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ABSTRACT: Scanning electrochemical microscopy (SECM) has been extensively applied to
the electrochemical analysis of the surfaces and interfaces of a photoelectrochemical (PEC)
system. A semiconductor photoelectrode with a well-defined geometry and active surface area
comparable to SECM’s tip is highly desired for accurately quantifying interfacial charge-
transfer activities and photoelectrochemically generated redox species, where the broadening
effects due to the mass transfer gradient and nonlocal electron transfer at a planar
semiconductor surface can be minimized. Here, we present a newly developed platform as a
SECM substrate for investigating semiconductor PEC activities, which is based on a
transparent ultramicroelectrode (UME) fabricated by using two-step photolithographic
patterning and ion milling methods. This transparent UME with a 25 ym recessed disk shape
is fully characterized with SECM for quantifying the interfacial charge-transfer rates of
IrClg> /IrCly>~ by comparing with theoretical results from finite element simulations in
COMSOL Multiphysics. When coated with TiO, nanorods as a model semiconductor
material, the transparent UME can be used to quantify the catalytic PEC water oxidation in a
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feedback mode of SECM by sampling tip and substrate current signals simultaneously. This transparent UME—SECM study
provides insights into the potential-dependent PEC water oxidation reaction mechanism and the quantitative analysis of
photocurrent contributions from water oxidation and the SECM tip-generated redox mediator. The transparent UME—SECM
method can be potentially expanded to other SECM operation modes such as surface interrogation for understanding the dynamics

of the electrode surfaces and interfaces of a PEC system.

B INTRODUCTION

Photoelectrochemical (PEC) technologies have been devel-
oped for quantitative analysis such as molecular sensing,l_3 cell
imaging,4 and solar energy harvesting and conversion.” ” TiO,
is one of the most extensively studied semiconductors for PEC-
enabled water splitting,® biosensing,”'* and photosynthesis' ">
due to its earth abundance, nontoxicity, high chemical stability,
and photocorrosion resistance.'”'* The detection sensitivity
and energy conversion efficiency of a PEC system mainly
depend on the efficiencies of light absorption, charge carrier
generation, separation and transport at the electrode/electro-
Iyte interface, and redox reaction kinetics at the surface of a
PEC electrode. This leads to the need to develop advanced
surface and interfacial electroanalytical techniques for
quantitatively resolving these PEC activities.

Scanning electrochemical microscopy (SECM) developed
by Bard’s group has been reported to be a powerful tool for
interfacial electrochemical analysis in PEC systems.'> The
operation principle of the SECM technique is based on a
scanning ultramicroelectrode (UME) tip probing the local
electrochemical interactions with a substrate electrode surface.
It operates in a variety of modes such as feedback,'®
generation-collection,17 surface interrogation,18 hopping,19
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redox competition,20 tunneling,21 and so forth to obtain
mass transfer and surface reaction kinetic information of an
electrode surface. The use of an UME tip with a size of 25 ym
or less enables the quantitative electroanalysis with improved
temporal”>*® and spatial resolutions.”*~*’ For instance, SECM
was used to study the PEC activities of TiO, in the presence of
redox mediators of Fe(CN)¢*"/Fe(CN),~.** The surface
chemistry activities of photogenerated charge carriers at an
unbiased TiO, substrate were revealed by illustrating the tip-
to-substrate distance dependence of the tip current feedback.
SECM has also been applied to investigate charge-transfer
kinetics and product detection at visible light-sensitive
photoelectrodes such as CdS,” Eosin Y-sensitized ZnO,”
Mo—BiVO,,*"** CdS-sensitized ZnO,* rGO/Bi,WO,/Au,>*
g-C3;N,/ZnTe heterojunctions,”> and Co—B;-modified
BiVO,.”® The tip current responses in these studies are
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sensitive to the tip-to-substrate distance, substrate potential,
some other characteristics of the substrate (e.g., light
absorptivity, surface chemistry kinetics, and charge carrier
density and its recombination and separation), and side
reactions from water splitting and its products. The entire
planar substrate is illuminated with a light source in these
studies, while only a small region is probed by an UME. This
SECM configuration would not provide an accurate
quantification of surface charge-transfer activities at a semi-
conductor due to the mass-transfer concentration gradient of
redox species at the planar electrode surface, nonlocal electron
transfer at extended active surfaces, and significant substrate
edge effects.’”*® Although these issues are less likely to be
concerned for a semiconductor substrate in the dark because of
the low density of thermally excited charge carrier density, they
become prominent for a photoexcited semiconductor under
PEC reaction conditions.

The issues of heterogeneous electron transfer at a conven-
tional planar electrode system can be partially addressed by
utilizing a miniaturized light source to produce a confined
photoexcited region on the surface of the planar electrode. For
example, an optical fiber can be used to study the local
photocatalytic performance of the photocatalyst substrate.*”~*°
Our group recently reported a fast screening of PEC water
oxidation activity at Co—BiVO, and Au-modified hematite
photocatalyst spots (~200 ym in diameter) with an optical
fiber-equipped SECM.**® Conzuelo et al.*’ and Bae et al.**
developed dual electrochemical/optical UME tips, which
substantially reduced the background photocatalytic signals
achieving a high lateral resolution. A focused micrometer-sized
laser beam was incorporated by Willets and Rodrlguez Lopez
as light source under the tip of SECM for probmg the localized
interfacial plasmon-mediated reactions.”” ™' A restricted
illumination area can also be used for local PEC studies as
shown by a recent SECM study of the hematite substrate
through a ~10 ym pinhole.”* This method however could not
provide individually addressable photocatalytic responses due
to the possible electron transfer at the biased nonlocal surfaces.

Recent studies suggest that the semiconductor photo-
electrode with a confined surface area can fully address the
above issues. Bard and co-workers have reported the
applications of >200 um photoelectrodes of TiO,>* and W/
Mo—BiVO,”* sealed with a thin insulating film in the SECM-
based PEC studies, where the individually addressable
photoelectrodes with the electrically isolated active area
proved to be an ideal electrode configuration to prevent
heterogeneous electron-transfer activities. This electrode
configuration can be easily achieved through the conventional
microfabrication technology for Si UMEs™ and our recent
work of transparent indium tin oxide (ITO) UMEs (10 um in
diameter).>**’

Here, we successfully fabricated planar ITO and fluorine-
doped tin oxide (FTO) UMEs (25 ym in diameter) with a
methodology of a two-step photolithographic patterning
incorporated with an ion milling treatment. This transparent
and well-defined UME platform was for the first time used as a
substrate in SECM to quantitatively investigate the heteroge-
neous charge-transfer kinetics at the electrode/electrolyte
interface. A model semiconductor-based PEC system is built
on the in situ grown TiO, UME on FTO for the
electrochemical analysis of potential-dependent interfacial
kinetics in PEC water oxidation. This transparent UME
platform can be potentially expanded to characterize other

PEC systems and used for accurate analysis of local redox
reaction mechanism and and molecular sensing.

B MATERIALS AND METHODS

Reagents and Materials. All chemicals and solvents were
used as received without any further purification. Titanium-
(IV) butoxide (>99%) and potassium hexachloroiridate(IV)
(Ir > 39%) were purchased from Alfa Aesar. Hydrochloric acid
(37% wt), sodium sulfate anhydrous, isopropanol (>99.5%),
acetone (>99.5%), and ethanol (>95%) were purchased from
VWR. ITO-coated glass (<15 Q/sq.) was bought from
Colorado Concept Coatings, LLC. FTO-coated glass
(TEC1S, <15 €/sq.) was obtained from Pilkington. A
customized photomask for photolithographic fabrication was
supplied by Photo Sciences Inc.

ITO/FTO UME Fabrication. Figure 1 illustrates the
fabrication procedures of ITO/FTO UMEs mainly involving
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Figure 1. Schematic of the fabrication of transparent ITO/FTO
UMEs via photolithography and ion milling.

two photolithographic steps and an ion milling treatment in
between, which 1s 51m11ar to the method employed in our
recent publication.”® First, a 20 mm X 20 mm squared ITO- or
FTO-coated glass slide was cleaned by sequential sonication in
a detergent solution, acetone, ethanol, and deionized (DI)
water, respectively, and a following UV-O; treatment (UV/
ozone procleaner, Bioforce Nanosciences). In the first
photolithographic step, a layer of a Shipley S1818 photoresist
was coated on an ITO/FTO glass slide with a Solitec spin
coater. An MA-6 mask aligner (Karl Suss) was used to transfer
the pattern from a customized photomask to the photoresist
layer by emitting UV radiation. After developing in the Shipley
MF-319 developer, a photoresist layer of eight center-
patterned holes connected with eight exterior rectangular
blocks was created and used to protect the underlying
conductive surfaces during the following ion milling. Then,
the sample was treated using an ion-milling system (Intelvac
and Four-Wave) to remove the ITO/FTO layer at the exposed
surfaces. The remaining photoresist was stripped off by
sonicating in acetone and isopropanol, respectively. Finally, a
second photolithographic step was utilized to expose eight
centralized micrometer holes and the exterior portion for
electrical connection, followed by development and hard
baking to form eight isolated transparent ITO/FTO UMEs
sealed by the photoresist. These UMEs were annealed under
an optimized hard baking condition of 300 °C for 30 min
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Figure 2. SEM images of (a) ITO UMEs and (b) single ITO UME. (c) 3D AFM image of an ITO UME. (d) SEM image of TiO, nanorods in situ
grown on FTO. Optical microscopy images of (e¢) FTO UMEs and (f) TiO,—FTO UMEs.

under a N, atmosphere to achieve the highest resistance to the
electrolyte and surface scratching.

TiO,—FTO UME Fabrication. After the etching and
stripping steps, a typical hydrothermal process and annealing
were used to in situ grow TiO, on a patterned FTO substrate.
Specifically, the sample was sited vertically at the bottom of a
2S5 mL stainless-steel Teflon-lined autoclave. The hydrothermal
solution containing 0.3 mL of titanium(IV) butoxide in 20 mL
of 18.5% wt. HCl was transferred to the autoclave and heated
in an electric oven at 180 °C for 4 h. After being cooled down
to room temperature, samples were completely rinsed with DI
water and then annealed at 600 °C in air for 2 h. A second
photolithographic step was performed with the same
procedures as described above to obtain recessed disk-shaped
TiO,-coated FTO UMEs. TiO, in situ grown on ITO can also
be prepared by the hydrothermal process and annealing under
appropriate conditions.*®

Electrode Characterization. The size and geometry of
the as-fabricated UMEs were characterized by using scanning
electron microscopy (SEM, Apreo, Thermo Fisher Scientific),
atomic force microscopy (AFM) (Mad City Labs) equipped
with an Akiyama probe (NANOSENSORS), and an AmScope
microscope digital camera (1.3 MP, MU 130, AmScope).

Electrochemical and PEC SECM Setup. The electro-
chemical and PEC measurements were performed based on a
CHI 920c bipotentiostat/SECM system (CH Instruments)
equipped with a halogen lamp (TH4-100, Olympus, 98.27
mW/cm?) and an electron-multiplying charge-coupled device
(EMCCD) camera (iXon X3 DU-897E, Andor Technology).
A 10 pm (in diameter) disk-shaped Pt UME (RG ~3.5) was
employed as the SECM tip electrode. A platinum wire and a
Ag wire or Ag/AgCl (Sat’d KCl) were used as the counter
electrode (CE) and reference electrode, respectively. The
electrolyte solutions employed include 0.1 M Na,SO,
containing 1 mM K,IrCly (pH 4.5) and redox-free 0.1 M
Na,SO, (pH 5.8). All the electrode potential values presented
in this work are corrected to be versus the reversible hydrogen
electrode (RHE). The light intensity focused on samples was
measured with a digital power meter (Newport Power Meter
1931-C). More details of the adopted SECM system can be
found in Figures S1 and S2.

COMSOL Multiphysics Simulation. Finite element
simulations®”®° of voltammetric behaviors, local concentration
profiles of redox molecules at an UME, and current—
potential—distance relationships (i.e, approach curves) were
performed with COMSOL Multiphysics software (Version
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Figure 3. Digital photo (ab) schematic of the SECM setup for investigating surface electrochemical activities under PEC conditions with a

microfabricated UME substrate.
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Figure 4. (a) Bulk CV curves of the Pt tip and the ITO UME substrate in 0.1 M Na,SO, containing 1 mM K,IrCls and simulated data by fitting
with the COMSOL Multiphysics finite element method. Scan rate: 10 mV s™'. SECM reactivity images (50 X S0 um) of (b) iy, and (c) igy, under
the constant-height substrate generatlon tip collection (SG-TC) mode at d = 15 ym over the ITO UME. Eg, = 0.91 V (vs RHE) and Ep;, = 1.51V
(vs RHE). Scan rate: 25 ym s™". (d) Mapping of tip T-CE extracted from (b,c) over the ITO UME. Top images in (b—d) represent the projections

onto the xy-plane.

5.4). Principles of modeling and simulation are further
introduced in Figure S3.

B RESULTS AND DISCUSSION

Fabrication of Bare and TiO, Nanorods-Modified
UMEs. As shown in the SEM image (Figure 2a), eight disk-
shaped conductive ITO UMEs are formed on a single ITO
glass slide with their electrical contacts buried under the
photoresist layer. The triangular-shaped areas are the under-
lying electrical connection to each ITO UME. Digital photos

of real samples give a better view of the transparent substrate
and the yellow ochre photoresist layer (Figure S4). At a higher
magnification of SEM, the individual ITO UME shows a
smooth and clean surface with a diameter of 24.75 um (g, =
12.37S um, Figure 2b). AFM further revealed a recessed disk
shape of the ITO UME (Figure 2c). A 2.38 um thickness of
the photoresist layer (t,) was obtained by the AFM depth
profile analysis (Figure SS). Our methodology enables the
fabrication of an array of electrically isolated UME:s at a time to
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Figure S. (a) Pt tip and (b) ITO UME substrate approach curves obtained at Epp =091V (vs RHE) and various E, and fitted with simulated
data. Simulated 3D concentration profile of IrCl;>~ when the Pt tip is (c) far away from and (d) in the vicinity of the ITO UME surface at Epy, =

0.91 V (vs RHE) and Egy, = 0.91 V (vs RHE).

study at an individual UME without interferences from the
others.

Based on our transparent ITO/FTO UME, a model
semiconductor UME, TiO,-FTO UME was developed by
incorporating a facile hydrothermal process, where the
formation mechanism of TiO, crystals has been previously
reported to be a condensation reaction of Ti** hydrated
octahedral monomers.” The surface morphology of TiO, on
FTO at a macroscopic sample was characterized by SEM and is
shown in Figure 2d. TiO, nanorods are uniformly formed on
FTO with an estimated diameter of ~100 nm. By comparing
the optical microscopy images of bare FTO UMEs (Figure 2e)
and TiO,—FTO UMEs (Figure 2f), TiO, can be observed to
uniformly and selectively grow on the FTO surface. Digital
photos of the real FTO and TiO,—FTO UMEs samples can be
found in Figure S4.

Quantification of Interfacial Electron-Transfer Ki-
netics at ITO UME with SECM. Figure 3a,b illustrate the
SECM-optical microscopy system for quantifying the PEC
activities of micrometer-sized TiO, nanorods through a
transparent UME. This system features flexible light illumina-
tion of a selected transparent UME in an inverted
configuration while simultaneously collecting tip and substrate
current signals and optical microscopy images. The EMCCD
camera and 3-axis SECM tip positioning capabilities allow a

15890

rapid positioning of a Pt UME tip above the selected
transparent UME.

The as-prepared ITO UME was employed as the substrate
electrode in SECM and characterized for interfacial electron-
transfer kinetics. The quantification study at our ITO UME
platform was simplified by using an outer-sphere redox couple,
IrCl,>~/IrCl,>~, which allows a fast and reversible one-electron
transfer reaction. At a large tip-to-substrate distance (d), cyclic
voltammetry (CV) curves of the Pt tip and ITO UME
substrate in the bulk solution of 0.1 M Na,SO, containing 1
mM K,IrClg at a scan rate of 10 mV s™" are shown in Figure 4a.
The ITO UME can achieve a similar steady-state reduction
reaction of IrCl>~ as Pt tip UME showing a diffusion-
controlled liming current, i, which indicates an efficient mass
transport at its surface. A low anodic current appears at both
the Pt tip and the ITO UME substrate owing to the
spontaneous reduction of IrCls*™ in the weakly acidic solution.
This auto-reduction reaction accompanied by water oxidation
has been previously reported.””®* The voltammetric behaviors
are fitted with simulations to obtain the heterogeneous rate
constants (k°) of the redox reaction occurring at the Pt tip and
the ITO UME, kTiPO = 0.08 cm s™! and kg,;,” = 0.008 cm s~}
respectively.

Major parameters used for simulations such as formal
potential (E”) and cathodic charge transfer coefficients (a) are
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listed in Table S1. A smaller ag,, of 0.3 compared to ar;, of 0.5
indicates a less favorable asymmetric reduction behavior of
IrCly®~ at the ITO UME. According to the criterion of
reversibility factor (A) proposed by Matsuda and Ayabe,®* the
calculated values of A are 50.1 (reversible) at the Pt tip and
5.01 (quasi-reversible) at ITO UME. Simulations were also
employed to explore the effects of photoresist thickness (t,,)
and kg, on the voltammetric behavior of ITO UME in the
bulk solution (see Figures S6 and S7).

ITO UME obtained with microfabrication was then studied
with a Pt tip to obtain SECM reactivity images in the feedback
mode. In principle, the tip first needs to be positioned in close
vicinity of the ITO UME surface, and d can be estimated by
performing an approach curve measurement in a feedback
mode above the photoresist layer (see Figure S8). Constant-
height SECM images of the tip current (iTiP) and the substrate
current (igy,) are shown in Figure 4b,c, respectively. These
images were obtained at d = 15 ym under the SG-TC mode,
where the substrate potential (Eg,,) was held at 0.91 V to
undergo the steady-state reduction reaction of IrCl;>~ and the
tip potential (Er;,) was held at 1.51 V for the steady-state
reversed oxidation reaction. When the Pt tip comes to the
vicinity of ITO UME, an increased amount of IrClg>~
generated at ITO UME is collected by the tip for regenerating
IrClg*", resulting in a positive feedback with increased ity and
isp- The obtained SECM images show circular regions of
increased ir;, and ig,, with diameters of around 3S and 25 ym
representing the electroactive sizes of ITO UME and the Pt
tip, respectively. The lateral resolution can be further improved
by decreasing d or employing a smaller tip radius a in the
experiment. The size of ITO UME is supposed to be ~2.5
times as large as that of the Pt tip based on the physical
characterizations, whereas it is 1.4 extracted from the SECM
reactivity images. This is reasonable when considering that the
lateral resolution in SECM strongly depends on the size of the
SECM tip. Here, the ITO UME is probed by a smaller-sized
tip UME, while the Pt tip is probed by a larger-sized ITO UME
on the relative motion, leading to a relatively lower lateral
resolution. The tip collection efficiency (T-CE) in the SG-TC
mode is shown in Figure 4d, indicating a maximum T-CE of
29.3% at the center of ITO UME.

Interfacial electron-transfer kinetics of the IrCl®™/IrCl®~
redox reaction at the ITO UMEs can be investigated by
measuring the approach curves at a Pt tip above an ITO UME.
With the aid of SECM imaging of ITO UME as described in
Figure 4b, the Pt tip was placed directly above the center of
ITO UME, where the maximum T-CE can be achieved, for
approach curve measurements. The approach curve is
represented by the normalized current i,o, = i/finf (4= o) a8 a
function of the normalized tip-to-substrate distance (L = d/a,
where a is the electrode radius). As shown in Figure Sa,b, the
tip and substrate approach curves are plotted at Ey;, = 0.91 V
for the steady-state reduction of IrCls*~ and various Eg, from
0.81 to 1.61 V, respectively. Approach curves measured at
more Eg, values in between can be found in Figure S9. When
the ITO UME is biased at Egy, = 0.81 to 1.21 V, a negative
feedback is observed at the Pt tip owing to a competitive
consumption of IrClg*™ at the ITO UME, reducing the steady-
state diffusion rate of bulk IrCls*>~ towards the tip surface as L
decreases. Substrate approach curves also show the negative
feedback because the reduction reaction at the Pt tip competes
with the one at the ITO UME. As shown in the simulated 3D
concentration profiles of IrCl>~ at Ep, = 091 V and Egy, =
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0.91 V (Figure Sc,d), the competitive reduction reactions at
the tip and substrate are illustrated by the increased
concentration gradient at d = 0.593 pm compared to the
one at d = 101.63 pum. In contrast, a positive feedback is
created when the ITO UME is biased at Eg,, = 1.26 to 1.61 V
due to the oxidation reaction of tip-generated IrCls>™ at the
ITO UME, enhancing the steady-state diffusion rate of redox
species at the Pt tip. Substrate approach curves in this case
show the positive feedback as well. The simulated 3D
concentration profiles of IrCl>~ at Epy, = 091 V and Egy, =
1.51 V demonstrate the decreased surface concentration
gradient under the positive feedback condition (see Figure
S$10). The substrate collection efficiency (S-CE) versus L curve
in this tip generation substrate collection (TG-SC) mode can
be obtained at Ery, = 0.91 V and Eg,, = 1.51 V, as shown in
Figure S11.

Experimentally measured approach curves are fitted with
simulated data based on the 2D axisymmetric geometry shown
in Figure S3, which enables the quantification of potential-
dependent apparent heterogeneous rate constant (k,,,) of the
IrClg*~/IrClg>~ redox reaction at the ITO UME. The
discrepancy of the experimental approach curve from the
simulation at low L values is associated with tip—substrate
misalignment and the nonideal tip geometry and insulation.®®
kqpp was simulated to be 0.008 cm s~! when the ITO UME was
biased for the steady-state reduction or oxidation reaction,
which is consistent with the obtained k° from the simulation of
bulk voltammetric current. However, k,,, = 0.006, 0.003, and
0.003 cm s™' were determined when the ITO UME was biased
in the kinetically controlled region at Egy, = 1.16, 1.21, and
1.26 V (n = —0.044, 0.006, and 0.056 V), respectively. Under
the circumstances, the formation of redox species instead of
diffusion becomes the rate-limiting step, leading to a slower
mass transfer at the ITO UME than at the steady state, so the
obtained k,,, by fitting tip approach curves deviates from Ko,
suggesting a slower interfacial electron-transfer kinetics at the
ITO UME. Therefore, if too small an overpotential region is
considered, the approach curve fitting in SECM leads to a
misrepresentation of k°. Potential-dependent apparent forward
rate constants (kapp, () were further calculated, as shown in
Table S2.

Using the k,,, obtained from the simulation of tip approach
curves, the substrate approach curves are well fitted at Eg,
within or near the steady-state region. Technically, the
substrate approach curves aim to determine the k,,, at the
Pt tip, so they are supposed to be constant at Er;, = 0.91 V in
our experimental setup no matter how the k,,, at ITO UME is
varied. However, the experimental substrate approach curve at
Egy = 1.21 V shows a less significant negative feedback than
the simulated data because of a slow formation rate-
determining mass transfer, which deviates from the assumption
of steady-state mass transport at the probing electrode in our
theoretical simulation. The integrity of Pt and ITO UME after
the approach curve test is further presented in Figures S12 and
S$13, and more related discussions can be found in the
Supporting Information.

Quantification of Interfacial Charge-Transfer Kinetics
of PEC Water Oxidation at TiO,—FTO UME with the
IrCle>~ Redox Mediator and Direct Detection of O,
Using SECM. For applying our transparent UME platform
in a real semiconductor-based PEC process, the PEC water
oxidation at TiO,—FTO UME was investigated by SECM as a
model system. As shown in Figure 6a, the photocurrent of the
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Figure 6. (a) Current vs potential curve and (b) PE estimation of TiO,-FTO UME for PEC water oxidation in 0.1 M Na,SO, containing 1 mM
K,IrCl, under chopped UV—vis light illumination (98.27 mW/cm?). (¢) CV curve of TiO,—FTO UME in the dark. Scan rate: 50 mV s™". (d) Bulk
CV curve of the Pt tip scanned at an extended potential range. Scan rate: 10 mV s,

TiO,—FTO UME increases with Egg in K,IrCls-containing
electrolyte due to the UV light sensitivity of TiO,, which is an
electron-rich semiconductor capable of producing photo-
generated carriers upon light absorption. Negatively charged
electrons in the conduction bands of TiO, can be favorably
collected by the FTO substrate to form an anodic photo-
current when the holes are efficiently separated from the
electrons to oxidize water for oxygen generation. The power
efficiency (PE) of such photocurrent generation is dependent
on the light absorptivity, charge transport, separation and
collection efficiencies, and the surface reaction kinetics of water
oxidation. PE at TiO,—FTO UME can be estimated according
to eq 1°° and is plotted in Figure 6b.

_ X (123 — Eg)

PE(%) = X 100%

(1)

where ] (A/cm?) is the photocurrent density extracted from
Figure 6a and Pry; (W/cm?) is the total light intensity focused
on TiO,—FTO UME. The estimated PE of TiO,—FTO UME
is at a maximum of 1.60%. Additionally, the light transmission
of TiO,—FTO in the UV light region (<400 nm) was
estimated to be 16.7% by measuring the light intensity with the
aid of a GG400 longpass filter. The CV curve of TiO,—FTO
UME measured in the dark does not show any visible redox
reaction of IrCls*~/IrCls*~ (Figure 6¢c), which suggests that the
TiO, coating layer is sufficiently thick to block direct redox
activities of IrCle®~ without light excitation. IrCle®™ was
selected for investigating PEC water oxidation due to its

Total
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chemical stability in our electrolyte environment and has a
distinct redox potential from O, produced from the photo-
electrode surface.”* The steady-state reduction of IrClg*~ can
avoid the potential range for O, collection unlike that of
Fe(CN)s*~."" The CV curve of IrCls>™ at the Pt tip within an
extended potential range shows the reduction of solution-
dissolved O, starting at below 0.85 V (Figure 6d), which allows
the exclusive detection of steady-state IrCls*~ reduction at an
applied Ery, of above 0.85 V showing no interference from O,
reduction.

SECM reactivity imaging of TiO,—FTO UME was
performed at a constant-height feedback mode (Figure 7a).
Here, the Pt tip was positioned at d = 22 um and biased at 0.86
V for the steady-state reduction of IrCl*”, and TiO,—FTO
UME was illuminated and biased at 0.86 V for PEC water
oxidation. An increase of the measured ir;, can be observed
when the Pt tip is positioned near the TiO,—FTO UME,
indicating a positive feedback between the tip and substrate. It
strongly suggests that the photogenerated charge carriers can
oxidize not only water oxidation but also tip-generated IrCl¢>".
No pronounced positive feedback is observed from the
mapping of ig,, owing to the overwhelming water oxidation
photocurrent.

To quantify the interfacial charge-transfer kinetics of PEC
water oxidation, we aligned the tip above the center of TiO,—
FTO UME and measured the tip and substrate approach
curves under various Eg,, conditions (Figure 7b,c). The Eryp
was held at 0.86 V for steady-state reduction of IrCls*~, while
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Figure 7. (a) SECM reactivity image (50 X 50 ym) of ir;, under the constant-height feedback mode at d = 22 ym over the TiO,—FTO UME. Eg,
=0.86 V (vs RHE), and Ep, =086V (vs RHE). Scan rate: 25 um s™'. The top image represents the projection onto the xy-plane. (b) Pt tip and
(c) TiO,—FTO UME substrate approach curves obtained with Ep, =086V (vs RHE) and various Egy, from OCP, 0.46 to 1.66 V (vs RHE) for
PEC water oxidation. (d) Mapping of normalized tip current along with the normalized tip-to-substrate distance and the Eg, extracted from (b)
and Figure S14a. (e) Percentages of photocurrent contributions to IrCl;>~ oxidation (%isedox) and water oxidation (%i?uzb) under various Egg,
obtained at L = 3.5. (f) Collection of products of PEC water oxidation at a large TiO,—FTO UME substrate in the redox-free 0.1 M Na,SO,

electrolyte by the Pt tip biased at 0.54 V (vs RHE). Scan rate: 10 mV s™".

the Eg, was selected at the open-circuit potential (OCP) and
in the region of PEC water oxidation. Approach curves
measured at more Eg,, values between 0.61 and 1.61 V can be
found in Figure S14. When the TiO,—FTO UME is at OCP
without light excitation, a negative feedback can be observed at
the tip approach curve which suggests a good curve fit by
assuming an insulating TiO, surface (Figure S15). When the
TiO,—FTO UME is illuminated at OCP, the tip approach
curve shows a more significant negative feedback, which is
strongly attributed to the interfacial transfer of photogenerated
electrons. Without an external potential bias, electrons are
majority charge carriers and free to migrate to the TiO,/
electrolyte interface for the reduction of IrCle®~, which
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competes with the same reaction at the Pt tip. Thus, this
stronger negative feedback is resulted from the diffusion
hindrance by the substrate surface as well as the competitive
consumption of IrCle®~ at TiO,. Fujishima’s group has
reported a similar observation of Fe(CN)*~ reduction at an
unbiased illuminated TiO, surface by using SECM.>*

When the TiO,—FTO UME is positively biased from 0.46 to
1.66 V for PEC water oxidation, the tip approach curves show
a positive feedback, indicating a facilitated mass transport at
the TiO,/electrolyte interface. It can be inferred that the local
IrCl*~ species are oxidized by photogenerated holes, leading
to a transient increase of IrClg*~ concentration. The positive
feedback occurs starting at an Egy, of 1.26 V at the conductive
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ITO, whereas it can be observed here at semiconductor TiO,
at an Egy of as early as 0.46 V. This owes to the positive
potential shift of energy band edge near the surface of the n-
type semiconductor under an electric field in the space charge
region (called band bending). The actual TiO, surface
potential is thus more positive than the one we applied in
the bulk. Moreover, the positive feedback becomes increasingly
prominent as Eg,, is enhanced from 0.46 to 1.66 V, suggesting
a facilitated apparent heterogeneous electron-transfer kinetics
as well as an increased charge carrier separation kinetics near
the TiO, surface. This can be better visualized by mapping the
integrated tip current along with L and Eg;, (Figure 7d), where
the positive feedback becomes considerable as L < ~6.

However, the positive feedback in the substrate approach
curves can be only observed at small values of Eg, (from 0.46
to 0.56 V), and it is significantly masked by the large water
oxidation current as Eg,, further increases (Figure 7c). The
substrate approach curves exhibit an overall decreasing
tendency as they are recorded, which can be explained by
the charge recombination at trap sites of the TiO, surface. This
charge recombination phenomenon becomes less severe as
Es,, increases.

As has been noted that negligible oxygen is reduced at the
tip under an Ery, of above 0.85 V, the positive feedback at the
Pt tip exclusively represents the detection of IrCl>~ oxidation
at TiO,-FTO UME. Knowing that the TiO, photocurrent ig,,
is contributed from both IrCl,*~ oxidation and water oxidation,
their relative contributions can be quantitatively determined by
applying a known S-CE (or ig,/ iripy extracted from the tip and
substrate approach curves at an ITO UME, see Figure S11).
The percentages of photocurrent contributions associated with
IrCl*~ oxidation (%iR5) and water oxidation (%icy) at L =
3.5 can be estimated according to eqs 2 and 3 and are plotted
in Figure 7e.

iTip(L = 35) X (iSub/iTip)(L = 35)
iSub(L = 3-5)

-Redox

%oigodox = X 100%

()

-H,0 .Redox
%lSui =1- %lSub (3)

where ig,p/ity, = 0.96 at L = 3.5. It can be observed that the
contribution of IrCl,*~ oxidation to the total ig,, reaches ~76%
at a lower Eg, of 0.46 V and decreases exponentially to ~3% as
Eg,;, increases to 1.66 V. The contribution of water oxidation
behaves inversely. The relationship of ig,, for IrCls*~ oxidation
and water oxidation at an Eg, is important to be considered in
the SECM quantification of overall interfacial charge-transfer
kinetics at TiO,—FTO UME.

Simulations of the tip approach curves were not performed
here due to the unknown surface potentials under band
bending conditions. Applying anodic Eg, further increases the
band bending in TiO,."” An improved model with the
consideration of photogeneration rates of electrons and holes
and charge recombination rate will be also needed to fully
understand the PEC performance of TiO, UME using the
SECM quantification method. The integrity of the Pt tip and
the enhanced photoactivity of TiO,—FTO UME after the
approach curve test were presented and are discussed in
Figures S16 and S17.

To confirm the generation of the PEC water oxidation
product (mainly O,) without the interference from the redox
mediator, a supplementary SECM study was conducted at a

large TiO,—FTO substrate in the redox-free 0.1 M Na,SO,
electrolyte. A Pt tip was positioned at d = 9 ym above the
substrate by performing an approach curve measurement in the
K,IrClg-containing electrolyte, which was then replaced with a
redox-free electrolyte (see Figure S18 for the respective CV
curves). O, generated at TiO, during PEC water oxidation can
be simultaneously collected by the Pt tip biased at 0.54 V for
O, reduction in a SG-TC SECM mode. As shown in Figure 7f,
the ir;, measured under illumination increases at an enhanced
Eq, indicating the O, generation during PEC water oxidation
at TiO,. In contrast, no cathodic ir;, can be observed without
photoexcitation.

Based on the above SECM approach curve results, the
potential-dependent PEC water oxidation reaction mechanism
at TiO, nanorods can be well illustrated (Figure 8). When

WE1

combination

Figure 8. Schematic of the investigation of potential-dependent
interfacial charge-transfer kinetics of PEC water oxidation at TiO,
nanorods using the SECM technique. (I) Reduction of IrCl>~ by
photogenerated electrons under OCP; (II) simultaneous oxidation of
water and IrCl;>~ by photogenerated holes when Egy, = 0.46—1.66 V
(vs RHE).

TiO, is in contact with the redox electrolyte with a different
Fermi level, the interfacial charge transfer is required to
equilibrate the interface. A low density of free charge carriers in
TiO, results in a near-surface space charge region driven by an
electric field.”® In the absence of a substrate potential bias, the
equilibrium electric field is not strong enough to efficiently
separate the photogenerated electrons and holes. The charge
recombination kinetics is faster than the charge separation
kinetics, so the reduction of IrCls’>~ promoted by the majority
of charge carriers (electrons) dominates at the TiO, surface. It
thus creates a strong negative feedback at the Pt tip. When
applying an external electric force toward the anodic direction,
charge carriers are adequately separated by the electric field,
allowing both water and IrCls*~ oxidations by photogenerated
holes at the TiO,/electrolyte interface. As the external electric
force becomes stronger (Eg,, increases from 0.46 to 0.71 V),
charge separation and collection rates are further enhanced,
yielding more efficient water oxidation and interfacial redox
reaction. PEC current reaches a plateau with the minimum
charge recombination under the external electric field of Eg, =
0.71 V, which is determined by the incident light intensity and
the intrinsic chracteristics of TiO, and its interface with he
electrolyte. Further enhancement of water oxidation and redox
reaction rates occurs at Egy = 1.21 V when the surface
conductivity of TiO, is significantly increased. More charge
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carriers in bulk TiO, are released under the very high electric
field, leading to the added portion of water oxidation.

B CONCLUSIONS

In summary, a transparent UME platform has been developed
for SECM by a two-step photolithographic patterning
incorporated with an ion milling treatment. The patterned
UMEs are electrically isolated and individually have a 25 pm
recessed disk-shaped geometry, allowing a quantitative study of
interfacial electron-transfer kinetics of electrochemical redox
reaction by measuring approach curves in the SECM technique
and comparing with theoretical modeling in COMSOL
Multiphysics. kg’ of 0.008 cm s~ and agy, of 0.3 for the
electrochemical reduction of IrCl>™ at an ITO UME in 0.1 M
Na,SO, solution containing 1 mM K,IrCls, have been
confirmed by steady-state approach curve fitting. Collection
efficiencies in both SG-TC and TG-SC modes are quantified
by correlating tip and substrate reactivity images and approach
curve measurements, respectively. FTO UME coated with
TiO, nanorods is used as the model semiconductor UME for
quantifying its interfacial photogenerated charge-transfer
kinetics of PEC water oxidation in the feedback mode of
SECM. The percentages of photocurrent contributions
associated with redox reaction compared to water oxidation
have been obtained to be ~76% at a low potential of 0.46 V
and exponentially decrease to ~3% at a higher potential of 1.66
V. The transparent UME-SECM platform exhibits a great
potential for studying interfacial charge-transfer kinetics of
other electrochemical or PEC systems. This transparent UME-
based SECM technique operating in other functional modes,
particularly the surface interrogation mode,***>**** will
provide more insights into the reaction mechanism of a PEC
system for advanced energy conversion and ultrasensitive
chemical detection.
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