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ABSTRACT: TiO, films with modified morphology have been successfully synthesized via a facile spray-pyrolysis method in the
presence of poly(ethylene glycol) (PEG) as a templating agent. The effects of the PEG concentration on the relevant properties
of TiO, films were investigated by means of scanning electron microscopy, X-ray diffraction, and UV—vis absorbance
spectroscopy, while their photocatalytic properties were assessed by photoelectrochemical (PEC) water-splitting measurements.
The introduction of 10 g-L™' PEG into the precursor solution leads to surface roughening with an exceptional improvement in
PEC responses, revealing a photoconversion efficiency of 1.15% at —0.50 V vs HgOIHg (in a 1 M NaOH electrolyte under
broad-spectrum illumination), which is nearly triple that of the unmodified film (0.45% at —0.38 V vs HgOIHg). Although the
efficiency of the rough-surface photoanodes deteriorates upon increasing the PEG content, their PEC responses are still superior
to those of smooth-surface films. Possible phenomena that might be responsible for the experimental observations are suggested

and discussed accordingly.
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1. INTRODUCTION

H, has been claimed to be one of the most promising clean
substitutes for fossil-based fuels, owing to its exceptional molar
energy and carbon-free combustion products. Consequently,
green pathways for producing H, have been emerging on a
regular basis."”> One of these pathways involves the utilization
of solar energy to produce O, and H, via a water-splitting
process over semiconducting materials as photon absorbers.
The first successful implementation of this approach was
conducted by Fujishima and Honda over 4 decades ago,
employing a rutile TiO, single crystal as a photoanode.” Since
then, despite possessing a large band gap, TiO, has been the
basis of many studies in the field of solar H, because of its
favorable thermodynamic band positions, remarkable stability,
nontoxicity, and availability at reasonable price.*

There are two distinct systems in which semiconductor-
based water photosplitting can be operable, namely, the
particulate system over powdered photocatalysts and the
electrode system over photoanode films.>® In both systems,
incident photons, with an energy level corresponding to the
material band gap, induce the generation of electrons and holes

-4 ACS Publications  © 2015 American Chemical Society

9088

in the conduction band (CB) and valence band (VB),
respectively. Provided that these photocharges carry sufficient
thermodynamic driving forces, they are electrochemically active
to drive the evolution of H, and O,. While the particulate
system provides high interfacial area required for photoredox
reactions, it suffers from complications regarding postoperation
material recovery and gas separation.” On the other hand, the
electrode system offers convenient material recovery and gas
separation via the use of membranes, in addition to the
feasibility for field bias imposition.® Therefore, it is arguably
more desirable for long-term applications. Unfortunately, the
electrode—electrolyte interfacial area is typically limited; the
reaction rate is thus generally low. So, it is important to
improve the real surface area of photoanode films.

Various surface architectures of semiconducting electrodes,
particularly those based on TiO, have been introduced,

; . —12 . T 13-1 16,1
including nanotubes,’ nanowires,”>™** nanorods,"®'” and
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Sdr = 25.4%
Waviness Rms = (18.1+ 1.7) nm
Roughness Rms = (0.79 £ 0.09) nm

Sdr =194%
Waviness Rms = (47.3+ 2.4) nm
Roughness Rms = (3.74 £ 0.22) nm

Sdr=101%
Waviness Rms = (43.2+ 2.5) nm
Roughness Rms = (3.11 £ 0.52) nm

Sdr=92%
Waviness Rms = (38.5+ 2.1) nm
Roughness Rms = (3.56 + 0.85) nm

Sdr = 149%
Waviness Rms = (58.6 3.7) nm
Roughness Rms = (5.57 + 1.05) nm

Figure 1. Top-view images of unmodified TiO, (a), 10PEG—TiO, (b), 20PEG-TiO, (c), 30PEG—TiO, (d), and 40PEG—TiO, (e) with their 3D

views and estimated Sdr and rms values.

nanobranches.'®'® All of these nanostructures are meant to
enhance the surface-to-volume ratio of the materials and to
intensify the interfacial contacts between charge carriers and
their respective acceptors. Nevertheless, these nanostructures
usually suffer from a low absorbed photon flux, hence lackin%
the photovoltage required to carry water splitting into effect.”

Also, the characteristic thickness of these nanostructures is
typically lower than the width of the space charge layer, such
that the band bending is not fully developed, if any at all.***!
The band bending is essential for the formation of an electric
field gradient, which is the driving force for the migration of
electrons from the surface to the back contact, hence
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suppressing carrier recombination.® Because controlling the
characteristic thickness of such nanostructures is quite a
challenge, compact films are considered to be advantageous
from this viewpoint because they are relatively easier to prepare
with controllable thickness.

The surface area of compact films is typically improved by
increasing their porosity and/or roughness via morphology
modification, which can be achieved by employing templating
agents. Poly(ethylene glycol) (PEG) has been renowned to be
one of the best templates for the morphological alteration of
TiO,-based films.*> > Many synthesis routes have been
reported to produce PEG-templated TiO, films such as sol—
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ge1,26_29 hydrothermal,30 electrochemical anodization,*’ and
spray pyrolysis.®>*> These films have been utilized in many
applications with exceptional results, such as superhydrophilic
surfaces,”***** solar cells,*> and photodegradation of pollu-
tants.”®*® To our knowledge, however, the use of these
materials for H, production in photoelectrochemical (PEC)
cells is rather limited. Indeed, Fei et al. have successfully
synthesized PEG-templated TiO, films, resulting in a novel
nanospider structure with an improved PEC response
compared to that of the unmodified films.>” However, the
photoconversion efficiency of this film is relatively low (0.23%).

Herein, we report a significant improvement in the PEC
activity by tailoring the morphology and surface roughness of
TiO, compact films. These films were prepared via a facile and
low-cost spray-pyrolysis deposition technique, employing PEG
as a templating agent. The effects of this modification on the
relevant properties of these films and their PEC behavior will
be addressed and discussed in detail.

2. EXPERIMENTAL SECTION

Materials. The chemicals used in this study were of analytical grade
and were used as received without further purification. For spray-
pyrolysis deposition, titanium isopropoxide (TTIP; >97%, Sigma-
Aldrich) was used as a TiO, precursor, acetylacetone (AcAc;
ReagentPlus, >99.5%, Sigma-Aldrich) as a stabilizer, and ethanol
absolute (AnalaR NORMAPUR, VWR) as a solvent. Poly(ethylene
glycol) (PEG; Sigma-Aldrich) with an average molecular weight of 200
gmol™" was used as a template (morphology modifier). Fluorine-
doped tin oxide (FTO; Hartford Glass Inc, USA) with a sheet
resistance of 8 (-sq”" was used as the film underlying substrate. For
PEC measurements, NaOH pellets (99.0—100.5%, AnalaR NORMA-
PUR, VWR) were used to prepare electrolyte solutions.

Preparation of Photoanode Films. The precursor solutions of
unmodified TiO, films were prepared by diluting TTIP and AcAc (3:2
volumetric ratio) into 100 mL of the ethanol absolute to make 0.2 M
TTIP. Subsequent ultrasonication and vigorous stirring were then
applied to the prepared solutions for 0.5 and 4 h, respectively. A
similar procedure was applied for the synthesis of PEG-assisted TiO,
films, only with the addition of PEG in a concentration range of 0—40
g-L™". For convenience, the PEG-assisted TiO, films are denoted as
xPEG—TiO,, where x is the concentration of PEG in the precursor
solution in g-L™". The as-prepared solutions are then subjected to
spray-pyrolgrsis deposition, the details of which were described
elsewhere.*® Typical deposition was done for 40 layers, yet it was
also varied according to necessity. All samples were then calcined at
500 °C for 2 h.

Characterization of the Films. X-ray diffractograms were
recorded using a desktop D8 Bruker X-ray diffraction (XRD) machine
with Cu Ke irradiation as a photon source (1 = 1.5406 A) and a nickel
filter, operating at 40 kV and 40 mA. All samples were analyzed within
the range of 20 = 5—70° at a scanning rate of ca. 2°min~". The
spectral absorbance of the prepared films was measured by an Agilent
Technologies 8453 UV—vis spectrophotometer G1103A controlled by
ChemStation software, with a blank FTO glass slide used as a
background sample in order to eliminate the influence of spectral
absorption of the substrate. The surface morphology of the prepared
films was analyzed using a Zeiss LEO Gemini 1525 high-resolution
field emission gun scanning electron microscope, operating at an extra
high tension (EHT) of S kV. Open-source Gwyddion software was
used to estimate the statistical parameters, such as the developed
surface area ratio (Sdr, the increment of the surface area with respect
to the projected xy plane, which is estimated by a triangulation method
and would be 0% for a totally flat surface) and root-mean-square (rms)
values of waviness and roughness of the prepared films, as well as to
construct 3D views of the film micrographs.®® The presented rms
values were average values that are generated from 40 parallel
horizontal probing lines along the y axis of scanning electron
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microscopy (SEM) images. The thickness of the films is evaluated
by cross-sectional field emission gun scanning electron microscopic
imaging. Microstructural characterization was carried out using a
transmission electron microscope (JEOL 200FX) operating at 200 kV.
Samples for transmission electron microscopy (TEM) analysis were
obtained by removing the materials from the substrate using a razor
blade.

PEC Measurements. PEC measurements were conducted in a
conventional three-electrode cell with platinized titanium employed as
a counter electrode and HgOIHg (+0.926 V vs RHE) as a reference
electrode. A solution of 1 M sodium hydroxide (NaOH; pH = ~13)
was used as an electrolyte. The cell was connected to a potentiostat
(AUTOLAB PGSTAT302N) and controlled by NOVA software. A 10
mV-s~! scan rate was used in all linear-sweep voltammetry measure-
ments. A 150 W xenon lamp (LOT-Oriel GmbH & Co. KG) was used
as a light source to provide broad-spectrum illumination, equipped
with a TLS1509-X150 monochromator/spectrograph (Omni-A1509,
Zolix). The light intensity (ca. 125 W-m™>) was measured by a USB-
connected StellarNet EPP2000C UV—vis spectrometer with a concave
holographic grating. Typical measurements were carried out after the
electrolyte solution was purged with N, gas for 15 min. Unless
specified otherwise, all experiments were conducted at room
temperature and pressure.

3. RESULTS AND DISCUSSION

Top-view micrographs of the prepared films and their
corresponding 3D views are depicted in Figure la—e. The
unmodified TiO, film (Figure 1a) consists of interconnected
submicron aggregates with relatively smooth morphology,
resulting in an Sdr value of 25.4%. It seems that the FTO
underlying layer (Figure S1 in the Supporting Information, SI)
acts as a template for the superstructure of our spray-pyrolyzed
films. Upon the introduction of 10 gL' PEG into the
precursor solution, the roughness is evidently and uniformly
enhanced across the film surface (Figure 1b), leading to a
substantial enhancement in the Sdr value (194%). Upon an
increase in the PEG content (Figure lc—e), large nanosized
humps are formed, although they are not uniformly distributed.
This qualitative observation is corroborated by rms values
calculated from 1D topographical statistics, as presented in
Figure 1, signifying major development in the surface
roughness upon PEG addition. Furthermore, the micro-
structure of TiO, materials is also altered significantly, as
depicted in TEM images (Figure S2 in the SI). In this case,
PEG plays a major role as a template that shapes the resultant
morphology of the films. The disparity in thermal requirements
between the evaporation of ethanol, hydrolysis of TTIP—AcAc
complex, and decomposition of PEG enables subsequent events
that mold the topography of the TiO, particles, as illustrated in
Figure 2. It should be noted that Figure 2 does not specifically
describe the process of particle formation along the distance
between the tip of the nozzle and the preheated substrate.
Because the films adhere strongly to the FTO substrate, it is
likely that the particle growth was initiated after the aerosols
reached the preheated substrate.

The thickness of the films was evaluated by cross-sectional
SEM imaging (Figure S3a—e in the SI). The concentration of
PEG has a strong influence on the film thickness, although the
same 40-layer deposition was applied to all samples, as
illustrated by the solid line in Figure 3a. The presence of
PEG increases the portion of removable elements in the
droplets. Because the spraying rate is held constant during all
experiments, the mole fraction of TTIP decreases with
increasing PEG content, resulting in thinner films, as described
by the dashed line in Figure 3a.
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Figure 2. Illustration of the formation processes of a rough-surface
film by PEG templating (a) and a smooth-surface film without PEG

(b).

Figure 3b depicts the XRD patterns of the prepared film
samples. The unmodified film reveals XRD characteristic peaks
for the anatase crystallite phase at 20 of 25.3° and 47.8°, which
conform to the indices of the (101) and (200) planes,
respectively (JCPDS card no. 21-1272). These peaks, however,
gradually disappear upon the addition of PEG. This observation
is attributable to a decrease in the film thickness due to PEG
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addition and to an increase in the grain boundaries as a result of
surface roughening. Thick films are able to absorb a large
quantity of heat and restrain it for a long time within their bulk
regions.** Thus, thicker films are expected to undergo more
effective heat treatments, which results in higher crystallite
density as opposed to thinner films that are treated under the
same conditions. Another possible postulation may also be built
upon the possibility of a portion of heat that is utilized to
decompose PEG during deposition and calcination. Con-
sequently, the relative peak intensity is expected to be less
developed in the case of PEG-assisted films.

Figure 4 depicts the UV—vis absorbance spectra of the
prepared samples. The optical absorbance was probed at several
surface points on each film and revealed essentially identical
spectra (data not shown), indicating good uniformity of these
films. It is clearly seen from Figure 4 that the absolute
absorbance of the films decreases with an increase of the PEG
concentration, particularly within the wavelength interval of
300—450 nm. This may be ascribed to variation in the film
thickness. The band gap of each film is evaluated by
constructing Tauc plots,”" in which (ahv)"/? is plotted against
hv according to the well-known relationship

1/2 _
(ahv)'* = k(hv — E,) (1)
where h is the Planck constant, v is the frequency of incident
radiation, and «a is the absorption coefficient calculated from the
thickness-corrected absorbance, which is given by the relation-

ship

, _ 23034
d )

where A is the measured absorbance and d is the film thickness
in centimeters (cm). The band-gap values are obtained by
extrapolating the plot of eq 1 to intercept the x axis.*"** Tauc
plots of the prepared samples (inset of Figure 4) reveal band-
gap values of 3.19, 3.20, 3.25, 3.28, and 3.30 eV for unmodified
TiO,, 10PEG-TiO, 20PEG-TiO, 30PEG-TiO,, and
40PEG—TiO,, respectively. The blue shifts upon surface
roughening are speculated to be due to light scattering®
and/or a significant decrease in the crystallite size,>”** as
indicated in the XRD patterns.

Linear-sweep voltammograms of the prepared photoanode
films under dark and illuminated systems are presented in
Figure Sa. All samples give similar shapes of plots in which the
dark scans show negligible anodic activities. The anodic
photocurrent onsets occur at ca. —0.72 V vs HgOlHg (ca.
+0.2 V vs RHE) for all samples, which is in good agreement
with those reported in the literature for TiO,-based photo-
anodes under similar experimental conditions.'®**® Beginning
from these onsets, the photocurrent density immediately
increases as the potential is swept toward more positive values
and becomes less potential-dependent at highly positive
potentials. At +0.304 V vs HgOIHg (1.23 V vs RHE), the
10PEG—TiO, film gives a photocurrent density of 0.26 mA-
cm™?, which is 2-fold higher than that given by its unmodified
counterpart (0.13 mA-cm™?). Although increasing PEG
concentration has a detrimental effect on PEC responses, it
should be highlighted that all PEG-assisted samples still exhibit
better PEC performances in comparison to their unmodified
counterpart.
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Figure 4. Spectral absorbance of the synthesized films with their
corresponding Tauc plots (inset).

The linear-sweep voltammograms can be directly translated
to the applied-bias photoconversion efficiency (ABPE), which
is calculated by the following expression:*’

total power output — electrical power input

ABPE (%) =
%) incident light power

X 100 (3)

i (123 -V)

ABPE (%) = 2 x 100

(4)
where j, is the measured photocurrent density in amperes per
square meter (A'm~2), V is the applied electrical bias with
respect to RHE in volts (V), and P is the incident light power
density in watts per square meter (W-m™2).

Figure Sb presents typical parabolic plots of ABPE as a
function of the applied potential. The unmodified TiO, film
gives a maximum ABPE of 0.45% at —0.38 V vs HgOIHg. A
remarkable improvement in ABPE is achieved by 10PEG—
TiO,, which reaches as high as 1.15% at —0.5 V vs HgOIHg. As
mentioned earlier, the PEC performance drops upon an
increase in the PEG content, which results in a maximum
ABPE of 0.90% at —0.42 V vs HgOIHg, 0.76% at —0.48 V vs
HgOIHg, and 0.62% at —0.44 V vs HgOIHg for 20PEG—TiO,,
30PEG—TiO,, and 40PEG—TiO,, respectively. Therefore, it is
suggested that surface modification of the films is an effective
approach to boost the PEC efliciency, as well as to reduce the
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external bias required by the cell to reach its maximum
photoconversion. Moreover, photocurrent spectra are pre-
sented in Figure Sc, in which the cutoff wavelengths correspond
well with the respective band gaps of the films and the positions
of the photocurrent peaks are also in agreement with the
absorbance spectra.

The surface roughness of a photoanode film has a strong
influence on the exposed surface area and, consequently, on the
number of reactive sites.'>***® The surface irregularities may
also intensify the adsorption of photoelectrochemically active
species, hence promoting the resultant photocurrents.”' In
addition, upon employment of rough-surface photoanodes, the
nature of light absorption and carrier collection may also be
enhanced in a manner illustrated in Figure 6. The incoming
light is distributed more effectively via light scattering on a
rough surface as opposed to that on a smooth one.”® The
presence of nanosized humps on the surface allows confine-
ment of a large portion of reflected photons, whereas a
substantial loss of absorption is expected from the use of
smooth-surface films.*® From the micrographs, it is also
noticeable that the diameter of the humps is within an interval
similar to the field-free diffusion length of the holes (10—70
nm).'>*#50 Ag 3 result, at the same photoexcitation depth,
shorter pathways for hole collection become achievable.”> One
or a combination of the aforementioned phenomena is believed
to be responsible for the advanced PEC output of PEG-assisted
samples.

At this point, however, one may still be in doubt as to
whether enhancement in the PEC efficiency is due to an
increase in the film roughness or a decrease in the film
thickness. In order to give clarity on this aspect, PEG-free
spray-pyrolysis deposition was performed for different layers.
Application of 10, 20, 30, and 40 layers of deposition produces
films with thicknesses of 340, 415, 610, and 800 nm,
respectively (Figure S4a—d in the SI). This reveals a linear
proportionality between the deposition layer and film thickness
within the range of interest (Figure S4e in the SI), while all
films share similar morphology (Figure SSa—d in the SI).
Figure S6 in the SI infers the progressive nature of the
crystallite density over the thickness increment, similar to that
perceived in PEG-assisted films. Furthermore, the absolute
absorbance of the films is proportional to their thickness
(Figure S7a in the SI), as opposed to their corresponding band
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gaps, which are relatively unaffected by the thickness variation
(Figure S7b in the SI). With this information known, Figure 7a
illustrates ABPE as a function of the film thickness for two sets
of data, ie., unmodified and PEG-assisted TiO, films.
Importantly, within a similar range of film thickness, PEG-
assisted films give higher PEC efficiency by a significant margin
compared to the unmodified ones. This confirms that the PEC
enhancement upon PEG addition is governed by the
development in the morphology, not by the decrease in the
film thickness.

Another important point is depicted in Figure 7b, which
compares the maximum ABPE values of unmodified TiO, and
10PEG—TiO,, calculated on the basis of both the geometric
and real (effective) surface area. Clearly, when PEC responses

9093

are normalized against the real surface area, the differences in
the PEC efficiency are not as vast as those observed when PEC
responses are normalized against the photon-exposed geo-
metric area. In the case where the effect of the surface area is
ruled out by real-area normalization, the improvements are
ascribed to roughness-related interfacial phenomena, as
previously mentioned. It is therefore important for authors,
particularly those who deal with the intrinsic properties of the
semiconducting materials in addition to the morphology, to
acknowledge the real surface area of their individual films.
Otherwise, interpretations on the PEC output will be
misleading, and erroneous conclusions may be drawn.

As inferred by experimental observations, PEC responses are
not directly proportional to the specific surface area in this

DOI: 10.1021/acsami.5b00853
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study. This implies that the PEC activity is not governed solely
by the number of reactive sites, and it can be rationalized by
considering several aspects. First, as a basis of analysis, one
should recall that 10PEG—TiO, exhibits not only the highest
Sdr value but also the most uniform roughness dispersal (as
indicated by the relatively small standard deviation of rms data),
thus ensuring high and evenly distributed photokinetics. These
attributes of 10PEG—TiO, may explain its superior PEC
performance compared to that of other films. Second, because
10PEG—TiO, is the thickest film among all PEG-assisted
samples, it could absorb more photons than its counterparts.
Provided that the thickness does not exceed the penetration
depth of photons, it is reasonable to expect the PEC
performance to be proportional to the film thickness. Besides
the fact that it is evident in Figure 7, this hypothesis is
particularly true in our system because the values of 1/a of the
films within the UV region are generally higher than their
respective thickness.. Therefore, we believe that photoexcitation
occurs within the whole film thickness. This conjecture is even
more likely if the possible transitions between the VB and the
surface states situated below the CB are taken into account.”!
The degree of crystallization may also play a role. The less-
crystalline nature of the films obtained from the solutions with
high PEG content is perhaps one of the causes of this negative
effect because amorphous regions were reported to hinder
carrier transport to some extent.”"**> Moreover, it was
previously revealed that increasing the PEG content leads to
higher band gaps. As a result, the thermodynamic photo-
conversion efficiency decreases,” and the photoanodes are
prevented from generating higher photocurrents, in spite of
their improved morphology. These suggestions should clarify
potential confusion with regard to our findings, such as the fact
that 40PEG—TiO, gives the lowest photoresponses among
PEG-assisted films, despite its Sdr value being second only to
that of 10-PEG—TiO, and its roughness and waviness rms
values being the highest among all films.

Figure 8a describes the on—off illumination cycles of the
photoanode samples, examined at 0 V vs HgOlHg (0.926 V vs
RHE). As is clearly illustrated, all samples respond instanta-
neously to light interference, generating a photoanodic current
that is orders of magnitude higher than that observed under the
dark condition. On the other hand, sudden dark perturbation
quickly eliminates the photocurrent, as the photoanodes return
to their ground states after several seconds of photoexcitation.
Importantly, the stationary photocurrent is restored almost
completely in the next few cycles, suggesting the robustness and
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Figure 8. (a) Chronoamperometry of the synthesized films for the
on—off illumination mode at 0 V vs HgOIHg. (b) Time course of In D.

excellent stability of the films. Information concerning the
effectiveness of the photocharge transfer can also be drawn
from transient photocurrent analysis by deriving time constants
(7) as follows:*>>*%7

_ )~ js)
j(in) = j(st) (s)

t 1
b= eXP(_?) —hD= (_?)t ©)
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Table 1. Selected Reports on TiO,-Based PEC Water Splitting with Their Respective ABPE Values

photoanodes

rough-surface TiO, films
cross-linked TiO, nanowires
Reduced TiO, nanotube arrays
TiO, nanospider films

TiO, nanorod arrays

UV—vis TiO, double layer
TiO, nanotube arrays

3D hierarchical TiO, nanostructured arrays
H,-treated TiO, nanowire arrays
TiO, nanoporous arrays
Sn-doped TiO, nanorods
Au-SPR-enhanced TiO, films
TiO, nanotube arrays

Sn-doped TiO, nanowire arrays

hierarchical TiO, nanotube arrays
N-doped double-wall TiO, nanotube array
branched TiO, nanorods

preparation method electrolyte ABPE (%) ref
PEG-templated spray pyrolysis 1 M NaOH 115 this work
ethylene glycol-mediated 1 M NaOH 1.0S 13
anodization, NaBH, treatment 1 M NaOH 1.31 58
PEG-templated 0.1 M NaOH 0.23 37
oblique-angle deposition 0.5 M NaClO, 0.10 59
radio-frequency magnetron sputtering  0.25 M K,SO, 0.17 60
anodization, flame annealing 1 M KOH 1.20 61
hydrothermal on seeded FTO 1 M KOH 113 45
hydrothermal and H, annealing 1 M NaOH 1.63 15
Anodization 1 M KOH 0.28 62
Hydrothermal 1 M KOH 0.69 17
template-assisted sol—gel 1 M KOH 0.71 63
anodization 0.5 M NaClO,, 0.5 M HCIO, and 1 M NaOH 0.27 64
hydrothermal 1 M KOH 1.20 65
two-step anodization 1 M KOH 0.84 46
two-step anodization 1 M KOH 1.26 66
hydrothermal 1 M KOH 0.49 16

where j(t) is the photocurrent at time ¢, j(st) is the stationary
photocurrent, and j(in) is the initial photocurrent. Figure 8b
depicts the plots of In D against the illumination time for all
prepared samples. The decline of In D over time is ascribed to
the undesired recombination of charge carriers on the surface.>*
Linearity of these decays is expected if the resistance of
photocharge transport is driven by first-order kinetics,>* in
which case 7 can be directly calculated from the negative
inverse of the slope (eq 6). More complex decay mechanisms
entail deviation from linearity.>* This nonlinearity is observed
in Figure 8b to an extent where extracting 7 with acceptable R*
values is not possible. Nonetheless, in order to give qualitative
insight, one can still notice the apparent variance in the drop
rate of In D between all films, inferring more eflicient
photocharge transport in the case of PEG-assisted films.

Comprehensive analysis of a PEC system can be performed
by considering three fundamental processes governing its
overall efficiency,”’ ie., photocharge extraction upon photo-
induction (the efficiency of which is denoted by 7. ),
transport of these photogenerated charges (ntransport), and
interfacial redox reactions (#jemce)- The overall efficiency of
PEC water splitting can then be expressed as*’

?)

We mentioned earlier that unmodified TiO, is the thickest
among all films, yet it should be emphasized that its thickness is
still within the effective region of photon penetration.
Consequently, it is expected that unmodified TiO, possesses
the highest value of 7.~ in the sense that more excitons are
generated with the same amount of incident photons impinging
on the photoanode. Despite this suggestion, however, the PEG-
modified films outperform their unmodified counterparts
during PEC operations. This indicates that, upon morpho-
logical modification, the significance of 7 /,* on Hyyern 1S
marginalized compared to that of 7;erface A0 Hyanpore- In typical
PEC studies, the PEC behavior of photoanode materials is
normalized against the illuminated geometric area of the
photoanodes. Consequently, extensions of the effective surface
area and/or improvements in interfacial phenomena due to
surface roughening will boost #;,¢erf.ce- Furthermore, one should
consider the interrelationship between 7y nporn a0d 7interfaces
which is perhaps advantageous in our PEC system. On the one

noverall = ne_/ h+’7transportninterface
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hand, the high rate consumption of photocharges at the
interface can only be in effect if 7,ngpor is Substantial enough to
separate electron—hole pairs and drive the holes approaching
the surface. On the other hand, if 7. is high enough to
promptly quench the VB holes, the electroneutrality principle
necessitates that the CB electrons be driven away from the
surface, hence improving #yanspory provided that electron
acceptors are absent both on the surface and in the electrolyte.
In any case, it should be noted that morphological modification
is a crucial strategy in order to advance the performance of
titania-based PEC systems, as is evident in the present study.

Table 1 collates a list of selected reports on TiO,-based PEC
water splitting and their corresponding ABPE under broad-
spectrum illumination. It is clear that the PEC performance of
our films is comparable to those of other notable TiO,-based
films. One should note that ABPE is by no means decisive to
claim superiority of a particular photoanode against others.
While the proper benchmark should be performed on the basis
of solar-to-H, (STH) efficiency,*” it involves zero-bias
operation and/or accurate detection of evolved H, gas in the
cell, which is not a simple task in most PEC experimental
setups. Nonetheless, because ABPE takes into account the
effects of electrical bias and is normalized against the light
power density, a comparison between reported works can still
be performed in a sensible manner, and ABPE remains a
reliable diagnostic approach®” upon which the development of
photoanode materials is based.

4. CONCLUSIONS AND REMARKS

TiO, films with tailored morphology can be synthesized via a
facile and simple spray-pyrolysis method in the presence of
PEG in precursor solutions. PEG plays an important role as a
templating agent and successfully improves the roughness and
real surface area of photoanode films. The rough-surface films
may offer a combination of beneficial features, e.g., increasing
interfacial reactive sites for the interaction between photo-
charges and their redox pairs, intensifying reactant adsorption
on the material surface, promoting light scattering for better
photon distribution, and/or shortening the hole collection
pathways for faster carrier transfer. The concentration of PEG
also strongly affects the film thickness. However, the
experimental results confirm that enhancements in PEC
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responses are governed predominantly by the film morphology.
From this study, it is also suggested that normalizing the PEC
output against the real surface area, rather than the geometric
area, is a matter of importance, particularly when the intrinsic
properties of the photoanode films are to be evaluated. The
best PEG-assisted TiO, photoanode in this study managed to
achieve a photoconversion efliciency of 1.15%, which is
comparable to those of other notable reports on titania-based
PEC systems.
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