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In this work, a mechanism of electron trapping induced electrostatic adsorption of electrolyte cations
(ETIEA) is proposed to explain the general photoactivity decay of nanostructured TiO, electrodes, usually
occurring during the initial several minutes of photoelectrochemical (PEC) processes. A series of
designed “electron trapping” experiments and combined photo/electrochemical measurements revealed
that it is the defect states of TiO, that lead to ETIEA. A higher amount of surface defects will lead to
larger ETIEA, which consequently accelerates the photoactivity decay. Different from the well-known
“trap-filling” effect that decreases transport resistance, we find that the electron-trapping induced
electrostatic attraction cannot make trap states inactive but can increase the detrapping energy barrier
of trapped electrons. Our research reveals an important but easily overlooked fact, that is, carrier kinetics
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may not be obtained because the photoelectrochemical process will alter the carrier dynamics

DOI: 10.1039/c7ta01132f constantly due to the existence of defect states. This result could also be applicable to other photoactive

rsc.li/materials-a semiconductors.

1. Introduction

Nanostructured TiO, is an important photoactive semi-
conductor and widely used in photoelectrochemical (PEC)
applications including photovoltaic cells," organic pollutant
degradation,>® water splitting,*® and biosensors.>'® These
promising applications rest not only on its excellent photo-
electric properties and exceptionally large specific surface area,
but also on its high photochemical stability which is usually the
first requirement for realistic applications. In fact, TiO, is one of
the known photoactive semiconductors showing the highest
stability against photochemical corrosion.

However, TiO, also exhibits photoactivity decay in some PEC
processes. For example, continuous photocurrent attenuation
occurs usually during the first several minutes of the chro-
noamperometric (i-¢) test in PEC degradation of organic pollut-
ants'**> and water splitting.*>** This kind of photoactivity decay is
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generally assigned to the continuous increase of recombina-
tion."** Two factors are considered to be related to the recom-
bination, one is the trapping of photo-generated carriers in intra-
band gap states and the other is the accumulation of the formed
oxidizing active species at the semiconductor/electrolyte inter-
face."'*'> However, a clear explanation is necessary to further
understand the photoactivity decay mechanism.

To date, it is known that surface defect states can exert heavy
influence on both the thermodynamics and kinetics of PEC
processes.’?® They may cause Fermi level pinning or partial
pinning in some nanostructured photoelectrodes,'® which is
responsible for the increase of the overpotential for PEC water
oxidation."”*®* They may also act as recombination sites' or
active sites for hole interface transfer (water oxidation) reac-
tions.?® Due to the large density of defect states (DODS),>*>*
electron transport in nanostructured semiconductors follows
the “trapping-detrapping” mode, usually 10° to 10° times
slower than that in a single crystal.”***

Traps can be filled permanently if a high negative bias is
applied to enable protons or Li" to insert into the semi-
conductor lattice. As a result, the electron transport resistance
will be remarkably decreased. Such a “trap-filling” effect is
widely used to improve the activity of photoactive semi-
conductors.***> However, electron trapping is still inevitable if
the “trap-filling” effect cannot be obtained. For example in n-
type TiO,, the interface transfer of photogenerated holes
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Fig. 1 Schematic diagrams, (a) photogenerated electron trapping in
band gap states. The red dashed arrow represents irradiation-induced
excitation of electrons into the conduction band and the thick arrow
demonstrates electrons being trapped at localized band gap states; (b)
the energy barrier (Eq) needed for trapped electrons to detrap to
conduction band states (up) and the increase of the E4 due to elec-
trostatic interactions between trapped electrons and adsorbed cations
(down). & represents cations in electrolyte solution. V,, Eg,, Ec, and E,
are respectively the applied potential, electron Fermi level, and the
energy levels of the conduction band bottom and valence band (top).

occurs in the ns scale while electron transport occurs in the ps
or even ms scale,* which leads to electron trapping (Fig. 1a).

Herein, we demonstrated another effect, as described below,
of surface defect states on the dynamics of electrons in the TiO,
electrode which leads to the general photoactivity decay. Within
the framework of the multiple trapping model, the energy barrier
(Eq) for the trapped electrons to detrap to extended states deter-
mines the transport properties of electrons in nanostructured
semiconductors.>******* Theoretically, Eq is equal to Ec — E,
where E is the lower conduction band edge energy and Ej, is the
energy of the localized state in the band gap (Fig. 1b up).**
However, it is proposed herein that the electrostatic attraction
between trapped electrons and counter ions from the electrolyte
(protons and other cations) will increase the detrapping energy
barrier E4 (Fig. 1b down), which may be the reason for the general
photoactivity decay of the TiO, photoanodes.

The generality of photoactivity decay was demonstrated
through static photocurrent measurements using TiO, electrodes
quite different in phase structure, primary particle size and shape,
and pore structure, and also in various electrolyte systems. A
series of combined photo/electrochemical measurements
revealed that the electron transport properties decay continuously
along with the proceeding of PEC water splitting. Electron
trapping/cation adsorption experiments were carried out using
TiO, films with a significant difference in the amount of surface
defects, giving evidence of the ETIEA-induced photoactivity decay.

2. Experimental section

2.1 Preparation and characterization of two types of
nanostructured TiO, films

Single crystal rutile TiO, nanorod arrays were grown hydro-
thermally on the conducting surface of FTO substrates (the film
is designated as R-TiO,).** Nanoparticulate TiO,/FTO films were
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prepared through the “doctor blade” processing and sintering
procedures, and anatase TiO, nanoparticles were prepared
using a dialysis procedure (the film is designated as D-TiO,).
X-ray diffraction (XRD, Shimadzu-6100 diffractometer with a Cu
Ko radiation source) and scanning electron microscopy (SEM,
HITACHI S-4800 FE-SEM) techniques were applied to obtain
structural and morphological characteristics of the films.

2.2 Electron trapping experiments

All the electrochemical and photoelectrochemical experiments
were carried out by using a CHI electrochemical analyzer
(CHI660E) with a standard three-electrode system. 1 cm?® TiO,
films were used as the working electrodes; the mass of TiO, in the
hydrothermally grown R-TiO, film was 0.0030 + 0.0002 g cm >
and the mass of all the doctor-blade TiO, films was also kept at
the same value as that of the R-TiO, film; a probe of Ag/AgCl, KCl
saturated (218; Shanghai Leici Inc.), placed 5 mm away from the
surface of the TiO, film, was used as the reference electrode; a 2
cm? Pt sheet was used as the counter electrode. 1.0 M KNO,
solution was used as the electrolyte unless otherwise stated. All of
the potential values given herein are referenced to the Ag/AgCl
electrode. “Electron trapping” experiments were carried out by
applying a negative bias (—0.6 to —0.9 V) to the TiO, films and
keeping this potential for a certain period of time (0-800 s). The
KNOj; solution in the PEC cell was bubbled with N, continuously
to eliminate O, during the whole experiments.

In order to verify “electron trapping” induced electrostatic
adsorption of electrolyte cations, three separate experiments
were designed.

The first experiment was carried out under dark and anaer-
obic conditions. 10 mg L™ cationic dye methylene blue (MB)
solution was used as the electrolyte. After reaching adsorption
equilibrium under open circuit conditions, a —0.8 V bias was
applied to the TiO, film until another adsorption equilibrium is
established. Then, the bias was shifted to 0.8 V. During the
experiment, we tracked the MB concentration by measuring the
absorbance of the solution with a UV-visible spectrophotometer
(Shanghai METASH UV-6000PC).

For the second one, 3 drops of a solution of phenolphthalein
dissolved in ethanol (0.5 wt%) were added into the 1 M KNO3
electrolyte beforehand, and the color change of the TiO, elec-
trode was recorded during the “electron trapping” process.

In the last one, phosphate-modified TiO, nanoparticulate
electrodes®” were used. The TiO, powder was scraped out of the
film before and after the “electron trapping” experiment; IR
spectra were measured with Fourier transform infrared spec-
troscopy (Shimadzu IRAffinity-1) and the KBr-tablet technique.

2.3 Photo/electrochemical measurements

Chronoamperometric measurements (i-t) under super band gap
irradiation were carried out by using a 365 nm LED lamp
(LHFC084-10, 0.6 W cm %, Shenzhen Lamplic Science Co., Ltd.)
connected to a controller (UVEC-411, Shenzhen Lamplic Science
Co., Ltd.). All the TiO, films were irradiated from the backside;
the distance between the film and LED was kept constant at
0.8 cm.

This journal is © The Royal Society of Chemistry 2017
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In order to explore the mechanism of the continuous photo-
current decay, a series of combined photoelectrochemical
measurement schemes were designed. The main idea is to track
the time-dependent evolution of the photoactivity-determining
parameters along with the proceeding of the PEC process. For
example, impedance measurements (EIS) in the dark were
carried out immediately after a certain period of the i-¢ process
(100-800 s). This allowed us to investigate the evolution of elec-
tron transport properties during the PEC water splitting process.
The combined measurements including i-¢/EIS, i-t/CV and i-t/M-
S are controlled automatically with macro command programs
(CHI 660e), and there is no time interval between them.

3. Results and discussion

3.1 General and continuous photoactivity decay of
nanostructured TiO,

Fig. 2 shows that all the i~¢ curves feature a photocurrent spike
at the beginning of UV light irradiation. These spikes are very
common and result from photogenerated electrons being
trapped in intra-band gap states (and other capacitive contri-
butions such as Helmoholtz capacitance). Following this spike
there is continuous and obvious photocurrent attenuation
which proceeds at least for 500 seconds (please check Fig. s1t
for R-TiO, for clearer viewing). The LED light source is checked
with a UV sensor, precluding attenuation of UV light intensity.
Therefore, the continuous drop of the photocurrent after the
spikes is indicative of the photoactivity decay of the photo-
electrodes. Compared to D-TiO,, the R-TiO, film shows a much
higher photocurrent and much slower decay (Fig. 2a and b).
With the photocurrent at 100 s as the initial value, the decays at
500 s are respectively 7.7% for R-TiO, and 16.9% for the D-TiO,
film. Recently, the photocurrent decays of Cu,0, Cu,0/CuO and
CuO nanorod films have been reported.*® After a 15 minute
chopped light i-t process where the irradiation duration is also
ca. 500 s, the decay rates are respectively 15%, 33% and 2%. It
can be seen that the TiO, films used herein do not show obvious
superiority in stability although Cu,O is known for suffering
photoelectrochemical corrosion.**

The i-t measurements were also carried out with other TiO,
films (Fig. s2, Table s1f) or in different electrolytes, all
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exhibiting continuous photocurrent attenuation (Fig. s37).
These facts indicate that the photoactivity decay is, in general,
not related to the film structure, morphology, the kind and
concentration of electrolyte, or if hole scavengers exist or not.

3.2 The nanostructures, electrochemically active surface
area (EASA) and defect states of three TiO, films

For nanostructured semiconductors, the film structure/
morphology and the distribution of band gap trap states exert
great influence on carrier dynamics including transport, inter-
face charge transfer and recombination."®*>** Herein, three
typical TiO, films including R-TiO,, D-TiO, and D-TiO,-9 h
(obtained by heating the D-TiO, film at 550 °C in an air atmo-
sphere for 9 hours) are comparatively investigated. The hydro-
thermally grown R-TiO, film is composed of an array of rutile
TiO, single crystal rods with a diameter of ca. 250 nm and the
axial [001] direction perpendicular to the FTO surface (Fig. 3a
and s2i and j, S11). Both D-TiO, and D-TiO,-9 h are constructed
with randomly aggregated anatase TiO, nanoparticles with
a size of ca. 16 nm (Table s1t), leading to the formation of
nanopores dispersed within the film (Fig. 3b). Meanwhile, XRD
and SEM characterizations indicate that the 9 hour heating at
550 °C changes little the film structure and morphology
(Fig. s2e-h and Table s17).

The EASA is usually considered as one of the performance-
determining parameters for electrode films. It is known that
the EASA of electrodes shows a linear relationship with their
geometric double layer capacitance (Cgq;).**** A series of cyclic

Fig.3 SEMimages of R-TiO; (a) and D-TiO, (b) films. The TiO, mass in
the R-TiO, film is weighed to be 0.0030 + 0.0002 g cm~2, and the
TiO, mass in all other doctor-blade TiO, films is also kept to be this
value.

— b
<
E ‘
§ N Nanorod array film
‘
£ A
= —_— S
f
el 4-‘
—
35
3
5, 1003 200s  300s 4005  500s
5 2
a
04 T T T T T
0 100 200 300 400 500

Time (s)

Fig. 2 i—t curves of (a) D-TiO, and (b) R-TiO, electrodes measured under continuous UV irradiation for five different periods of time. The

electrolyte is 1.0 M KNOs3, and the potential bias is +0.6 V vs. Ag/AgCL
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voltammetry measurements at different CV scan rates are
carried out in a non-faradaic potential region. A linear trend is
observed when plotting the difference in current density (J)
between the anodic and cathodic sweeps (i.e. Janodic — Jeathodic)
at a set potential against the CV scan rate. These data are then fit
to a line, the slope of which is equal to twice the geometric Cq;.
Thus, the C4q; measurements provide a method to estimate and
compare the EASA of different electrode films.****

The inset in Fig. 4a shows the extracted Cq; values which are
comparable to those of some other nanostructured films.***’
Assuming the EASA of FTO to be 1 cm?, that is, assuming the
conducting surface of the FTO to be totally flat, the estimated
EASA of R-TiO,, D-TiO, and D-TiO,-9 h films is respectively 4.99,
76.0 and 74.67 cm” per 1 cm” geometric surface area, giving
roughness factors of 4.99, 76.0 and 74.67 for the above three
films. We note that these values are several to ten-fold smaller
than those derived from other methods for the TiO, films with
a similar structure and morphology.*”~** For example, the re-
ported values are 35.22 for the rutile TiO, nanorod array*” and
96-780 for nanoparticulate films.**** One of the reasons leading
to this discrepancy may come from the underestimated EASA of
FTO since the conducting surface of FTO does also show some
roughness (Fig. s51). Fig. 4a indicates that the EASA of the R-
TiO, film is 15 times smaller than that of the other two nano-
particulate films, which is probably due to the much larger
particle size of the nanorods and the same TiO, mass among
the three films. For the two nanoparticulate films, on the other
hand, the 9 hour heating process at 550 °C causes the EASA to
reduce by only 1.75%, consistent with the XRD and SEM results
showing that the two films have quite the same structure and
morphology (Fig. s2e-ht). The values of the C4; and EASA of all
the films used in this work are given in Table s1.t

The energy distribution of band gap trap states can be
mapped with electrochemical methods such as cyclic voltam-
metry,”>**** impedance, temperature-dependent admit-
tance,* temperature-dependent capacitance-frequency and
dark current-voltage® measurements. Fig. 4b shows the first
cycle of their CV curves measured under anaerobic conditions.
The current response in the non-faradaic domain (—0.2 to
—0.85 V) comes mainly from electron trapping in band gap
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defect states or in conduction band states.*****° In the potential
range below the conduction band edge (—0.741 V vs. Ag/AgCl)
(Fig. 4b), the current increases exponentially, consistent with
the exponential distribution of band gap defect states.****° For
nanostructured semiconductors, the location of the defect
states is considered to be mainly surface-related, that is, at the
surface and/or grain boundary.”»**>* Therefore, the CV
measurements provide ways for mapping the distribution of
surface defect states in TiO, band gaps.*>**>¢

Several points can be drawn from Fig. 4b. Firstly, although
the density of defect states (DODS) of the three films (calculated
by dividing the current by EASA X scanning rate) is comparable
(Fig. s6t1), the surface defect state chemical capacitance (indic-
ative of the total amount of surface defect states) of the R-TiO,
film (calculated by dividing the current by the scanning rate) is
far lower than that of the other two films. It is understandable
that the R-TiO, film has the smallest EASA (Fig. 4a). Secondly,
monoenergetic trap states>**>” can be detected in the CV curves
of the two nanoparticulate films (centered at —0.336 V for D-
TiO, and at —0.451 V for D-TiO,-9 h) but not in the nanorod
array films. It has been revealed that the location of this type of
trap state is probably at grain boundaries.***® The R-TiO, film is
constructed with isolated single crystal nanorods and has no
grain boundary. Thirdly, for D-TiO, and D-TiO,-9 h, the 9 hour
heat treatment is an effective way to reduce surface defects in
spite of changing little their EASA (Fig. 4a). Finally, it should be
noted that the heat treatment moves the monoenergetic trap
states towards a higher energy level by 115 mV, for which the
reason is not clear.

3.3 Possible reasons for the general photoactivity decay

The photoelectrochemical corrosion which is common for other
non-TiO, semiconductors such as Cu,0,*** ZnO** and CdS***®
can lead to irreversible photoactivity decay. The i-t curves from
multiple measurements can nearly coincide with each other
(Fig. 2a and b), excluding this possibility. Other possible
reasons leading to the photoactivity decay such as electron
acceptors (O, and other oxidation products) accumulating in
the pores of the film and Fermi level pinning have also been
ruled out with experimental evidence (S2+).
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Fig.4 (a) Dependence of Janodic — Jeathodic ©N CV scan rates to extract Cqy for FTO and the three TiO, films. The measurements in detail are given
in Fig. s4.1 (b) The first cycle of the CV measurements under anaerobic conditions; the scan rate is 0.005 V s~. The films are pre-immersed in
electrolyte for 30 minutes to reach a static equilibrium. The arrow inset in (b) indicates the potential scan direction; the dashed line marks the
position of the conduction band edge level calculated with the equation Ecg (vs. Ag/AgCl) = —0.13 to 0.059pH — 0.198.4¢
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The stark differences in the film structure/morphology and
distribution of trap states may be used to explain why the R-TiO,
film gives a higher photocurrent than that of the other two
nanoparticulate films. Firstly, the single crystal nature and no
grain boundaries of the rutile TiO, rods guarantee much faster
charge transport in the R-TiO, film.****% Secondly, as far as
defects are concerned, the bulk defects are usually regarded as
recombination sites,*>®* while the role of surface-related defects
may be quite different in different systems. During the photo-
catalytic degradation of organic compounds with both rutile
and anatase TiO, nanoparticles, the surface defects, usually
oxygen vacancies, can promote the separation of electron-holes
pairs under irradiation, and therefore, enhance photoactivity.*
However, in PEC systems the surface-related defects®***°
especially the grain boundary defects (deep monoenergetic trap
sites)?***” are usually regarded as recombination sites. The R-
TiO, has the least amount of surface defects and has no mon-
oenergetic trap sites, implying that the recombination might
also be minimal. The heat treatment at 550 °C for 9 h gives
further evidence. Both D-TiO, and D-TiO,-9 h are quite close in
the film structure/morphology and EASA (they are actually the
same one film); the latter has fewer surface defects and a much
higher photocurrent.

Nevertheless, the continuous photocurrent decay and the
quite different decay rates among the three films can still be
a mystery if focusing only on the above factors. Along with the
proceeding of the PEC process, there should be some aspect
which is in a state of dynamic changing and consequently leads
to this continuous decay.

The surface-related defect states include exponential band
tails*>?*°*°%%7 and monoenergetic deep trap states.”**>*” They
make electron transport behavior distinct from that in single
crystals. When the electron Fermi level is lower than the
conduction band edge, traps exert influence on electron trans-
port by “multiple trapping”>*>***%* and/or “hopping modes.
Considering various physical/chemical processes occurring at
the semiconductor/electrolyte interface, the surface-related trap
states may not be always in the static state. For example, cova-
lent bonding between protons and O-Ti* and proton interca-
lation®® can give some new trap states with higher barriers for
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the diffusion of carriers. This implies that the electron transport
behavior may not be always in the static state either.

Recently, the interaction between accumulated electrons
inside TiO, and cations in the surrounding electrolyte has been
studied with the Stark effects of an organic dye, LEG4, as the
probes.®” The authors proposed that electrosorbed cations act
as electrostatic trap states for electrons in the mesoporous TiO,
electrode. Actually, this kind of interaction has been paid
attention long time ago.®® While, the mechanism of the inter-
action and its influence on the photoelectron properties of TiO,
are still poorly understood.

Herein, it is proposed, as depicted in Fig. 1, that electron
trapping in surface-related defects may initiate electrostatic
adsorption of electrolyte cations (ETIEA), and that ETIEA may
modify the dynamics of electron transport and consequently
lead to the continuous decay of photoactivity. In the following
context, experimental supports from two aspects, i.e. the
occurrence of ETIEA and a continuous decay of electron trans-
port properties during the PEC process will be provided.

3.4 Electron trapping induced electrostatic adsorption of
electrolyte cations (ETIEA)

Nanostructured TiO, electrodes have a strong tendency to trap
electrons due to the high chemical capacitance of defect
states.”’* It is reasonable to suppose that electron trapping
makes the TiO, films negatively charged and consequently
initiates ETIEA. The evidence of ETIEA cannot be given directly
from PEC reaction systems because of the complicated dynamic
processes of charge carriers in both the semiconductor and
electrolyte. Herein, electron trapping is realized by applying
negative potentials to TiO, electrodes in the dark. Under such
a simple system, applied potential V,p, (corresponding to the
electron Fermi level, Eg,) is the only variable to control the
population of trap states (Fig. 5a and b). Thus, the influence of
electron trapping on the system can be easily detected. In this
work, three electron trapping experiments are carried out.
3.4.1 Electron-trapping induced MB adsorption. The TiO,
films are immersed in anaerobic MB solution in a dark PEC cell.
Under open circuit conditions, adsorption equilibriums when
the amount of adsorbed MB is kept unchanged are reached after
ca. 600 minutes (Fig. 6). However, more MB molecules are

e
«1 Vo T=—=@& Of
- el
B — | OF
— —— | oW
o s - -
solution Tioz solution
FTO

Fig. 5 Schematic illustrations of (a) the FTOITiO,|electrolyte system, (b) electron trapping induced proton (H*) and/or other cation adsorption
and (c) ETPA induced OH™ excess in the solution side. The red dashed line marks the Eg,; the trap states (short lines) above or below the E¢, are

unpopulated or populated.
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Fig. 6 Time dependent evolution of the amount of adsorbed MB (per
unit mass of TiO,) during the electron trapping experiments. In the
range of 0-600 minutes, the system is in the open circuit state. A
—0.8 V bias is applied between the thin line and the thick line. After the
thick line the bias is shifted to 0.8 V.

adsorbed when a —0.8 V bias is applied. It takes another 200-
600 minutes (between the thin line and the thick line in Fig. 6)
for these films to reach a second equilibrium.

The point of zero charge of TiO, (pHpzc)) is about 5.5, which
makes the TiO, surface negatively charged in neutral solution
and thus have a tendency to adsorb the cationic dye MB.**
Under open circuit conditions, the amount of adsorbed MB at
equilibrium (4,) is directly related to the EASA of the TiO, films
(Fig. 4a), leading to Acp-rio, that is quite close to Ac.p-rio,o n but
much larger than both A g-tio, and Ac.gro (Fig. 6 and s107).

Under the electron-trapping state, however, the A, is corre-
lated much more with the total amount of surface defects rather
than the EASA of the TiO, films. It can be seen that at —0.8 V
bias the Ac.p.rio,-o n is much smaller than Ac.p.1io, although the
EASA of the two films is quite close (Fig. 4a). The same trend has
also been observed in the variation of the total amount of
surface defects after the long time heat treatment (Fig. 4b). On
the other hand, enlargements of 4. by 4.39-5.69 times for the
three films can be reached when the system is shifted from the
open circuit to the electron trapping state. Applying a 0.8 V bias
leads to the release of the adsorbed MB molecules due to the
fact that the trapped electrons are extracted out into the external
circuit; the amount of desorbed MB also corresponds to the
amount of surface defects (Fig. 6). These facts give an important
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implication that electron trapping in defect states creates new
adsorption sites which show much stronger adsorption capacity
for cations. In other words, the ETIEA may be different from
common physical adsorption by the much stronger electrostatic
interactions of electrons with electrolyte cations.

3.4.2 Electron-trapping induced proton adsorption (ETPA)
in KNO; solution. For PEC systems where aqueous electrolyte
solutions, for example 1 M KNO; herein, are used, ETPA as
a special case of ETIEA may be dominant considering the
smallest diameter, quite strong polarizing power of protons and
PEC-induced proton excess around the TiO, film. This view-
point can be supported by recent reports.***

In neutral solutions (pH = 7), ETPA may lead to OH ™ excess
at the TiO,/electrolyte interface (see Fig. 5c). However, the pH
meter failed to detect such a change, which may indicate that
the ETPA-induced OH ™ excess is established in a very thin layer
of solution close to the interface.

Phenolphthalein (C,,H;4,0,) is one of the most commonly
used acid-base indicators.” The color-changing mechanism is
due to the reversible transformation of the molecular structures
in different pH environments (Fig. 7). Considering its high
sensitivity to pH variation and appropriate color change inter-
vals (pH 8-10) we select it as the probe to test the ETPA-induced
pH change at the TiO,/electrolyte interface.

The pictures in Fig. 8 show the color change of the TiO,
electrodes during the electron trapping process. If phenol-
phthalein is not added into the electrolyte, the color of the film
after applying a —0.9 V bias will change from white to light gray
due to the light absorption of electrons in the conduction band
and trap states of TiO, (Fig. 5a and b).”*”> On the contrary, the
color of the film turns gradually from white to pink if phenol-
phthalein is added beforehand, indicating a weak base condi-
tion is formed (Fig. 8c). Moreover, the pink color can only be
detected in the surface of the TiO, film. Therefore, the OH™ -
excess condition at the interface of TiO,/electrolyte confirms the
occurrence of ETPA.

As for the color-changing experiments, another three
important issues should be pointed out. Firstly, the EASA comes
mainly from the internal surface of the nanoporous framework
of the TiO, film (Fig. 3b and s2ft); the ETPA-induced OH ™
excess occurs mainly within the nanopores. Consequently, the
diffusion of OH™ towards the bulk solution may be hindered,
causing a pH rise only within the confined domains. Secondly,
even if the electron trapping goes on for a long period of time
(500 s) the pink color does not disappear, indicating that ETPA
is kinetically stable. At the same time, this also proves that the

1 [\

Fig. 7 Schematic illustrations of the phenolphthalein coloration process. In a neutral or weak acid solution, it has a lactone structure (I) which is
colorless. In a weak base solution, it loses one or two protons yielding quinine structures (Il or Il) which show a red color. The quinine structure in
a strong base solution will further transform into a colorless methanol-type structure (IV).
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Fig. 8 Pictures of the D-TiO; electrode in the PEC cell, (a) before the electron trapping experiment and with phenolphthalein in the electrolyte;
(b) during electron trapping and without phenolphthalein in the electrolyte; (c) during electron trapping and with phenolphthalein in the
electrolyte. (d) Difference IR spectra of the phosphate-modified TiO, to show the dissociation of P-O-Ti bonds after being subjected to the
“electron trapping” experiment; the IR spectra after being subjected to electron trapping at —0.9 V for 120 minutes was used as the control

(Fig. s117).

—0.9 V bias cannot initiate the water electrolysis reaction, that
is, no OH ions are formed through the reaction H,O + e~ =
OH™ + 1/2H,. Otherwise, a very high OH -excess condition
(strong base condition) will cause phenolphthalein to further
transform into a colorless methanol-type structure (IV). Finally,
the pink color disappears instantly as long as the applied bias is
shifted to +0.6 V (please check the ESIT for video file 1). At this
positive bias, the trapped electrons leave TiO, and flow back to
the external circuit, at the same time the adsorbed protons re-
enter the electrolyte solution. As a result, the neutral pH
condition at the TiO,/interface is regained and the indicator
molecules restore the initial colorless lactone structure (I). This
color-changing experiment proves that the ETPA is a reversible
process and further confirms that the OH™ excess is not due to
the irreversible water electrolysis reaction.

Applying a strong negative bias (usually more negative than
—1.4 V vs. Ag/AgCl) to TiO, electrodes can initiate electro-
chemical doping of protons or Li'. The intercalated protons/Li*
can effectively deactivate the traps and lead to the well known
“trap-filling” effect which remarkably improves the conductivity
of TiO,.>*****»” While, the ETPA may not initiate the “trap-
filling” effect, as the energy levels of these band gap states are
too low. Therefore, the nature of ETPA should be of electrostatic
interaction (like that of MB adsorption shown in Fig. 6), which
endows ETPA with a reversible character. The instant

disappearance of the red color when a positive bias is applied
(less than one second and displayed in video file 1 in the ESI})
implies that most protons are probably not inserted into the
TiO, lattice but adsorbed electrostatically on the TiO, surface.
The same situation can also be seen in Fig. 6 which shows that
the dye molecules are desorbed quickly when trapped electrons
are extracted out. On the contrary, spectrometry and electro-
chemical investigations indicate that the inserted protons or Li"
in the TiO, lattice are relatively stable,**”*”” and the decay of
open circuit photovoltage (V,.) demonstrated that the release of
the inserted Li" can proceed over thousands of seconds.?® The
color-changing experiment was also carried out to track proton
insertion (at —1.4 V) and release (at 0.6 V) processes, indicating
that the release of the inserted protons can proceed for more
than three minutes (video file 2 in the ESIf). Therefore, the
adsorbed cations such as protons and MB should be mainly
located at the surface defect and/or grain boundary defect sites
where electrons are simultaneously trapped, which has been
described as the origin of “shallow” energy localized states
associated with Ti*" in the lattice.”>”®

It is well known that phosphate groups can be chemically
adsorbed to the TiO, surface through covalent Ti-O-P connec-
tions which show characteristic absorptions centered at ca.
1050 cm ™" in IR spectra (Fig. 8d and s111).**%7° It has been
proven that the hydrolysis of Ti-O-P connections can only occur
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Fig.9 (a) The Nyquist plots of the D-TiO, film from a series of combined i—t and EIS measurements; (b) the enlarged part of (a) in high frequency
domain, inset is the time of the i—t processes. (c) The evolutions of D, and Ry, along with the proceeding of the i—t processes. The direct bias for

the EIS measurements is —0.16 V.
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in alkaline solutions but not in neutral or acidic solutions.* The
IR spectra indicate the dissociation of the covalent Ti-O-P
connections after the electron trapping experiment, further
confirming the occurrence of the ETPA process (Fig. 8d).

3.5 Continuous decay of electron transport properties
during the i-t process

The above electron trapping experiments indicate that the
interactions between trapped electrons and electrolyte cations
are general and even dominant when the amount of surface
defects increases to some extent as in D-TiO,. Meanwhile, the
reversible character of the ETIEA implies that the nature of
these interactions should still be of weak electrostatic interac-
tions, which can be destroyed by thermal energy KT. This means
that this interaction should not be strong enough to passivate
traps permanently, that is, to cause the well known “trap-filling”
effect.>**> Therefore, it is reasonable to suppose that the ETIEA
may play a role in slowing down electron transport during
various photo/electrochemical processes.

Two combined photo/electrochemical measurement tech-
niques, that is, i-t/potential-step chronoamperometry (PSCA)
(S31) and i-t/electrochemical impedance (EIS) (S41) are devel-
oped to explore the evolution of electron transport properties
during the i-¢ process. Fig. 9a and b show the Nyquist plots of
the same D-TiO, electrode which change along with the
proceeding of the i-t processes. The electron diffusion coeffi-
cient (Dy) can be further calculated by using eqn (1) where [, C,,,
and R are respectively film thickness, chemical capacitance
and electron transport resistance.*** Fig. 9c¢, s12b and
df indicate that during the initial stage (at least the first 10
minutes demonstrated herein) prolonging the PEC process will
continuously deteriorate electron transport properties.

As far as electron mobility does not change, R, only varies with
the Fermi level (electron density) for a given system of nano-
structured semiconductor/electrolyte in the dark.*"** However, the
current research suggests that along with the proceeding of the i—¢
process electron mobility can change continuously because the
Fermi level is kept unchanged while Ry, varies. The lattice scat-
tering effect due to structural disorder and the “trapping-
detrapping” dynamics are two main factors responsible for the
low electron mobility of nanostructured semiconductors.”® For
a given film as in Fig. 9, s12 and s14,t apparently, the former will
be kept unchanged while the latter can be altered as the trap
states may be modified during the PEC process. As proposed in
Fig. 1, the electrostatic attractions between trapped electrons and
cations (protons and/or other cations in the electrolyte) will
increase the energy barrier of detrapping, resulting in a contin-
uous decay of electron transport properties.

12

Dy= —— 1
Cy X Ry )

It should be pointed out that the influence of electrolyte on
electron dynamics has been studied at least 16 years ago.*®®
Electron transport in an electrolyte-filled mesoporous TiO,
network is described as “ambipolar diffusion”.** In this model,
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the motion of electrons causes a charge imbalance and the
resulting electric field will drag the cations along with them. As
a result, electron transport is retarded since the diffusion of
electrons in the semiconductor has a different speed from that
of cations in the electrolyte. This mode gave a new diffusion
coefficient D, to differentiate from the pure diffusion
behavior of electrons (eqn (2)).

n—+p

Dy = —— P
amb n/Dy+ p/Dy

(2)
where D, and D, represent the diffusion coefficient of ions and
electrons and p and n are the respective densities of ions and
electrons. However, eqn (2) suggests that the D,y is, to a good
approximation, the same as D, in the common photo/
electrochemical systems (D,m, = D,) because the electron
concentration (<10'® em™?) in TiO, films is generally much less
than the ion concentration (in the order of 10** cm™* corre-
sponding to ~1 M monovalent ions).***®* This means that the
actual influence of electrolyte on electron diffusion can be
neglected. Apparently, the continuous decay of the electron
transport behavior shown in Fig. 9 and S37 is not compatible
with the ambipolar diffusion mode, which is probably due to
the fact that this mode does not include surface trap involved
interactions between electrons and electrolyte cations.®

3.6 ETIEA induced photoactivity decay

This work indicates that ETIEA may be general for some
nanostructured TiO, electrodes used in photo/electrochemical
systems. Along with the proceeding of ETIEA, more and more
trapped electrons have an enlarged energy barrier for detrap-
ping due to the electrostatic interactions, leading to a contin-
uous increase of transport resistance especially during the first
10 minutes of the i-¢ process herein. Thus, ETIEA is considered
as the essential cause of the general and continuous photo-
activity decay typically shown in Fig. 2.

As for the ETIEA-induced photoactivity decay, the surface
defects play a key role. It is reasonable to consider that more
surface defects correspond to much larger ETIEA and conse-
quently result in much faster photoactivity decay. Our
measurements have given some evidence. The three films R-
TiO,, D-TiO, and D-TiO,-9 h are made with the same mass of
TiO, and geometric electrode area, while the R-TiO, film has the
least amount of surface defects (Fig. 4b and 6) and the slowest
decay (Fig. 2b). The 9 hour heat treatment on the D-TiO, film
changes little the EASA (Fig. 4a) but reduces remarkably surface
defects (Fig. 4b); correspondingly, the decay is slowed down
(Fig. s71). Therefore, it is the total amount of surface defects
that is directly related to the rate of photoactivity decay.

It should be pointed out that the factors related to the pho-
toactivity decay of nanostructured electrodes should be
multiple. Based on the unusual ion diffusion in nano-
dimensional channels®** and ETIEA, we are now trying to
explain the influence of electrolyte concentration on photo-
activity decays which is demonstrated in Fig. s3f-h.t

The existence of surface defect states is inevitable for nano-
structured inorganic semiconductors, which is why R-TiO, still
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shows slow photocurrent decay despite its single crystal nature.
Moreover, proton charge compensation uptake is also common
for many other metal oxides.** The above factors make us
further propose that the negative influence of ETPA on photo-
activity should be general in various non-TiO, PEC systems,
which needs to be confirmed with more experimental evidence.

4. Conclusion

This work displayed a continuous and reversible photocurrent
decay which is general for nanostructured TiO, photo-
electrodes. During the proceeding of the photo/electrochemical
process electrons are trapped in surface defect states, leading to
electrostatic adsorption of protons and other cations from the
electrolyte. The electrostatic interactions undermine electron
transport properties probably by increasing the energy barrier
for electron detrapping, which consequently leads to a contin-
uous photocurrent decay during the initial several minutes of
the PEC process.
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