst film doped with Al were markedly slower with the rise time in the range of tens of 

seconds.37  Our data suggests that the slow response observed in ref. 37 is likely due to mass-

transport and illumination issues and not a result of the intrinsic OER mechanism of the 

individual photocatalyst particles.   

Evaluating hydrogen evolution rate at the Al:SrTiO3 RhxCryOz cube by SG/TC mode 

of SECM.  Unlike ORR discussed above, HOR at a Fc-modified nanotip is a mediated ET 

process.  The density of Fc molecules immobilized on the Pt surface is significantly lower than 

on porous carbon tips,41 resulting in relatively small kT values and low kinetic tip currents.  Thus, 

reliable measurement of the photogenerated H2 flux is only possible at short separation distances 

(d/a < 1), where the tip current is amplified by positive feedback produced by the reduction of 

protons on the sample surface (see the inset in Fig. 1C).  When the tip is far from the cube, the 

proton reduction current is negligible because of the low concentration of protons in the pH 7 

solution.  However, at short separation distances the tip generates a high flux of protons that 

diffuse to the top face of the cube and get photo-reduced at the small portion of its surface facing 

the tip.   

To probe hydrogen evolution reaction (HER) at the cube, an experimental approach curve 

(Fig. 5, symbols) was obtained using the same tip over the same location on the SrTiO3 surface 

as in Figs. 3 and 4 but with ET = 0.4 V vs. Hg/Hg2SO4 suitable for HOR.  The distance scale was 

established according to curve 1 in Fig. 3A.  The experimental iT – d curve was fitted to the 

SG/TC of hydrogen theory (solid line in Fig. 5; one should notice that physical rather than 

normalized variables are used here, unlike Fig. 3A, because iT,∞= 0 for HOR).  The kinetic tip 

current was calculated from Eq. (1) with independently measured kT = 0.14 cm/s (for details, see 

Supporting Information).  The tip parameters used for the fit (i.e., a = 180 nm and RG = 8) were 
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the same as in Fig. 3A.  Importantly, the flux of hydrogen generated by water reduction at the 

cube surface, fH2 = 2.6 nmol cm-2 s-1 extracted from the fit is exactly twice that of the water 

oxidation (1.3 nmol cm-2 s-1).  Therefore, the current density of water reduction (0.50 mA/cm2) 

equals that determined for the water oxidation.  This value translates into H2/O2 evolution rates 

of 9.3/4.6 µmol cm-2 h-1which is about half of what was observed for a SrTiO3/RhCrOx film 

under UV illumination from a 300 W Xe lamp (20/10 µmol cm-2 h-1).22  However, a direct 

comparison is difficult due to the unknown light intensity at the end of the SCEM tip. 

 
Figure 5. Experimental approach curve (symbols) obtained under illumination with a Fc-

modified Pt tip approaching the same spot on the surface of the Al:SrTiO3 RhxCryOz crystal as in 

Fig. 3A and fitted to the theory (solid line) for SG/TC of hydrogen.  The tip was the same as in 

Figs. 3 and 4. The tip current was due to HOR in 0.1 M K2SO4 solution (pH 7).  ET = 0.4 V vs. 

Hg/Hg2SO4.  The theoretical curve was calculated for a = 180 nm and RG = 8.  kT = 0.14 cm/s.  

The approach velocity was decreased at d ≈ 400 nm. 

The analysis of photocurrent transients for HER/HOR (Fig. 6A) is similar to that discussed 

above for water oxidation, except that the tip current in the dark is negligibly low, and no 

subtraction is required to construct the theoretical distance dependence of the photogenerated  
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Figure 6.  (A) Chopped light current transients for HOR at the same tip position as in Fig. 4A.  

ET = 0.4 V vs. Hg/Hg2SO4.  (B) The magnified short-distance portion of the theoretical approach 

curve (Fig. 5, solid line).  The red circle represents the amplitude of the photocurrent transient 

recorded at d = 20 nm (panel A). 

hydrogen oxidation current at the tip (Fig. 6B).  The transients in Fig. 6A were recorded at the 

same tip position as in Fig. 4A, and the experimental point (red circle in Fig. 6B) extracted from 

Fig. 6A for d = 20 nm is very close to the simulated iT-d curve. 

Photoelectrochemical experiments at an Al:SrTiO3 RhxCryOz cube attached to an 

SECM tip.  An alternative approach to probing photoelectrochemistry at a single microcrystal is 

by attaching it to the SECM tip.  An approach curve (Fig. 7A) was obtained by bringing the tip 

vertically toward the illuminated surface of an Al:SrTiO3 RhxCryOz cube.  As expected, the 

hydrogen collection current at the tip (ET = 0.4 V vs. Hg/Hg2SO4) increased when it was moved 

toward the cube surface.  However, this approach curve is only qualitatively similar to that in 

Fig. 5, and it could not be quantitatively fit to the theory.  The likely reason is that the conductive 

disk of this tip was slightly recessed, and iT increased when its insulating sheath pushed against 

the cube surface.  The maximum current in Fig. 7A (~10 pA) is significantly larger than the iT 

values in Figs. 5 and 6, suggesting that at the point of the closest approach the distance between 

the conductive disk and the cube was only a few nm.  
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Unexpectedly, when the tip was retracted from the glass surface containing the SrTiO3 

photocatalyst particles, the current value, iT ≈ 10 pA, remained essentially constant over the tip 

displacement of ~800 nm (Fig. 7B), indicating that the actual distance between the Pt disk and 

the cube did not change.  The current, however, dropped to near-zero after the light was switched 

off and the cube stopped generating H2 (the inset in Fig. 7B).  These findings suggest that the 

cube was attached to the glass shroud of the SECM tip, which was confirmed by optical 

micrographs (Figs. 7C,D).  

 

Figure 7. “Fishing” for a SrTiO3 cube with an SECM tip.  (A) Current vs. tip displacement curve 

based on hydrogen oxidation at the Fc-modified Pt tip approaching the cube in 0.1 M K2SO4 

solution under through-tip illumination.  (B) The retraction curve obtained by reversing the tip 

motion after reaching the point of the closest approach in (A).  The inset: the abrupt current drop 

caused by switching off the light after the tip was moved back ~800 nm.  a  ≈ 160 nm; ET  = 0.4 

V vs. Hg/Hg2SO4. Optical micrographs of the Al:SrTiO3 RhxCryOz cube attached to the Pt tip (C) 

in the dark and (D) under through-tip illumination. 

The high stability of this fixed arrangement enables OWS experiments at small and 

constant separation distance.  Chopped light measurements with the cube attached to the tip are 

shown in Fig. S3A.  The current rises and decays instantaneously on the time scale of the 

experiment.  Qualitatively, this response is similar to those measured by in SECM experiments 

without attachment.  Variable light intensity-chopped-light current transients of HOR are shown 
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in Fig. 8A.  As expected, the HOR and OER photocurrents increase with light intensity.  A plot 

of the HOR photocurrent amplitude versus the electric power of the light source (Fig. 8B) shows 

a linear trend, as expected for a photocatalyst with constant quantum efficiency.51  This confirms 

that the immobilized cube retains most of its photocatalytic activity despite the proximity to the 

SECM tip.  

 
Figure 8. (A) Chopped-light current transients of HOR obtained with a SrTiO3 cube attached to 

the Pt tip at different light intensities.  From top to bottom, the light source power was: 250, 220, 

190, 160, and 120 W. (B) The amplitude of the photocurrent transient vs. light source power.  

ET = 0.4 V vs. Hg/Hg2SO4. Solution contained 0.1 M K2SO4. 

CONCLUSIONS 

 In summary, we described the first observation of OWS at a single photocatalyst particle. 

Measurements were conducted using the substrate generation/tip collection (SG/TC) mode of 

SECM on a micrometer sized Al:SrTiO3 RhxCryOz photocatalyst particle immobilized on a glass 

support.  Because overall water splitting at an unbiased microcrystal produces no net electric 

current, SECM is the only technique available for probing the intrinsic kinetics of both OER and 

HER.  Detection of local H2 and O2 fluxes was achieved during approach curves, lateral line 

scans, and photocurrent transients.  In order to quantitatively analyze the kinetic tip currents, a 

finite-element model was developed for SG/TC and feedback modes of SECM that allowed 

quantification of O2 and H2 fluxes with the same microcrystal and the same SECM tip.  A current 

density of 0.50 mA/cm2 was observed for HER and OER, corresponding to H2/O2 evolution rates 
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of 9.3/4.6 µmol cm-2 h-1, as expected for overall water splitting.  Furthermore, HER and OER 

experiments with an immobilized photocatalyst reveal light intensity-dependent photocatalytic 

activity, in agreement with the theory.  Lastly, it must be noted that the observed fluxes and 

photocurrent densities are average values for the top cube face because the 100-200 nm radius 

SECM tips employed in this study were too large for mapping the heterogeneous surface 

reactivity at higher resolution.  Increased spatial resolution may be achievable in photo-SECM 

measurements with smaller (e.g., ~20 nm) chemically modified tips underway in our 

laboratories.  
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