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ABSTRACT: Nanostructuring is established as a photoelectrode performance enhancing  Difficult Easy
route for solar-driven catalytic processes. However, it is often unclear to what extent the e~ transport to

increase in photoelectrode physical surface area directly results in a commensurate increase back contact

in photoelectrochemically active surface area. While there are established methods for esti- OE
OER b

mating the physical and electrochemically active surface areas, it is challenging to quantify h+ hy A apy

the operando photoelectrochemically active surface area of nanostructured or nanoparticu- ’ ?"

late photoelectrodes. Herein, we demonstrate that photoinduced absorption (PIA) spectro- ¢ A

electrochemistry can be employed to quantify the operando photoelectrochemically active N ‘e

area of photoanodes for the oxygen evolution reaction (OER) by exploiting the strong ,h * ) OER

dependence of OER turnover frequency on physical surface hole density. We investigate h € i e

BiVO,, a-Fe,0;, and TiO, photoanodes with contrasting morphologies — planar, nanopar- el
ticulate, and nanostructured. Our study combines operando measurements of TOF and
geometric surface hole density to quantify the photoelectrochemically active surface area
of each catalytic system for OER. For the nanostructured photoelectrodes, the photoelectrochemically active surface areas determined
from our PIA analyses are shown to be in agreement with their physical surface area, consistent with their good OER performance.
This contrasts with the low photoelectrochemically active surface areas compared to their high physical surface area determined by
the nanoparticulate photoelectrodes, resulting in poor performance. We conclude by demonstrating how the photoelectrochemically
active surface areas of nanoparticulate photoelectrodes increase when driving more kinetically facile reactions or by adding co-catalysts.

nanoparticulate nanostructured

KEYWORDS: operando spectroelectrochemistry, photoelectrochemically active surface area, effectiveness of nanostructuring
oxygen evolution, metal oxide photoanodes

1. INTRODUCTION (TiO,), and bismuth vanadate (BiVO,) photoelectrodes have
shown lower photocurrents than flat photoelectrodes, unless
functionalized with surface co-catalysts (such as Co-FePB and
Fe/Ni oxyhydroxides).'”*® The strong performance enhance-
ment observed with the addition of co-catalysts to such nano-
particulate electrodes suggests that in the absence of added
co-catalysts, a large proportion of the surface is inactive for pho-
toelectrochemical water oxidation catalysis. It has been sug-
gested that this may result from the slow water oxidation
catalysis being unable to compete effectively with surface (or
“back electron—hole”) recombination losses in such nanopartic-
ulate electrodes.”’ This is consistent with the high performance

Photoelectrochemical water splitting has been widely studied
over the last decades as a means to generate solar-driven chem-
ical fuels such as hydrogen.' ™ Metal oxides are receiving partic-
ular attention as photoanode materials for the kinetically and
thermodynamically challenging water oxidation reaction.* For
such metal oxide photoanodes, highly nanostructured elec-
trodes with large surface areas have often been favored to facil-
itate surface catalysis.>~” A high surface area to volume ratio can
increase the yield of photogenerated charges that can access the
exposed surface with the electrolyte and can thus suppress bulk
recombination losses.* ' For example, nanostructured elec-
trodes of hematite (a-Fe,O,), titania (TiO,), and WO,/

BiVO, heterojunctions have been shown to exhibit enhanced Received:  February 27, 2026
photocurrents for water oxidation catalysis relative to flat elec- Revised:  June 30, 2026
trodes without the need for added electrocatalysts.''™"” Accepted:  July 1, 2026

However, increasing photoelectrode surface area does not
always lead to enhanced catalytic performance for water oxida-
tion.'® For example, nanoparticulate, mesoporous titania
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for such nanoparticulate electrodes for the catalytic oxidation of
hole scavengers such as sulfite and methanol.**** As such, a key
challenge is to determine the design requirements for nano-
structured photoelectrodes to obtain efficient performance
toward OER catalysis and, in particular, the extent to which
the higher physical surface area generated by nanostructuring
also increases the catalytically active surface area.

The surface roughness factor (Ry) is often used as a metric
for quantifying the surface area of photoelectrodes. Three differ-
ent methods are typically employed to determine the physical
surface area of photoelectrodes: N, adsorption—desorption iso-
therms using Brunauer—Emmett—Teller (BET) analysis, atomic
force microscopy (AFM), where Ry can be readily calculated
from the surface map, and dye adsorption, where an adsorbed
probe molecule is quantified upon desorption and a corre-
sponding surface area is approximated. These methods are col-

. . hy
lectively referred to here as determining R} ”". Due to the nature

of these Rghys quantifications, BET tends to overestimate the
active surface area since the measurement is not performed on
the electrode and N, can diffuse and adsorb where the electro-
lyte cannot reach, while AFM and dye adsorption could under-
estimate the active area due to the size of the AFM tip and dye
molecule, respectively. Alternatively, the -electrochemically
active surface area (RE®), measured by the double-layer capaci-
tance (Cpy; ) or underpotential deposition (UPD) of metals, has
been used to analyze electrocatalytic systems. The C,; method
involves comparing the Cp,;*>** with the specific capacitance
(Cg) of a planar electrode, with the relationship defined as
REC = Cp,; /Cs. The UPD method is based on the electrochem-
ical quantification of the adsorption charge (Q,,,,) of foreign
metals such as lead and comparing it with that for planar elec-
trocatalysts (Qplan .)->> These methods are limited by Cg gener-
ally not being well characterized for photoelectrode materials
and Q,,,,, commonly characterized on single crystal electrodes.
Moreover, while these methods provide the physical and elec-
trochemically active areas of photoelectrodes, they do not
necessarily correspond to the active surface area driving pho-
toelectrochemical catalytic water oxidation.”®*” In particular,
such analyses do not take into account the impact of kinetic
competition between surface recombination and catalysis in
limiting the effective photoelectrochemically active surface
area, RfEc.

A particular concern for water oxidation photoelectrocataly-
sis on metal oxides is the kinetic mismatch between bulk charge
carrier lifetimes (ps-ns in most metal oxides) and the timescale
of water oxidation catalysis (typically seconds).®*° In most
photoanodes, the accumulation of sufficiently long-lived surface
holes to drive catalytic water oxidation is enabled by the forma-
tion of a surface space charge layer (SCL).**** However, the
length scale of this SCL typically ranges from tens to hundreds
of nanometers. This thickness is often insufficient for metal
oxides to effectively capture light at or near the band edge
unless they are appropriately nanostructured.”® In the study
herein, we propose an operando spectroelectrochemical assay
of the photoelectrochemically active surface area, REFC. This
assay is shown to be an effective predictor of photoelectrode
performance and provides new insights into the impact of
photoelectrode  nanostructuring on photoelectrochemical
(PEC) performance.

The study herein focuses on the determination of the photo-
electrochemically active surface area driving water oxidation

catalysis RFEC for planar, nanoparticulate, and nanostructured
photoanodes employing three of the most studied metal oxides
for water oxidation, namely, BiVO,, a-Fe,O,, and TiO,. The
studies carried out herein are particularly focused on unraveling
the relationship between nanostructuring, charge accumulation,
and photoelectrochemical activity for water oxidation catalysis.
Using operando spectroelectrochemical photoinduced absorp-
tion spectroscopy (PIAS), we directly quantify the density of
surface accumulated holes. In such PIAS studies, we monitor
the transient UV—Vis absorption changes (ie., the differential
optical density, AOD) of the photoelectrode induced by an
LED light pulse of typically S s duration as a function of light
intensity (typically from 0.01 to circa 2 suns equivalent) or
applied potential. The S s duration is selected to achieve the
quasi-steady state accumulation of reactive species, i.e., surface
holes for OER or organic transformations on photoanodes, with
the measured change in AOD being directly proportional to the
density of these species.*® This measured surface hole density
corresponds to holes that have reached the surface overcoming
bulk recombination and trapping processes. The ability of PIA
spectroscopy to quantify the operando density of accumulated
surface holes as a function of operating conditions (light inten-
sity, bias, etc.) is a key feature of this technique. Comparison of
this surface hole density with the simultaneously measured pho-
tocurrent density allows quantification of the reaction kinet-
ics.**3% Our initial PIA studies of water oxidation kinetics on
metal oxide photoanodes concluded that the density, and thus
the coverage, of surface holes was the main driving force for
water oxidation catalysis,***” with the reaction rate exhibiting
rate law dependence on surface hole density.**™*°

J" =kogr-[h "] (1)

where o is the order of the reaction with respect to the surface
hole density [h*], kypy is the observed OER rate constant, and
J*" is the measured photocurrent. Such rate law behavior has
now been confirmed both experimentally by a range of tech-
niques and through DFT/microkinetic modeling.M"“’42 OER
on metal oxides under circa 1 sun irradiation is typically
observed to be third order in hole density. We, and others, have
previously employed PIA spectroscopy to study the rate law
kinetics of water oxidation, methanol oxidation, and proton
reduction across metal oxide photoelectrodes of varying
structure 2236374344

The densities of surface holes measured by PIAS and also by
impedance spectroscopy (EIS)***° are in the order of 10'* h*
cm 2, significantly higher than the surface defect densities typi-
cally reported for such metal oxide photoanodes (10'*—
10" cm™2),*** supporting theoretical analyses, which indicate
that OER on metal oxides does not require surface defects
(e.g., lattice dislocations, etc.)*" and is therefore likely to be rel-
atively independent of surface defect densities. This conclusion
is supported experimentally by the observation that for hematite
photoanodes, the spectral fingerprints of surface holes, OER
rate constant kqpg, and reaction order o are invariant between
photoanodes with different morphologies and defect densi-
ties.** As such, it appears that the primary determinants of
OER reaction kinetics on metal oxide photoanodes are the
choice of metal oxide and the density of valence band holes
accumulated on its surface.”>37 146
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In the study herein, we exploit the nonlinear dependence of
OER photocurrent density upon surface hole density, which
results in the OER turnover frequency depending strongly upon
surface hole density. As such, measurement of the turnover fre-
quency for a photoanode can be employed to determine its
effective surface hole densities and thereby determine its photo-
electrochemically active surface area. We contrast this PIA
based measurement of REFC to the measured physical surface
roughness of a range of photoanodes. This approach is first
employed to compare REFC between planar and highly active
nanostructured photoanodes, where we find REFC ~ ghys, con-
firming the validity of our approach and its underlying assump-
tions. We then go on to investigate less active nanoparticulate

photoanodes, where we find REF¢ <« Rghys, thereby providing
quantitative insight into the factors limiting their lower activity
for OER. The results obtained herein thus can help guide the
design of efficient photoelectrodes, when considering nanos-
tructuring to maximize the surface usage for catalysis. They also
shed light on the instances when the addition of surface electro-
catalysts can be beneficial, particularly when increasing the sur-
face area of the photoelectrocatalyst alone is found to be
ineffective.

2. RESULTS AND DISCUSSION

2.1. Photoelectrode Physical and Photoelectrochemical
Characterization toward the Oxygen Evolution
Reaction (OER)

In this study, we compare the photoelectrochemical OER catal-
ysis of planar, dense photoelectrodes (pl) with two “nanostruc-
tured” (ns) and two “nanoparticulate” (np) photoelectrodes of
a-Fe,0,, TiO,, and BiVO,. The fabrication and structural and
optical characterization of these photoelectrodes have been
reported previously, with relevant details, SEM images, and
XRD characterization provided in Figure la and Figures SI1—
§5.2947753 Physical and electrochemically active surface areas
for the studied films have previously been determined using a
range of methodologies (BET, AFM, dye adsorption, and/or
dark electrochemically active surface area measurements).
These surface areas are quantified as physical and electro-

chemical film roughness factors, Rghys and RES, respectively
(see Table 1 and refer to Supporting Information Section 4
for Rp determination details and further discussion).
Figures la and S2 specifically compare the cross-section
(insets: top view) SEM images of the studied pl-TiO, (top),
np-TiO, (middle), and ns-TiO, (bottom) photoanodes, exhi-
biting planar, nanoparticulate, and nanostructured morphol-
ogies, respectively. The pl-TiO, films are composed of
crystallites with sizes ~50—200 nm, compared to the spherical
nanoparticles of ~20 nm diameter exhibited by the np-TiO,
photoanode. The pl-BiVO, films are ~450 nm thick and are
composed of crystallites with sizes ~50—200 nm, while the
np-BiVO, films are ~450—-500 nm thick with an average par-
ticle size of 76 nm. The ~20 nm thick pl-a-Fe,O; photoa-
nodes present a flat and ordered structure, while the ns-o-
Fe, 0, films are ~500 nm thick and composed of dendrites/
cauliflowers of 75-250 nm width (see Figures S3 and S4).

All pl- photoelectrodes exhibit R}fhys values close to 1 as
expected for dense, planar films (see Figures S1, S3, and S6
and Table 1), while the nanoparticulate, np-TiO, and np-

a)

2eo)
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pl-TiO, ns-TiO, np-TiO,
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Figure 1. Physical and photoelectrochemical characterization of
TiO,photoanodes toward OER activity. (a) SEM micrographs of the
planar, pl- (top panel), nanoparticulate, np- (middle panel), and nano-
structured, ns- (bottom panel) TiO, photoanodes (see micrographs
comparing these structures with the same scale bar in Figure S2.
(b) Curves of photocurrent density (") vs applied potential for the
pl- (blue), np- (red), and ns- (green) TiO, photoanodes, normalized

by geometric area (cm;g), under 355 nm front illumination conditions

in 1 M NaOH. J*" for the ns- vs the np-TiO, film is one order of mag-
nitude larger.

BiVO,, show Rghys of 120 and 20, respectively. Interestingly
the ns-TiO, shows a nanoplate, rose-like nanostructure, sim-
ilar to the nano-cauliflower ns-a-Fe, O photoanode also stud-
ied herein (see Figure la, bottom and Figure S4c), featuring
RE€=28"* and REhyS=21750 respectively. Considering that
these films comprise thicknesses between 300 nm up to 2 pm,
it is apparent from Figures la and S2 that their physical surface

areas, thus nghys, differ significantly. We consider next the correla-

tion between the observed photocurrents and these differing RE“YS.

First, all the prepared samples were tested for water oxidation
catalysis, a challenging and slow reaction, since it involves the
formation of an oxygen—oxygen double bond and the removal
of 4 electrons and 4 protons from two water molecules. The
resulting J-V curves for TiO, are shown in Figure 1b, and for
a-Fe,0O; and BiVO, in the Supporting Information
(Figure S7a,b, respectively). Note that the presented J-V curves
and the subsequent analysis in Figure 1 were performed nor-
malizing the photocurrent by the geometric surface area. As
can be observed in Figure 1b, the ns-TiO, exhibits one order
of magnitude higher photocurrent than the pl-TiO, analogue.
This trend is also found when comparing ns-a-Fe,O, with pl-
a-Fe,O; photoanodes (Figure S7a), coinciding in both cases, in
terms of order of magnitude, with the observed increase in

hys . .
RE™® in Table 1. However, in contrast to the one order of mag-

nitude higher Rghys encountered for both np-TiO, and np-BiVO,
with respect to their pl- counterparts, both nanoparticulate

Table 1. Physical Roughness Factors (Rghys) of the pl-, np-,
and ns- Photoelectrodes

structure film R;hys film R;hys film Rf:hys
planar pl-TiO, 135 plFe,0, 120°° pl-BiVO, 102
nanoparticulate np-TiO, 120% np-BiVO, 20%°

nanostructured ns-TiO, 28  ns-Fe,O, 21°°
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photoelectrodes yielded low water oxidation photocatalytic cur-
rents, even lower than their planar equivalents (~60% lower .
More specifically, measured at 1.5 V vs RHE, for TiO,, the np- film
reaches 12 pA cm ™ compared to 30 PA cm™> shown by the pl-
photoelectrode; for BiVO,, the np- film shows 0.39 mA cm™,
compared to 1.19 mA cm™ exhibited by the pl- counterpart
(Figures 1b and S7b). To start rationalizing these results, we move
to study the intrinsic OER kinetics of the herein reported
photoelectrodes.

2.2. Intrinsic OER Activity Determination

Given the mismatch in the measured physical area and the PEC
performance of the np- films, we turn to use operando spectro-
electrochemical photoinduced absorption spectroscopy (PIAS)
to determine the intrinsic OER catalytic activity in terms of
turnover frequencies (TOF) vs surface hole density (per geo-
metric area, i.e., without considering the roughness factor) on
our photoelectrodes. In PIAS, we employ optical absorption
spectroscopy to quantify the accumulation of surface holes
under steady-state conditions of photoelectrochemical reac-
tions, in particular water oxidation catalysis in this work.>®
This approach can be applied when the photoelectrocatalytic
activity follows a population driven kinetics, where the rate of
the catalytic reaction depends on the concentration of reactive
species, assuming an invariant rate constant under catalytic con-
ditions (see eq 1). The validity of this methodology and
assumption is discussed below. Typically, such measurements
are performed as a function of light intensity under a constant
applied anodic potential. The resulting surface hole density
(h*) and the corresponding steady-state photocurrent density
(") corresponding to the oxygen evolution reaction rate can,
upon reorganizing eq 1, be fitted according to the equation:

TOF = ﬂ = kOER'[h+ ]OFI (2)

[h]
where TOF is the turnover frequency per surface hole (ie., the
inverse of their decay times). This experimental approach has
been reported previously by our group and others,” > where
for the metal oxides studied herein, water oxidation was observed
to proceed via a reaction order () of three under technologically
relevant irradiation conditions.***"***? The validity of this analy-
sis lies in the increasing evidence, in ®-Fe,O; and TiO,, of a sur-
face hole population-controlled OER rate at surface hole
coverages (0) below 0 = 1.*°° In this regime, before surface hole
saturation, the observed k,zy has been shown to be constant in a-
Fe,0, photoanodes,* as further discussed below. The potential
of such rate law behavior as a tool to study the photoelectrochemi-
cally active surface areas is discussed further below. Herein, we
exploit the dependence of TOF on physical surface hole density,
as detailed in eq 2, to allow us to determine this physical surface
hole density from measurement of the catalytic water oxidation
TOEF. Comparison of this physical surface hole density with the
measured geometric surface hole density determined directly
from our optical data allows us to determine the photoelectro-
chemically active surface area REF.

First, PIAS was used to monitor the optical absorption of sur-
face holes performing OER, focusing on the TiO, photoelec-
trodes at matched TOFs, followed by a TOF analysis below.
It is apparent from Figure 2a that at a matched of TOF
~0.7 s' (obtained by varying the light intensity until we

a)

~6 _ -
8 % 101 oo, o pl-TiO,
FE z o ns-TiO,
g 4 :og; Time (s) “:: e np-TiO,
=3 ns-Ti0,] 17, 10°

g‘ 5 —plTiO, ] © o° "
2 | ——np-TiO, .. o
§ 07 . 10-1 L [ ]

gm 0 2 4 6 & 10 10" 10" 10'5

Time (s)

Geometric hole density (hgeom cm™)

Figure 2. Intrinsic OER kinetic activity determination. (a) Typical
photoinduced optical absorption (PIA) data for the np-TiO, (red),
pl-TiO, (blue), and ns-TiO, (green) films at matched OER TOFs
(0.7 s7") in 1 M NaOH. The steady-state differential optical absorption
(mAOD) of accumulated holes on the ns-TiO, (green) film is 35-fold
higher than its planar and nanoparticulate (blue and red) analogues,
thus RPEC = 35. (b) Oxygen evolution turnover frequency (TOF) as
a function of the geometric surface hole density hg*' for the pl- (blue),

np- (red), and ns- (green) TiO, photoanodes. Measurements per-
formed under 355 nm front illumination conditions in 1 M NaOH.
For a matched TOF, the np-TiO, film is able to accumulate 35-fold
larger ht compared to its ns- and pl- counterparts.

achieve this TOF value), the density of surface holes on the
ns-TiO,, measured by the amplitude of our PIAS signal, is c.a.
one order of magnitude larger compared to the pl-TiO, photo-

electrode. This observation correlates with the increased Rghys
and J*" shown in Figure 1 and discussed above. In contrast,
the density of holes, per surface geometric area, accumulated
by the np-TiO, photoelectrode for TOF ~0.7 s (see
Figure 2a, inset) appears to be almost identical to that for the
pl-TiO, film, coinciding with their comparable photoelectro-
chemical behavior shown in Figure 1b. This suggests that,
although the np-TiO, photoelectrode exhibits a larger physical

surface area than the pl-TiO, (Rghys = 120, Table 1), the pho-
toelectrochemical active surfaces of these two films are essen-
tially the same. We can thus conclude that most of the surface
of the np-TiO, photoelectrode is inactive for water oxidation.
This is most likely due to poor electronic connectivity between
particles and rapid recombination, preventing deeper regions of
the film from contributing to the photocurrent. Such electronic
connectivity is strongly influenced by grain boundaries and even
different crystalline orientations between particles,®’ affecting
the np films more significantly. To confirm this conclusion,
we move to combine our optical absorption measurements with
the J*" to determine the TOF according to eq 2 and further
below in Section 2.2.2.1 (strategy 1) with the addition of a hole
scavenger.

Figure 2b shows the TOF for OER on the pl-, np-, and ns-
TiO, photoelectrodes as a function of the surface hole density
per geometric area. From this figure, we can confirm that the
ns-TiO, accumulates more holes than its nanoparticulate and
planar counterparts (Figure 2b, green data) to achieve an equiv-
alent TOF, consistent with a higher photoelectrochemical active
surface area (Table 1) and its higher observed photocurrent
(Figure 1b). Upon comparing ns- vs pl-a-Fe, O, a similar trend
is observed in Figure S8 with the ns-a-Fe,O; photoelectrode
accumulating one order of magnitude more surface holes com-
pared to its planar counterpart, correlating with the increased

RE“VS and JP" shown in Figure S7. This contrasts with the obser-
vation that the np-BiVO, accumulates a ~4-fold higher density
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of surface holes compared to the pl-BiVO, photoelectrode but
produces 60% lower photocurrent, suggesting poor usage of
the available surface area in bare np-BiVO, photoanodes (see
Figures S7 and S8 and associated discussion). This effect is
more severe in TiO,, where both np- and pl-TiO, photoelec-
trodes accumulate very similar surface hole densities per geo-
metric surface area (red and blue data in Figure 2b) to
achieve the same TOF values. This validates our optical absorp-
tion measurements as well as confirms our hypothesis that only
a fraction of the np-TiO, photoelectrode surface is useful for
OER catalysis. The underlying processes responsible for such
low OER activity of these np- photoelectrodes is discussed fur-
ther below. From these observations in different photoelec-
trodes with diverse morphologies, it is apparent that (i) a
more appropriate method to assess the photoelectrochemically
active surface area (REEC) is required and (i) strategies to
increase the photoelectrodes surface usage must be discussed.

2.2.1. Determination of Photoelectrochemically
Active Surface Area (REFC). From the previous discussion,
it is clear that, to accurately determine the intrinsic activity of
different photoelectrodes, it is necessary to assess the photo-
electrochemically active surface area. In this work, for the first
time, we use PIAS to estimate the photoelectrochemically active
surface area, REFC, for each photoelectrode by monitoring the
catalytic TOF for OER as a function of the optically determined
density of surface holes. This approach exploits the nonlinear
dependence of the TOF for OER on surface hole density to
determine REEC, as detailed below.

Our PIAS measurements yield the hole density per geometric
area (h} ) as a function of light intensity during OER. This

geom
can be related to the hole density per photoelectrochemically
active area (hyyc) by the photoelectrochemically active rough-
ness factor (REEC) as:

+

+ __ geom
hPEC_ REEC (3)

Consequently, employing the rate law dependence of OER
kinetics reported previously:>*

h + a—1
TOF = kogr-[hpzc)*™ = korr- {%} (4)
F

Equation 4 can be written for nanostructured/nanoparticu-
late and planar film electrodes as follows:

Wt o1
_ geom,nano
TOFnano - kOER,nano' RPT (5)
F,nano
TOFPZ = kOER«,Pl- [hgtom,pl]oc_1 (6)

where for planar photoelectrodes, we approximate their Rﬁilc by
assuming that the photoelectrochemical active area is the same
as the physical area, such that Rgif =1, considering Rghys ~1
according to Table 1.

For hematite photoanodes, the observed water oxidation rate
(kogr) has been shown to be independent of nanostructuring
and, therefore, kopg 1 = kOER,mm.46 We would like to note that

this invariance of kg between hematite samples was observed
previously*® despite differences in the bulk crystalline structure
of these films and more marked differences in their defect den-
sities. Applying this assumption to the other photoanodes
employed herein (see caveats and further discussion below),
we can divide eqs 5 and 6 and, rearranging, obtain a simple

; PEC : . i
expression of R - as a function of geometrical hole densities

and TOFs as follows:

+ 1/q-1
PEC _ hgeom,nano.TOFpl (7)
F.nano h+ TOFI/“_I

geom,pl' nano

For the working conditions of matched TOFs (i.e., employ-
ing light intensities such that the planar and nanostructured
electrodes exhibit matched TOFs), this equation further sim-
plifies to:

+

PEC __  geom,nano

F,nano — + (8)
geom,pl

Note that this analysis, from eqs 4-7, only works for o > 1,
i.e., for catalytic reactions that are nonlinear in surface hole den-
sity, such as those which require the interaction of more than
1 surface hole to reach the transition state and overcome the
rate determining step, such as methanol, ethanol, or water
oxidation, 2236374358

We turn now to the quantitative determination of the photo-

electrochemically active area RFEC  for the nanoparticulate and

nanostructured photoanodes studied herein and how these
compare to measurements of their physical/electrochemically

active surface areas Rghys and REC. For all the photoanodes stud-
ied herein, the observed rate law behavior presented o ~ 3 over
the light intensity ranges studied (i.e., third order behavior in
surface hole density, see Figures 2b and S8). From these data,
comparing the amplitude of the optical signals, eq 8 was

employed to determine Rllgicano (red bars), which can be com-

pared with those for RZ™* (yellow bars) in Figure 3. This figure
contrasts the values of REEC for the ns-TiO, with the pl-TiO,

F,nano
(green vs blue data in Figure 2a,b), for which an increase factor,

Rﬁﬁgno, of 35 is found. This value of REEC appears to be in

F,nano
good agreement with the Rghys (21 and 28,* yellow bars in
Figure 3) values measured by dye adsorption and ECSA,

respectively. Similarly, for the ns-a-Fe,O,, the determined
RPEC

F.nano
previously,”” see Figure 3a. This agreement further confirms
that kg is independent of film nanostructuring, as discussed
above, and thus validates our analysis.

PEC
RF ,nano

tured electrodes indicates that essentially all of the physical sur-
face areas of the AACVD and APCVD films, i.e,, ns-TiO, and
ns-a-Fe, O, are photoelectrochemically active for water oxida-
tion catalysis. This conclusion is consistent with the high photo-
electrochemical water oxidation performance of these
electrodes (Figure 1b). This agreement supports the validity
of our analysis and specifically our assumption, as discussed
above, that the catalytic water oxidation TOF is primarily
dependent on operando surface hole density and independent

of 21 coincides with the dye adsorption Rghys reported
50

. hys .
This close agreement between and RE™" in nanostruc-
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Figure 3. Benchmarking of the physical surface area and the operando surface usage for water oxidation. (a) Bar chart showing the differences in the

physically determined R, using BET (ochre), dye adsorption (yellow), and ECSA (ochre) methods, and the observed RFEC

oo (red) determined in

operando for water oxidation. (b) Schematic representation of the effect of particle size in band bending formation compared to space charge layer

(SCL) width.

of the photoelectrocatalyst morphology, as further discussed
below.

In contrast, for the nanoparticulate photoelectrodes, np-TiO,
and np-BiVO,, a significant mismatch between their REEC and

F,nano
Rghys is evident from Figure 3a. In particular, for the np-BiVO,
photoelectrode, the encountered Rgicano (3.8) is ~5-fold smaller
than the reported RZ™* (20).5° This reduced REEC vs RE™* i
even more pronounced (1-2 orders of magnitﬁde difference,
depending on the nghys determination method) in np-TiO, exhi-
biting a RFEC  of 1 compared to the measured (52 by dye

F,nano
adsorption) or reported (120 by BET*), R%™ values. One
hypothesis for such a mismatch is the possible overestimation
of the area in contact with the electrolyte by physical methods
such as BET, given that BET requires a sample preparation that
removes the nanoparticles from the photoelectrode and uses N,
(a small molecule) for the adsorption—desorption isotherms.'®
On the other hand, methods such as electrochemical surface area
(ECSA) might result in misestimations if not performed prop-
erly,®* and dye-adsorption usually uses dye molecules that could
be larger than the pore sizes of the studied nanostructures. In
particular, from our observations, we can conclude that the dye
adsorption method provides a good approximation of the avail-
able surface area for OER catalysis in nanostructured photoelec-
trodes (ns-TiO, and ns-a-Fe,05;), based on the good match of
RPEC

hy
PEC  and RE™ However, for np- films, we can conclude that

the dye adsorption method cannot accurately quantify the
photoelectrochemically active surface area. This is most likely
due to the accessibility of the electrolyte, and thus dye, within
the large pores between the nanoparticles through deep layers
of the photoanodes. However, as discussed previously, due to
poor electronic connectivity and increased recombination, such
deeper layers of the np-TiO, are inactive for OER. For the case
of the np-TiO, photoelectrode, the implication of our results is

. h . . .
that, given REEHSHO<< Rg 7 only a fraction layer is active for pho-

toelectrochemical OER as Rﬁicano

physical methods do not account for recombination losses in
photoelectrodes under working conditions, as discussed further
below.

= 1, most likely because these

Our analyses are based on an assumption of Kogg 1 = Kogg, nane
as justified above. While we cannot rule out possible small changes
in kg, from changes in the intrinsic interfacial kinetics and thus

deviations in our approximation, due to structural differences,"*°

i.e, surface terminations or exposed crystal facets leading to differ-
ences in intrinsic catalytic activity, we note that the main facets
((101) and (200) for TiO,, (104) and (110) for o-Fe,0,,** and
(101), (011), and (110) for BiVO,) reported in the XRD character-
ization (Figures S1-S4) of the photoelectrodes studied herein are
similar. We further note that the XRD patterns in this work do
not intend to represent a quantitative analysis of the exposed crystal
facets, but to show their presence in all studied films. However, we
would like to emphasize the excellent match between RPEC and

F,nano
Rghys for both ns-TiO, and ns-o-Fe,O, photoelectrocatalysts, inde-
pendent of the different additional reported facets in our photoelec-
trodes. On the other hand, assuming that the mismatch between
RS, and R
from differences in their intrinsic catalytic activity, kzz would have
to increase one order of magnitude for the np-TiO, and ~4-fold for
the np-BiVO, photoelectrodes. Given their small differences in
their XRD patterns, such striking changes appear to be unlikely.
This supports our hypothesis that the changes observed in the rate
law are mainly due to different PEC activities of the photoelectroca-
talyst surfaces rather than nanomorphology.

Our observations herein, consistent with the literature,?® indi-
cate that in photoelectrochemical OER catalysis, the total physi-
cal or electrochemical surface area does not always match the
actual photoelectrochemically active area. This is, most likely,
due to the presence of recombination processes, and in particular
surface recombination, occurring faster than the desired catalytic
reaction.'”*® For example, on photoelectrodes with a space
charge layer (SCL) thinner than the width/diameter of the mate-
rial, charge separation is improved thanks to the development of
a built-in potential (Figure 3b). This commonly takes place in
planar and nanostructured photoelectrodes.>*>*® Thus, the pos-
sibility of band bending leads photoelectrodes such as ns-TiO, to
practically use all its surface area due to retarded surface recom-
bination. In the particular case of the ns-TiO,, this can be attrib-
uted to both the thickness of the platelets composing the
nanostructures and the direct pathway for electrons to travel to
the back contact of the ns-TiO, photoelectrodes.”*

On the other hand, on nanoparticulate photoelectrocatalysts,
where the nanoparticle size is comparable to or smaller than the
SCL width, these reduced dimensions impact the formation of
the SCL. This leads to poor OER photocurrents mainly due to
(i) the absence of band bending and (i) added longer and more

for the nanoparticulate photoelectrodes arises

https://doi.org/10.1021/acscatal.6c01573
ACS Catal. XXXX, XXX, XXX-XXX

920z Jequisydag G| uo 3sanb Aq Jpd y€/G10-9202-S9/91SL9E89/ELG1 009" [EYEOSOE/LZ0L 0L /10P/4Ppd-ajoe/soeooe/Bi0"soe sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01573/suppl_file/cs6c01573_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c01573

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

tortuous electron extraction pathways that would lead to poor
hole extraction efficiency®”®® and (i) increased recombination
reducing the population of surface holes to drive OER. This is
due to the kinetics of surface recombination being faster than
the OER catalytic kinetics.*>**~”® Thus, the formation of a built-
in potential from the surface toward the bulk, leading to band
bending, is necessary to increase electron extraction efficiency,
thus aiding photogenerated holes to live long enough to be trans-
terred and perform OER. As such, we can assign that one of the
factors for the lower photocurrents exhibited by our np-BiVO,
and np-TiO, photoelectrodes, compared to their planar counter-
parts, is the lack of sufficient band bending. We note that in dye-
sensitized solar cells, which also employ equivalent np-TiO, films,
the lack of band bending is mitigated by “holes” being accumu-
lated on the sensitizer dye rather than the TiO, and by fast hole
extraction by the iodide redox couple. We note that other factors
may also contribute to the lower active areas of nanoparticulate
films, including differences in exposed crystal facets and defect
densities, poorer electronic connectivity, electrolyte pore accessi-
bility, and more tortuous electron extraction pathways. In any
case, our measurements indicate that in np-TiO,, only the out-
most layer is active, most likely due to excessive electron/hole
recombination deeper in the nanoparticulate film. We note that
this is not a new concept. The novelty herein lies in our quantifi-
cation of this effect through our comparison of physical surface
area with the operando photoelectrochemically active surface area.

2.2.2. Strategies to Increase the Surface Usage. Our
analysis above indicates that the observed low photoelectrochemi-
cally active surface area of nanoparticulate photoanodes for water
oxidation catalysis is due to the faster surface recombination in
comparison to the slow OER kinetics. As such, strategies to
increase the surface usage require accelerated hole transfer kinet-
ics relative to surface recombination. Two such strategies are
(1) replacing the slow OER by a faster reaction, such as the oxida-
tion of hole scavengers (methanol and sulfite in this work, open-
ing the window for organic molecule transformations),”*’¢ and
(2) the use of a co-catalyst to reduce surface recombination due
to the formation of a Schottky junction.””***>7” We will discuss
both strategies in the following sections.

2.2.2.1. Strategy 1: Replacing Water Oxidation. From the
J-V characteristics shown in Figure 4a for the pl-TiO,, we
observe the following: (i) the photocurrents obtained for water
oxidation are similar to those observed for methanol oxidation
(scavenger), which implies that most of the holes reaching the
surface participate in water oxidation; and (ii) the low magnitude
of photocurrents for both methanol and water oxidation
(<0.04 mA cm™?) suggests that this planar photoelectrode per-
formance is limited by significant bulk recombination losses.*’
In comparison, for the nanoparticulate np-TiO, analogue, an
increase of ~30-fold in photocurrents is observed when methanol
is added to the electrolyte. This is a strong indication of (i) lower
bulk recombination losses in comparison to pl-TiO, and (ii) sur-
face recombination being a dominant factor in limiting the per-
formance for water oxidation on these np-TiO, films. In
contrast, the nanostructured ns-TiO, performs well for both
water and methanol oxidation, with a photocurrent of ~0.4 mA
cm?, indicating lower bulk recombination and a good charge
transfer at the surface, due to the generated band bending within
the SCL and more efficient electron extraction.**’

Similar data were also observed for BiVO, and a-Fe,O, films
(Figure 4b and c). As for the pl-TiO, and ns-TiO, films, no sig-
nificant increase in photocurrent density was observed upon
addition of a hole scavenger for pl-a-Fe,O,, in agreement with
previous reports,”® thus indicating an equal surface usage in
both reactions. In contrast, np-BiVO, showed a ~6-fold
increase in photocurrent for scavenger oxidation relative to
water oxidation, qualitatively similar to np-TiO, and confirming
that the efficiency of both nanoparticulate films for water oxida-
tion catalysis is severely limited by surface recombination losses.
Under these scavenging oxidation conditions, these photoelec-
trocatalysts are able to use more of their surface area than under
catalytic conditions for OER. In the case of the ns-Fe,O; and
pl-BiVO,, the slight increase in the photocurrent in the pres-
ence of the hole scavenger is most likely due to the presence
of mid-bandgap states, which can facilitate surface recombina-
tion despite the presence of a space charge layer.>¥%%777952

2.2.2.2. Strategy 2: Co-Catalyst Deposition. Further evi-
dence for the observed low photoelectrochemically active
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Figure 4. Effect of a hole scavenger on the PEC performance of the different photoelectrode nanostructures. J'* vs V curves for the pl- (blue), np-
(red), and ns- (green) for OER (continuous line) vs hole scavenger (dashed line) of (a) TiO, (OER: 1 M NaOH, pH 13.6, scavenger: 15% methanol
in 1 M NaOH), (b) a-Fe,O; (OER: 0.1 M NaOH, pH 13, scavenger: 95% methanol in 0.1 M NaOH), and (c) BiVO,, (0.1 M phosphate buffer, pH 7,

scavenger: 0.1 M Na,SO; in 0.1 M phosphate buffer) photoanodes.

https://doi.org/10.1021/acscatal.6c01573
ACS Catal. XXXX, XXX, XXX-XXX

920z Joquialdas G| uo 1senb Aq Jpd y£ /G 10-9202-S9/97G L9EBY/E LS L 009" [BIEISOB/LZOL 0 L/10p/1pd-ajoiLie/soe00./BI0"s0e"SqNd Wol) papeojumoq


http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c01573

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

—np-BiVO, - water

~ 3 | —np-BiVOy - scavenger
q & | =——np-BiVO,/cat - water
5ot : :
< el A(]
Eit om
il

0 A N

04 06 08 1.0 12 14
Potential (Viyg)

Figure 5. Effect of a co-catalyst on the PEC performance of the np-
BiVO, photoanode. ]"h vs V curves for the OER (blue) in 0.1 M
phosphate buffer, pH 7, scavenger (red) in 0.1 M Na,SO; in
0.1 M phosphate buffer on bare np-BiVO, photoanodes. OER (green)
in 0.1 M phosphate buffer, pH 7 on np-BiVO,/FeOOHNiOOH
photoelectrodes.

surface of nanoparticulate photoanodes for OER comes from
considering the impact of co-catalyst deposition. As discussed
above, for the np-BiVO, photoelectrode when a facile oxidation
process, ie., hole transfer faster than surface recombination,
such as sulfite oxidation takes place, a significant enhancement
in the photocurrent is observed (Figure S, red trace).
Critically, a similar enhancement is also observed for water oxi-
dation following deposition of a FeFOOHNiOOH co-catalyst on
the BiVO, surface, as shown in Figure S (green trace). This can
be assigned to charge transfer to the co-catalyst, suppressing
surface recombination and thus also increasing the photoelec-
trochemically active surface area.”>*?

In summary, quantifying the operando photoelectrochemi-
cally active surface area for a particular reaction and conditions
can be a useful tool to optimize photoelectrode fabrication and
performance. We have reported herein a novel methodology,
based on photoinduced absorption spectroelectrochemistry
(PIAS) to assess the photoelectrochemically active surface area

(REEC) of metal oxide photoelectrocatalysts for water oxidation.
Our approach exploits the nonlinear dependence of water oxi-
dation kinetics on effective surface hole density. Combining
our kinetic assay of effective surface hole density with measure-
ment of the geometric surface hole density (also accessible from
PIAS data) and comparing to the surface hole density of flat
photoelectrodes allow us to assess the photoelectrochemically
active surface area REFC of the electrode. This allows assessment
of how effective photoelectrodes are at utilizing their surface for
a particular reaction/condition in photoelectrocatalysis and thus
provides an assay of the effectiveness of different surface mor-
phologies in enhancing photoelectrode performance. We con-
clude that adding a kinetically fast redox couple, either at the
photoelectrode surface or in the electrolyte, i.e., co-catalyst or
hole scavenger/organic substrate, increases the REFC. More spe-
cifically, our data indicate that the nanostructured films studied
herein, ns-o-Fe,O, and ns-TiO, both exhibit high photoelectro-
chemical active surface areas of similar magnitude to their phys-
ical surface areas. This indicates that these nanostructured
photoelectrodes have structural dimensions larger than the
space charge layer width, Wy, and thus are able to support
space charge layer fields sufficient to suppress surface recombi-
nation and are thereby able to fully utilize their high physical
surface areas for long lived hole accumulation to drive water oxi-
dation catalysis. In contrast, we find that for our nanoparticulate
photoelectrodes, the photoelectrochemically active surface area
is much smaller than their physical surface area. This is consis-
tent with their nanoparticle dimensions being of similar magni-
tude or smaller than the space charge layer width Wy, . Such
nanoparticle photoelectrodes are therefore likely to be depleted
throughout under anodic bias,*** such that electron transport
to the back contact is not spatially separated from holes accu-
mulating on nanoparticle surfaces. This is compounded by
more tortuous electron pathways, leading to more charge
recombination. As illustrated in Figure 6, this contrasts with
the nanostructured photoelectrodes studied herein, where their
high photoelectrochemically active surface areas are indicative
of electron transport to the back contact proceeding via high
conductivity bulk interiors of these photoelectrodes, with their

poor surface usage °

1
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Figure 6. Schematic illustration of the effect of particle size and space charge layer width (W) on charge separation and overall performance.
Nanoparticulate films (left) compared to nanostructured photoelectrodes (right).
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space charge layer fields suppressing surface recombination
between these bulk electrons and surface accumulated holes.

3. CONCLUSIONS

The studies herein demonstrate that PIA spectroscopy can be
employed to quantify the photoelectrochemically active surface
areas REPEC of photoanodes for OER. The approach is based on
using OER TOF as an assay of photoelectrochemical active sur-
face hole density. For eflicient nanostructured photoanodes, our
assay of REEC is found to be in good agreement with separately

measured Rghys, confirming the validity of our analytical approach,
while for less efficient nanoparticulate photoanodes, REEC is

found to be much lower than Rghys. We thus conclude that the
nanostructuring length scale and connectivity to the back contact
are key parameters to rationally design efficient photoelectrodes
for slow surface catalytic reactions such as water oxidation. If
the nanostructuring length scale is smaller than the space charge
layer width, or the electronic connectivity is insufficient, the resul-
tant photoelectrochemically active surface area can be much less
than the photoelectrode physical surface area, resulting in poor
photoelectrochemical performance. We have demonstrated two
strategies to enhance the photoelectrochemical performance of
such photoelectrodes: (1) by using a facile catalytic reaction to
enhance the performance of a high surface area nanoparticulate
photoelectrode, as holes do not need to be long lived on the sur-
face before reaction; and (2) by adding a co-catalyst to aid the
spatial separation of accumulated holes from electrons being
transported to the back contact. We note that additional factors
such as exposing active facets, light penetration depth, and mod-
ulation of doping density can further impact on the observed
photocurrents but are beyond the scope of our study. The study
herein highlights key design criteria for the use of nanostructur-
ing to enhance the performance of photoelectrodes for kinetically
challenging reactions such as water oxidation. Nanostructured
materials with particle sizes large enough to support band bend-
ing from space charge layer formation and good electronic extrac-
tion can result in high photoelectrochemically active surface areas
for OER catalytic processes even in the absence of co-catalysts. In
contrast, photoelectrocatalysts with smaller particle sizes and thus
higher surface areas will typically require the presence of a co-
catalyst to efficiently utilize their high surface area for OER.

4, MATERIALS AND METHODS
4.1. Film Preparation

4.1.1. TiO,. Dense, planar TiO, (pl-TiO,) films were prepared
using atmospheric pressure chemical vapor deposition (APCVD), fol-
lowing a procedure reported previously.* The films were prepared at
450 °C and annealed at S00 °C. The procedure yields relatively flat
anatase films of ~300 nm thickness (see Figure la, as well as
Figure Slab for SEM micrographs). The roughness factor was taken
to be ~1, as seen by AFM (see reproduced data in Figure Slc).*

Mesoporous nano-particulate TiO, (np-TiO,) films were grown
from a colloidal anatase paste on the FTO substrate, in accordance
with a method reported previously.*”** The films were fabricated by
doctor-blading the colloidal paste using a k-bar followed by calcining
at 450 °C in air for 30 min. The films were ~1 pm thick and composed
of primarily spherical particles with an average particle size of
~20 nm.>* The roughness factor of the films, as determined by BET,
was ~120 (see reproduced BET analysis in Figure S1d—f for cross-
section and top-view SEM micrographs, respectively).”>>*

Nanostructured TiO, films were prepared using aerosol-assisted
CVD (AACVD), as detailed elsewhere.” The films were deposited
at 500 °C for 1 h, followed by annealing at 800 °C in air. The calcu-
lation of the roughness factor using the electrochemical surface area
(ECSA) is outlined in Section 2.2.1. See reproduced* cross-section
and top-view SEM micrographs, showing a film thickness of
~2 pm, in Figure Slgh as well as AFM top view topography in
Figure SIi.

XRD patterns are reproduced and adapted in Figure S1j, and the
cross-section and top-view SEM micrographs comparing the 3 films
are shown in Figure la in the manuscript and in Figure S2 with the
same magnification and bar size.

4.1.2. BiVO,. Dense undoped BiVO, films were prepared using a
metal-organic decomposition method reported previously.> The pla-
nar films were approximately 450 nm thick, with a roughness factor
~1 (see Figure S3a).

Nanoporous nanoparticulate BiVO, films were prepared in accor-
dance with an electrodeposition method reported previously.*
However, to increase the optical transmission of the films, the method
was modified by decreasing the charge passed during the BiOI deposi-
tion (from 0.13 C/ cm? to 0.06 C/ cmz) to yield a film thickness of
~450-500 nm. The average particle width was ~76 nm as determined
by SEM and ~27 nm according to the Scherrer equation (XRD).*’
The roughness factor of the thin, nanoporous BiVO, film used in this
study was determined to be 20 using BET, based on the mass of BiVO,,
contained in the thin film and the specific surface area of nanoporous
BiVO, (31.8 m?/g) reported in our previous study (see
Figure S3b).”° XRD patterns are reproduced in Figure S3c.

4.1.3. a-Fe,0;. Dense planar undoped a-Fe,O; films were pre-
pared using atomic layer deposition (ALD) at 230 °C, reported previ-
ously,52 annealed at 400 °C for 4 h, followed by annealing at 600 °C for
1 h. The films were of ~20 nm thickness,** with a roughness factor of
1.2 determined using AFM (see Figure S4a), and the cross-section
SEM micrograph is presented in Figure $4b.**>

Nanostructured silicon-doped a-Fe,O; films were prepared by
APCVD using a procedure detailed elsewhere.””*® The films were
of ~500 nm thickness, with a dendritic structure (see Figure S4c).
The roughness factor of the films was determined to be ~21 using
a dye-adsorption method.*” XRD patterns are reproduced in
Figure S4d.

4.2. Experimental Techniques

4.2.1. Photoelectrochemical Characterization. Photoelectro-
chemical (PEC) measurements were conducted in a home-built three
electrode cell. The pl-, ns-, and np-TiO, films as well as the pl- and
ns-Fe, 05 electrodes were characterized with monochromatic 355 nm
LED illumination equivalent to 1 sun illumination from the front while
the pl- and np-BiVO, films were illuminated through the back (see
UV-Vis characterization in Figure SS). The PEC cell consisted of
quartz windows (area 0.5 cm”), where the photoanode material was
placed as the working electrode, a Pt mesh was utilized as the counter
electrode, and a saturated KCI Ag/AgCl was employed as the reference
electrode (Metrohm). Applied potentials were measured vs Ag/AgCl
(VAg / AgCl) and were converted to applied potentials vs the reversible
hydrogen electrode (RHE) using the Nernst equation:

VRHEZVAg/AgCl +0.059 XpH+VXg/AgC] (Sl)
where V[‘;g /agCl is the standard potential of the Ag/AgCl reference

electrode in saturated potassium chloride solution (197 mV). An
Autolab potentiostat (PGSTAT 101, Metrohm) was used to apply
the potential to the cell, and the data were recorded with Nova soft-
ware (Metrohm). A scan rate of 10 mV/s was used for linear sweep
voltammograms.

4.2.2. Spectroelectrochemical Photo-Induced Absorption
Spectroscopy (PIAS). current response under pseudo-steady state
conditions was obtained using a method detailed in previous
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publications.”>***7*>*? Briefly, the transient photocurrent (TPC) and
the photoinduced absorption (PIA), upon illumination with a continu-
ous LED light source, were recorded simultaneously at a constant
applied potential where back-electron hole recombination processes
are switched off (ie, >1.5 V). The change in the optical density
was recorded at 500 nm for TiO,' 550 nm for BiVO4,15 and
650 nm for a-Fe, 0, corresponding to the photogenerated holes in
each photoelectrode. The optical signals were subsequently converted
to the surface hole density using the molar extinction coefficient for
the reactive holes, as reported previously: 640 M ™' cm™ for a-
Fe,0,,° 420 M em™ for BiVO,,”” and 2000 M ecm™ for TiO,.*
The TPC signals were measured using a potentiostat (Autolab
PGSTATI101).

4.2.3. Atomic Force Microscopy (AFM). Topographic images
of the ns-TiO, photoelectrode were measured by atomic force micros-
copy (AFM) using an Asylum Research Cypher ES (Oxford
Instruments-Asylum Research, Santa Barbara, USA) in tapping mode
under ambient conditions with a silicon cantilever AC160TSA-R3
(Olympus, Tokyo, Japan) with a spring constant k = 25.4 N/m, reso-
nant frequency f = 291 kHz, and a tip radius of 7 nm.
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