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ABSTRACT: Reaction kinetics and surface coverage of water
oxidation intermediates at a W/Mo-BiVO4 photoanode were
studied using surface interrogation scanning electrochemical
microscopy (SI-SECM). Adsorbed hydroxyl radicals (OH•) were
produced during water oxidation at the semiconductor surface
under UV−visible irradiation and were subsequently electrochemically titrated by tip-generated reductant without irradiation. The
IrCl62−/3− redox couple was used to determine the surface
concentration of OH• in acidic solution. On W/Mo-BiVO4, ∼6%
of the absorbed photons generate surface OH• with a coverage of
5.8 mC cm−2. Less than 1% of the irradiated photons were eventually used for water oxidation under high intensity irradiation
(∼1 W cm−2) at the photoanode. Assuming that the primary decay mechanism of the adsorbed OH• on W/Mo-BiVO4 is
dimerization to produce hydrogen peroxide (H2O2), the rate constant was determined to be 4 × 103 mol−1 m2 s−1. A faster decay
rate of OH• was observed in the presence of excess methanol (a radical scavenger) in aqueous solution. In addition, quantitative
analysis of the water oxidation processes at W/Mo-BiVO4 along with the quantum eﬃciency for the oxygen evolution reaction
was determined using SECM.

■

INTRODUCTION
The oxygen evolution reaction (OER) in aqueous solution has
been extensively studied at photo- or electrocatalysts.1−5 The
intermediate radicals produced during water oxidation, for
example, OH•, O•, or H2O•+, have been detected, mostly at
TiO2 surfaces, using spin trapping, electron spin resonance
(ESR) spectroscopy, ﬂuorescence spectra, and infrared spectroscopy.6−8 For example, the photogenerated OH• radicals at
a Pt/TiO2 surface were reported by the photocatalytic
generation of salicylic acid from benzoic acid in an acidic
aqueous solution.9 Other kinds of surface radicals, for example,
oxygen radical (O•) at a TiO2 powder surface, have also been
investigated using multiple internal reﬂection infrared spectroscopy (MIR-IR)10 and ESR11 during the OER under
irradiation.
In photochemistry, the external quantum eﬃciency (EQE)
(i.e., the ratio between the reaction products formed and the
number of incident photons) and the internal quantum
eﬃciency (IQE) (i.e., the ratio between the reaction products
and the number of absorbed photons) are important ﬁgures to
quantify the photoactivity and to analyze reaction mechanisms
at the photocatalyst.12,13 The quantum eﬃciency is a function
of many diﬀerent factors including illumination intensity,
properties of the adsorbed species, the intrinsic properties of
the semiconductor catalyst (e.g., electron/hole mobility, carrier
© 2013 American Chemical Society

lifetime, and doping density), and the reaction mechanisms of
the redox couple in the solution.14,15 For example, the EQE of
the OH• formation at TiO2 powder is <0.5%, as reported using
spin trapping and ESR measurements.16 Also, an IQE of ∼30%
was obtained under very low-intensity irradiation (∼40 nW
cm−2) for organic compound decomposition through the
formation of OH• at a TiO2 ﬁlm.17 Recently, Zigah et al.
reported the coverage of adsorbed OH• on TiO2 nanotubes
using the surface-interrogation mode of SECM (SI-SECM), but
the quantum eﬃciencies were not calculated because the
radiation intensity and absorbed number of photons at the
electrode could not be measured due to the method of
irradiation.18 However, the amount of adsorbed OH• was
reported to be 338 μC cm−2 for this nanostructured TiO2.
Since its development in the late 1980s, SECM has proven to
be a powerful tool for performing high-resolution chemical
characterizations on all types of surfaces (insulating, semiconducting, and conducting) in solutions.19,20 One area where
SECM has been widely used is in studying mechanisms of
heterogeneous inner-sphere reactions on catalytic surfaces. For
example, the oxygen/hydrogen evolution reactions (OERs and
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Figure 1. Schematic diagram of the experimental conﬁgurations of surface interrogation mode of SECM (a) and chemical reactions (b). The Au
UME tip and W/Mo-BiVO4 photoanode were allowed to rest at open circuit in the dark under initial conditions (b-i), then photon-injected to
generate hydroxyl radicals (OH•) at W/Mo-BiVO4 (b-ii), followed by the titrated using IrCl62‑/3‑ couple in the dark (b-iii).

on Au or Pt UME was titrated using Ru(NH3)62+/3+ and methyl
viologen redox couples.39,40 Also, SI-SECM was able to
interrogate hydroxyl radicals (OH•) adsorbed on an
illuminated nanostructured TiO2 ﬁlm.18 In that study, the
adsorbed radicals were generated from the oxidation of
chemisorbed hydroxide ions by photogenerated holes at the
nanostructured TiO2 surface. With varying the time for the
decay reaction of the radicals, for example, dimerization of
OH• to hydrogen peroxide (H2O2), or its reaction with a
radical scavenger (MeOH), a reversible IrCl62−/3− redox couple,
was then used to titrate the remaining OH• at the surface using
the transient feedback mode of SECM, that is, SI-SECM.
In this study, which builds on the SI-SECM mode
demonstrated in the previous report,18 we quantitatively
study the water oxidation process at a W- and Mo-doped
BiVO4 (2 atomic % of W- and 6 atomic % of Mo-doped into
BiVO4, hereafter referred to as W/Mo-BiVO4) electrode.
BiVO4 has been shown to be a promising n-type photocatalyst
ever since Kudo et al. reported its photocatalytic activity in
1999.41 In addition, W and Mo have been found to be eﬀective
shallow donors of BiVO4 and increase the photocatalytic
activity for both water oxidation and organic degradation.42−46
SECM was also used to ﬁnd an optimal ratio of W/Mo-BiVO4

HERs), oxygen reduction reactions (ORRs), and hydrogen
oxidation reactions (HORs) at Pt, Pd, Au, Hg, and other
electrodes or nanoparticles have all been characterized using
SECM.21−23 In addition, studying reactions at semiconducting
electrodes is also possible using SECM. One example is the
one-electron outer-sphere oxidation kinetics of Ru(NH3)62+,
which was investigated using the feedback mode of SECM at
WSe2 and Si electrodes without photon injection to the
semiconductor.24 In addition, the modiﬁcation, degradation,
and photooxidation of semiconductors (e.g., etching of GaAs,
GaP, or CdTe surface using Br−/Br2 redox couple or the
photooxidation of Ta3N5) have also been studied using
SECM.25,26 Recently, SECM was also used to discover new
electrocatalysts, photocatalysts, and photosensitizers by combinatorial rapid screening methods.27−30
To perform these electrochemical characterizations, several
techniques (or modes) of SECM have been developed that
utilize an ultramicroelectrode (UME) tip with proper redox
mediators in solutions.31−36 The most popular modes of SECM
include positive/negative feedback, tip generation/substrate
collection (TG/SC), tip collection/substrate generation (TC/
SG), and a redox competition mode of SECM.37,38 Recently,
SI-SECM has been introduced to study adsorbed surface
species on an electrode; for example, a chemisorbed oxide layer
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shown in Figure 1. A silicon photodetector (model 818-UV)
with an attenuator (OD3) and an optical power meter (model
1830-C) (Newport, Irvine, CA) were used to measure the
irradiation intensities. A xenon lamp (XBO 150 W, Osram,
Munich, Germany) with full output was also used to provide
UV−visible irradiation.
Tip−Substrate Alignment. The exposed area of the W/
Mo-BiVO4 electrode and the thickness of the insulating layer
around the W/Mo-BiVO4 were measured before performing
any electrochemical experiments to suitably place the tip UME
above the photoanode and to quantify the results of the surface
interrogation. Optical microscope images of the Au UME and
the photoanode are shown in Figure S1 in the Supporting
Information. Also shown is an optical surface proﬁle, which was
used to measure the exposed area of the photoanode, that is,
3.9 × 10−4 cm2, where the Teﬂon insulator covered most of the
substrate (Figure S1d in the Supporting Information). The
thickness of the Teﬂon insulating tape around the exposed
photoanode was ∼20 μm.
Before performing the surface interrogation, the Au UME
and the photoanode were aligned by measuring approach
curves in a 1 mM FcMeOH, 0.1 M KCl aqueous solution.
Cyclic voltammograms (CVs) of the Au UME in 1 mM
FcMeOH showed typical steady-state behavior with the 50 μm
UME (Figure S2a, Supporting Information). The diﬀusionlimited oxidation current of FcMeOH was measured at +0.7 V
(vs NHE) at the Au UME, iTip, while the tip approached the
insulating substrate at 5 μm s−1 using the stepper motor of the
SECM (Figure S2b in the Supporting Information, approach
curve of SECM). Because the ﬂux of FcMeOH at the Au UME
is limited by the very small tip−substrate distance, d, the
oxidation current at the tip decreased, as shown in Figure S2b
in the Supporting Information.48 The approach curves were
obtained at four diﬀerent spots around the exposed W/MoBiVO4 spot, while the vertical level of the substrate was aligned
on the adjustable SECM stage. Finally, the Au UME tip was
placed close to the substrate with d about 12 μm at iTip/iinfinite =
0.4, where iinfinite is the tip current measured far from the
substrate.
After horizontally aligning the tip to the substrate, TC/SGSECM was used to vertically place the UME above the exposed
photoanode. To perform the TC/SG-SECM, the Au UME was
placed at ∼12 μm above the photoanode as discussed above.
Then, the potential of the Au UME was set at 0.3 V for
FcMeOH+ reduction (TC), and the potential of the W/MoBiVO4 electrode was held at 0.4 V under the light irradiation to
oxidize the FcMeOH (SG). Figure S2c in the Supporting
Information shows the scanning image obtained from TC/SGSECM. The electrochemical image from SECM agrees well
with the optical microscope image and the optical proﬁle image,
as shown in Figure S1c,d in the Supporting Information. Then,
the Au UME was placed at the center of the W/Mo-BiVO4
electrode, as determined from the scanning image of TC/SGSECM. The tip was moved down an additional 20 μm to
compensate for the Teﬂon thickness. At this point, the Au
UME and W/Mo-BiVO4 were properly aligned to perform the
surface interrogation.
Before performing the surface interrogation experiment with
IrCl62−/3−, the collection eﬃciency, that is, the ratio of the tip
current and the substrate current, of the FcMeOH+/0 redox
couple was measured for each electrode conﬁguration. The
current density for FcMeOH+ reduction at the Au UME was
0.22 mA cm−2 and the photocurrent density for FcMeOH

by rapid combinatorial screening for photocatalytic water
oxidation.42,47
As described above, most of the surface studies on
photocatalysts have been performed on various TiO2 systems,
and to the best of our knowledge no studies have yet been
reported for BiVO4. Herein, we report the SI-SECM of the
adsorbed radicals at W/Mo-BiVO4 electrodes and provide
quantitative ﬁgures for the water oxidation reactions.
Consequently, the results show the analytic scheme of photon
absorption and water oxidation processes at W/Mo-BiVO4 and
the steps where eﬃciency losses occur.

■

EXPERIMENTAL SECTION
Chemicals. Bi(NO3)3•5H2O (99.999%) and
(NH4)10H2(W2O7)6•xH2O (99.99%) were purchased from
Strem Chemicals (Newburyport, MA). VCl3 (99%) and K2IrCl6
(99.95%) were purchased from Alfa-Aesar (Ward Hill, MA).
(NH4)6Mo7O24•4H2O (99.98%), Na2SO4 (99.0%), Na2SO3
(99.6%), ferrocenemethanol (FcMeOH, 97%), and PbO2
(97%) were obtained from Sigma-Aldrich (St. Louis, MO).
NaH2PO4 (99.5%), Na2HPO4 (99.9%), and MeOH (99.9%)
were purchased from Fisher Scientiﬁc (Pittsburgh, PA).
Deionized Milli-Q water (D.I. water, 18 MΩ-cm) was used as
the solvent for electrochemical experiments.
Electrodes. Fluorine-doped tin oxide (FTO, TEC 15,
Pilkington, Toledo, OH) was used as a photoanode substrate.
The UME tip electrode consisted of a Au wire (99.99%,
Goodfellow, Devon, PA) with a diameter of 50 μm coated by a
borosilicate glass sheath. The tip was polished using alumina
suspensions (0.3 and 0.05 μm diameter powder, Buehler, Lake
Bluﬀ, IL) on abrasive disks (Figure S1a,b in the Supporting
Information). W/Mo-BiVO4 photoelectrodes were drop-cast
onto the FTO substrate. In brief, 2.2 mM Bi(NO3)3•5H2O, 2.5
mM VCl3, 8 μM (NH4)10H2(W2O7)6•xH2O, and 43 μM
(NH4)6Mo7O24• 4H2O solutions in ethylene glycol were
prepared. Then, 100 μL of the precursor solution was dropcast on the FTO substrate (1.5 × 1.5 cm2) and was annealed at
500 °C for 3h. Finally, expandable PTFE tape (maximum
thickness of 88 μm, Fisher Scientiﬁc) was perforated using a
needle (Easy touch, 31 gauge, 260 μm diameter), and the W/
Mo-BiVO4 electrode was covered by the perforated PTFE tape
(Figure S1c,d in the Supporting Information). The depth and
area of the exposed photoanode through the PTFE were
measured using a Wyko NT9100 optical surface proﬁler
(Veeco, New York). To ensure that solution was not leaking
under the Teﬂon tape and contributing to the current response,
the current density found for the exposed BiVO4 spot was
compared with that of a macroelectrode, and they were found
to be identical. A Pt wire counter electrode and a saturated KCl
Ag/AgCl reference electrode were used to complete the threeelectrode conﬁguration. However, all potentials reported here
are quoted versus the normal hydrogen electrode (NHE).
Instruments. A scanning electrochemical microscope
(SECM, model 920C, CH Instruments, Austin, TX) was used
as for the electrochemical experiments. For the SECM
experiments, an ELH bulb (300 W, GE 38476, General
Electric, Fairﬁeld, CT), with an emission intensity of ∼900
mW/cm2 over a wavelength region of 350 nm to longer than
1400 nm, was used as the light source in a custom-built
enclosure with a cooling fan. A custom-made Teﬂon electrochemical cell was used to hold the three electrodes and a light
guide (3 mm diameter) underneath the photoelectrode.
Schematic presentations of the experimental conﬁguration are
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oxidation was 0.38 mA cm−2 at W/Mo-BiVO4 under irradiation
at t = 30 s (Figure 2b), yielding a collection eﬃciency of 57%.

Figure 3. Cyclic voltammogram at Au UME tip in 1 mM K2IrCl6 and
0.1 M Na2SO4 aqueous solution (solid line) and in the presence of 0.1
M H2O2 (dashed line). Scan rate was 20 mV s−1.

W/Mo‐BiVO4 + hv → e− + h+

(2)

OH− + h+ → OH •(E 0 = 1.8 V vs NHE, at pH 4.5)

(3)

−

Stable adsorbed OH have been previously studied using
infrared spectroscopy at a photoanode, for example, anatase
TiO2,49,50 and the surface OH• produced from reaction 3 is the
primary intermediate for photooxidation reactions in aqueous
solutions at a TiO2 surface.16,51 For BiVO4, nondissociative
adsorption of water molecules at a Bi-site of BiVO4 has been
suggested from ﬁrst-principle calculations.52 However, no
experimental observations of surface-adsorbed ions or water
molecules in aqueous solutions at a BiVO4 electrode have been
previously reported. Here we assume that OH• is the dominant
intermediate of water oxidation from the photogenerated holes,
but the nature of its surface reactions still needs to be examined.
To interrogate the surface, we electrochemically produced
IrCl63− at the Au UME, reaction 1 at a tip potential of 0.5 V.
The IrCl63− diﬀused to the substrate in a few milliseconds and
titrated the OH• at W/Mo-BiVO4.

Figure 2. Tip collection current at Au UME (a) and substrate
generation current at W/Mo-BiVO4 (b) in a 1 mM FcMeOH and 0.1
M KCl aqueous solution. UV−visible irradiation was done from 10 to
30 s in the electrode conﬁguration shown in Figure 1a. The potential
of Au UME was 0.3 V (vs NHE) and W/Mo-BiVO4 was held at 0.4 V.
Au UME was placed ∼12 μm above the substrate. The electrode area
of the Au UME and the W/Mo-BiVO4 electrode was 2.0 × 10−5 and
4.6 × 10−4 cm2, respectively.

IrCl 6 3 − + OH• → IrCl 6 2 − + OH−

■

The chemically produced
diﬀused back to the tip; this
positive feedback caused an increase in the reduction current
for reaction 1 as long as OH• was present at the surface. When
all of the OH• is consumed, the tip current decreases to the
steady-state (negative feedback) value. For example, Figure 4a
shows the chronoamperograms (CAs) of IrCl62‑ reduction at a
Au UME with/without the adsorbed OH• on W/Mo-BiVO4;
the yellow line is the CA in the presence of the generated
adsorbates after irradiation, and the gray line is without the
adsorbed OH• (dark negative feedback current). The current
diﬀerence between the two CAs indicates the amount of
adsorbed radicals at the photoanode. However, if more time is
allowed between the radical generation and the interrogation
(“Delay” in Figure 1b), then the decay of the surface OH•
occurs by (a) H2O2 generation from the dimerization of OH•,
(b) desorption of the surface OH• to the bulk solution, and (c)
surface reduction of the OH• back to OH− by trapped
electrons and solution reductants.

RESULTS AND DISCUSSION
Surface Interrogation. After the Au UME and the W/MoBiVO4 electrodes were positioned at 12 μm apart as described
above, the solution was changed to a 1 mM K2IrCl6 and 0.1 M
Na2SO4 solution (pH 4.5) to perform the surface interrogation.
Figure 1b shows a schematic of the experimental conﬁgurations
with the corresponding chemical reactions for the SI-SECM
used for these measurements. The IrCl62−/3− redox couple was
used as the titrant because it has several favorable properties.
First, the IrCl62−/3− redox couple has a fast reversible oneelectron transfer reaction, and thus the rates of heterogeneous
electron transfer for oxidation and reduction are high. Second,
it is stable in the chemical environments used in these
experiments and does not react with O2 (the byproduct at the
photoanode). Finally, there are no side reactions at the tip
electrode, for example, O2 reduction, at the potential used for
the interrogation (tip potential of 0.5 V, Figure S3 in the
Supporting Information).
A CV at the Au UME in the bulk solution away from the
substrate shows a reduction current of IrCl62− (reaction 1,
Figure 3):
IrCl 6

2−

+ e ↔ IrCl6

3−

0

(E = 0.87 V vs NHE)

(4)

IrCl62−

(1)

For SI-SECM, OH• radicals were generated by the photogenerated holes at W/Mo-BiVO4 under irradiation.

2OH• → H 2O2 (rate constant, k)

(5)

OH •(adsorbed) → OH •(solution)

(6)

OH •(adsorbed) + e− → OH−

(7)

Small amounts of H2O2 can be produced at W/Mo-BiVO4
during the OH• generation. However, if there is excess H2O2 in
12096
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Figure 4. CAs of surface interrogation using Au UME on the W/Mo-BiVO4 electrode with diﬀerent decay times of (a) 0.5 and (b) 5 s after UV−
visible irradiation for 5 s (yellow). CA of that without the irradiation is shown as a gray solid line in panels a and b. From the CAs, the net
interrogation current, that is, current diﬀerence of CAs with/without the irradiation, was calculated in panel c with various decay times from 0.5 to 15
s. Then, the charge densities from repeated interrogation measurements were calculated in panel d. The potential of the Au UME was 0.5 V (vs
NHE), and the W/Mo-BiVO4 was held at 0.6 V during the irradiation. The potential and experimental conﬁgurations for the measurements were set
as shown in Figure 1. Measurements were done in 1 mM K2IrCl6 and 0.1 M Na2SO4 aqueous solution. Au UME was placed about 12 μm above W/
Mo-BiVO4.

at the photoanode and the kinetic constant of OH•
dimerization can be obtained as shown below.

the solution, then it may decrease the interrogation current at
the tip by chemical reaction 8 competing with electrochemical
reduction reaction 1 at the tip.
H 2O2 + 2IrCl 6

2−

+

→ 2H + O2 + 2IrCl 6

3−

(8)

CV in the presence of excess H2O2 (100 mM) in the solution
causes an increase in the current because of the EC reaction
sequence involving reaction 8, as shown in Figure 3 (dotted
line). Also, if desorbed OH• exists between the tip and the
photoanode, then the interrogation current overestimates the
amount of adsorbed OH• because reaction 4 can occur in
solution. However, homogeneous reaction 8 is slow in contrast
with the fast oxidation of IrCl63− with the energetic OH• in
reaction 4.18 Moreover, the tip response in CV attributable to
reaction 8 was observed only in the presence of a relatively high
concentration of H2O2 (100 mM), while the largest possible
amount of H2O2 generated at the W/Mo-BiVO4 surface was
only on the order of picomoles, so that the amount of desorbed
OH• from the substrate into solution can be considered to be
negligible compared with that of adsorbed OH• at the
semiconductor substrate.16,51 Here the degree of surface
recombination was also minimized by applying a positive bias
to W/Mo-BiVO4, that is, 0.6 V versus NHE, which results in
∼0.8 eV of band bending based on the ﬂat band potential of
W/Mo-BiVO4;42 this promotes facile removal of the excitedelectrons from the electrode surface and minimizes electrontrapping there. Thus surface reactions 4 and 5 can be assumed
to be the dominant processes for the generation and
consumption of OH• so that the amount of adsorbed OH•

dCOH •/dt = −kCOH •2

(9)

dCOH •/C•OH 2 = −k dt

(10)

1/COH • = kt + 1/C0

(11)

where k is the rate constant of dimerization reaction 5; t is the
time allowed for the dimerization; COH• is the surface
concentration of adsorbed OH• at the photoanode at t; and
C0 is the surface coverage of OH• at t = 0. Therefore, if COH• is
measured with diﬀerent decay times using SI-SECM, then k and
C0 can be obtained from the slope and y intercept of eq 11.
To measure COH•, we carried out SI-SECM with various
decay times from 0.5 to 15 s. Figure 4a shows CAs with two
diﬀerent decay times of 0.5 and 5 s. (Also see Figure S4 in the
Supporting Information.) At a longer decay times, the net
interrogated current, that is, the diﬀerence between CAs
measured with/without the irradiation, decreased as expected
because more adsorbate disappeared. The resulting net
interrogation currents are summarized in Figure 4c. The values
of COH• at diﬀerent times were obtained by integrating the net
interrogation current, as shown in Figure 4d for experimental
times of CAs ranging from 0 to 20 s.
A reciprocal plot of COH• with diﬀerent decay times, shown
in Figure 5 (eq 11), allows the determination of the rate
constant of OH• dimerization, which was obtained as 0.4 mC−1
cm2 s−1 or 4 × 103 mol−1 m2 s−1 from the slope with a y
intercept of 3.3 mC cm−2. When the collection eﬃciency of the
TC/SG-SECM is considered, that is, 57% as calculated in
12097
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Figure 5. Reciprocal plot of the interrogation charges of OH• as a
function of decay time. The interrogation charge was calculated as in
Figure 4d from the repeated interrogation measurements. The trend
line (dashed) and 95% conﬁdence intervals (dotted) are drawn to
show the slope and y-intercept deviations.

Figure 6. Plot of the interrogation charges of OH• as a function of
decay time in the presence of excess MeOH in the solution. The trend
line (dashed) and 95% conﬁdence intervals (dotted) are drawn to
show the slope and y-intercept deviations. SI-SECM was done in 1
mM K2IrCl6, 2 M MeOH, and 0.1 M Na2SO4 aqueous solution with
the experimental details as in Figure 4.

Figure 2, the surface coverage of the adsorbed OH• was 5.8
mC cm−2 (or 60 nmol cm−2, >1.7 mC cm−2 at 95% conﬁdence
level) at W/Mo-BiVO4. The obtained coverage is about 20
times larger than that previously obtained from the nanotube
TiO2, that is, 338 μC cm−2, under low-intensity irradiation by
using SI-SECM.18 Here the value obtained is within the range
of that measured at TiO2 thin ﬁlms with adsorbed alcohols or
dye.17,53
OH• Decay with Hole Scavenger. SI-SECM was further
demonstrated to study the reaction of OH• with an electron
donor, for example, MeOH.54

band gap and absorbance of W/Mo-BiVO4,42 then the rate of
photon absorption was ∼1.2 × 1017 cm−2 s−1.
rate of absorbed photon = 60 mJ cm−2
s−1/(3 eV × 1.6 × 10−19 J eV −1)
= 1.2 × 1017 cm−2 s−1

The number of W/Mo-BiVO4 molecules in the electrode was
∼1.3 × 1017 cm−2 based on the density of BiVO4 and properties
of the ﬁlm applied on the electrode, that is, 0.22 μmol cm−2
with a ∼200 nm ﬁlm thickness. Consequently, the excitation
rate of W/Mo-BiVO4 was ∼1 s−1 molecule−1 under the
irradiation conditions used. Thus, only ∼6% of the absorbed
photons were used to produce the surface OH• of 5.8 mC
cm−2 or 3.6 × 1016 cm−2, as obtained above after 5 s of the
irradiation.

OH • + CH3OH → H 2O + CH 2OH •(rate constant, kM)
(12)

As discussed above for the dimerization of OH•, the rate
constant of reaction 12, kM, and the surface coverage of OH• at
W/Mo-BiOV4 in the presence of a hole scavenger can be
obtained using SI-SECM. Reaction 12 can be considered as a
pseudo-ﬁrst-order reaction with excess MeOH.55−57 Then
dCOH •/dt = −kMCOH •

(13)

dCOH •/COH • = −kM dt

(14)

ln COH • = −kMt + ln C0

(15)

(16)

%OH • to absorbed photon = 3.6 × 1016 cm−2
/(1.2 × 1017 cm−2 s−1 × 5 s) × 100 = 6%

(17)

The results from SI-SECM indicate that ∼94% of the excited
electron−hole pairs produced by the injected photons during
the 5 s recombined either in the bulk or at the surface of W/
Mo-BiVO4.
As previously mentioned, the percent of generated holes that
react with the chemisorbed OH− at the electrode surface is a
function of the total ﬂux of photons absorbed in the
photocatalysts.14,16 In this work, the amount of surface OH•
was also a function of the illumination time (Figure S5 in the
Supporting Information), and the surface coverage showed
asymptotic growth as the illumination time increased. The
coverage of radicals may reach saturation with illumination
times longer than 5 s at W/Mo-BiVO4 under the irradiation
intensity used here, but irradiation times longer than 5 s were
not used so as to avoid bubble generation at the substrate.
However, even with 1 s of irradiation, the interrogated charge
was >50% of that obtained after 5 s of irradiation. The results
indicate that >15% of the absorbed photons were initially used
to produce the adsorbed radicals, and the eﬃciency decreased
to 6% after 5 s of irradiation. In other words, the quantum
eﬃciency of the absorbed photon conversion to the adsorbed
OH• decreased asymptotically, as shown in Figure S5 in the
Supporting Information.
The minority carrier ﬂux, which reached the electrode surface
without surface recombination, was estimated from a fast

SI-SECM was performed identically as shown above using a
Au UME tip and a W/Mo-BiVO4 substrate in 1 mM K2IrCl6, 2
M MeOH, and 0.1 M Na2SO4 aqueous solution. Figure 6 shows
the results of the interrogation of OH• in the presence of
excess MeOH. The apparent rate constant of reaction 12 was
0.1 s−1 obtained from the slope of eq 15, and the surface
coverage of OH• was 5.1 mC cm−2 (±1.4 mC cm−2 at a 95%
conﬁdence interval) after correcting for the OH• dimerization
and considering the collection eﬃciency of SI-SECM. As
expected, the decay of OH• in the presence of the electron
donor is fast and agrees with the previous report.18 The
obtained surface coverage of OH• also agreed well with that
obtained without the scavenger as shown in Figure 5.
Estimated Photocurrent Eﬃciency. Surface coverage of
the adsorbed OH• obtained from SI-SECM provides
quantitative values for the reaction processes of water oxidation
at the photoanode. Here the incident power through the light
guide was ∼980 mW cm−2. Then, ∼60 mW cm−2 was absorbed
by the W/Mo-BiVO4 ﬁlm with a thickness of ∼200 nm. If the
average energy of absorbed photons is assumed to be 3 eV,
taking into account the spectrum of the incident light and the
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medium. However, the obtained hole ﬂux for water oxidation
corresponded to 11% of the holes that reached the surface
without surface recombination (1.1 × 1016 cm−2 s−1). In other
words, 89% of the hole ﬂux at the electrode surface (9.8 × 1015
cm−2 s−1) was consumed by surface recombination with
electrons produced near the surface. The extent of surface
recombination for 1 s corresponds to ∼30% of the surfaceadsorbed OH• (3.6 × 1016 cm−2). If we assume that reaction 7
is the major process of the surface recombination, then ∼30%
of surface OH• was reduced and regenerated by excited
electron−hole pairs for every second at steady state. The
calculations are summarized in Figure 8 and Table 1.
The quantitative analysis from SI-SECM measurements
indicates that the most signiﬁcant loss of photon energy
conversion to chemical energy at W/Mo-BiVO4 is from the
bulk recombination, that is, 91% of the absorbed photons. The
surface recombination loss is also signiﬁcant, that is, ∼8% of the
absorbed photons or ∼30% of the surface OH• underwent
recombination every second. The recombination loss should be
addressed to further increase the photoactivity of W/MoBiVO4. It has been widely reported that surface recombination
can largely be reduced by using electrocatalysts, for example,
IrOx, Co3O4, Pt, and cobalt oxide deposited from a phosphate
medium (Co-Pi) for water oxidation.45,58 Bulk recombination
of BiVO4 has been reduced by doping the W, Mo, or P42,47,59 or
fabricating a heterojunction, for example, WO3 or SnO2, to
BiVO4.60−63 The quantum eﬃciency is also a function of the
thickness of the semiconductor ﬁlm that aﬀects the photon
absorption, carrier transport, and the bulk recombination.64,65
Furthermore the illumination conﬁguration, for example,
electrode side (back) or solution side (front) illumination,
can also aﬀect the ratio between diﬀerent recombination
processes, for example, bulk or contact versus surface
recombination. However, this study focused only on back
illumination. In summary, many factors aﬀect the performance
of photoelectrodes including the electrode geometry, intrinsic
properties of photocatalysts, illumination conﬁguration, and the
surface states on the electrodes. The techniques mentioned
above will be investigated to improve the quantum eﬃciencies
of W/Mo-BiVO4, and SI-SECM will be used as a versatile tool
to elucidate the eﬀects of the modiﬁcation of the photoelectrodes.

irreversible reaction, for example, sulﬁte oxidation, at W/MoBiVO4.45 Figure S6 in the Supporting Information shows the
photocurrent for sulﬁte oxidation at a large W/Mo-BiVO4
electrode with a ﬁlm thickness of 200 nm under various
irradiation intensities. Although the light intensities used in
Figure S6 in the Supporting Information were about half of that
used for SI-SECM, that is, ∼400 mW cm−2, the sulﬁte oxidation
current in Figure S6 in the Supporting Information approached
the saturated values with increased irradiation intensity, and the
excited-hole ﬂux at the electrode surface was calculated from
the photocurrent. The excited-hole ﬂux at 0.6 V was:
hole flux at electrode surface = 1.8 × 10−3 C s−1 cm −2
/(96485 C mol−1) × 6.02 × 1023 mol
= 1.1 × 1016 cm−2 s−1

(18)

Thus, the hole-ﬂux at the surface without surface
recombination corresponded to ∼9% of the absorbed photon
ﬂux, that is, 1.2 × 1017 cm−2 s−1. This indicates that ∼91% of
excited electron−hole pairs recombined before they reached
the surface.
The water oxidation current was also measured to calculate
the quantum eﬃciency for the photon-conversion to oxygen
evolution. Figure 7 shows the water oxidation current at W/

■

CONCLUSIONS
SI-SECM has been used to study the photogenerated surface
OH• during water oxidation at W/Mo-BiVO4. The OH•
produced under strong irradiation at the W/Mo-BiVO4 surface
was interrogated using an IrCl62−/3− redox couple as the titrant
of the radicals. The surface coverage of OH• obtained was 5.8
mC cm−2 after 5 s of UV−visible irradiation at W/Mo-BiVO4.
The kinetic rate constant of OH• dimerization to produce
H2O2 was measured as 4 × 103 mol−1 m2 s−1. In a solution
having excess hole scavenger, that is, 2 M MeOH, OH•
experienced fast decay with a kinetic rate constant of 0.1 s−1.
Quantitative measurements showed that ∼6% of the absorbed
photons contribute to the production of adsorbed OH• at W/
Mo-BiVO4. However, >90% of the excited electron−hole pairs
underwent bulk-recombination before reaching the electrode
surface. About 30% of the adsorbed OH•, which corresponds
to 8% of the absorbed photon ﬂux, was reduced by surface
recombination every second. Finally, only 1% of the absorbed
photons were used for water oxidation at W/Mo-BiVO4 under
strong irradiation.

Figure 7. Chronoamperogram of photocurrent for water oxidation at
W/Mo-BiVO4 electrode at 0.6 V (vs NHE) (a) and its linear sweep
voltammogram (b) in 0.1 M Na2SO4 aqueous solution (pH 7). UV−
visible irradiation was switched on from 20 to 40 s in panel a. Scan rate
was 20 mV s−1 in panel b. Electrode area was 5.1 × 10−4 cm−2 and the
experimental conditions were as shown in Figure 1.

Mo-BiVO4 under chopped irradiation. The measured current
for water oxidation was ∼0.2 mA cm−2 at 0.6 V (pH 7), which
corresponds to a hole ﬂux of 1.2 × 1015 cm−2 s−1, that is, 1% of
the absorbed photons. The obtained IQE was smaller than the
previously reported value, for example, 5−10%,42 mainly
because of the higher irradiation intensity used here. Moreover,
the obtained current measured here was in a more basic
solution (pH 7) than that used in SI-SECM (pH 4.5), and the
water oxidation eﬃciency will be smaller in the more acidic
12099

dx.doi.org/10.1021/jp400478z | J. Phys. Chem. C 2013, 117, 12093−12102

The Journal of Physical Chemistry C

Article

Figure 8. Schematic representations of the photon and minority carrier reaction processes of the W/Mo-BiVO4 for water oxidation. Quantitative
values were calculated from the results in Figures 5 and 7 and Supporting Information Figure S6 with the experimental conditions stated therein.

Table 1. Summary of SI-SECM Measurementsa
decay of OH•
−2

surface coverage of OH• (mC cm )

reaction

rate constant

5.8
5.1

2•OH → H2O2
•OH + MeOH → product

4 × 103 mol−1 m2 s−1
0.1 s−1

w/o scavenger
with 2 M MeOH
a

Surface coverage and rate constant of radical reactions were obtained from Figures 5 and 6.
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