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ABSTRACT: Photoluminescence (PL) spectroscopy of intra-
bandgap trap states is used to investigate the mechanism of
photocatalytic water oxidation in pristine and hydrogen-treated
rutile TiO, nanowires. H-treated nanowires annealed at 350
°C were previously shown to be superior to pristine nanowires
for the photoelectrochemical evolution of oxygen from water,
owing to more efficient charge separation and carrier transport.
The present work examines the near-IR PL of rutile nanowires
under applied electrochemical potential in order to address the
possible influence of hydrogen treatment on electron or hole
traps and their role in water oxidation. It is concluded that the
near-IR PL of rutile nanowires, identical to that of bulk and
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conventional nanocrystalline rutile, arises from the radiative recombination of trapped electrons with valence band holes and that
valence band holes, rather than trapped holes, are more likely responsible for water oxidation. The shape and intensity of the
near-IR PL is found to be invariant to H-treatment and thus does not arise from traps introduced by annealing in H,, such as
oxygen vacancies. Instead, H-treatment influences carrier transport and the recombination processes which compete with
reductants for hole consumption. The role of contacting solvent, water versus wet acetonitrile, is shown to exert a strong
influence on whether deep traps are occupied isoenergetically (from the potentiostat) or inelastically (by photogenerated

electrons in the conduction band).

B INTRODUCTION

Nanostructured titanium dioxide has been widely investigated
as a promising material for renewable energy applications
including dye-sensitized solar cells and photoelectrochemical
water splitting due to its low cost, relative abundance, corrosion
resistance, and favorable positions of the valence and
conduction bands.' ™ Rutile photoanodes have been shown
to be effective at oxidizing water,” and more recently, some of
us have demonstrated a solar-to-hydrogen efficiency of 1.1%
from hydrogen-treated rutile nanowires (RNWs).° In that
work, it was shown that annealing RNWs in a reducing H,
environment results in a significant improvement in efficiency
compared to untreated RNW photoanodes. The improvement
in H-treated samples was attributed to increased donor density
leading to improved charge transport as evidenced by increased
photocurrent and greatly improved incident-photon-to-current
conversion efficiency (IPCE) in the ultraviolet region.6 The
relationship between charge carrier trap states and the
performance enhancement observed in H-treated rutile photo-
anodes was recently investigated using EPR, time-resolved
fluorescence, and femtosecond transient absorption.” It was
concluded that H-treatment introduces oxygen vacancies with
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energies 0.3 eV below the conduction band (CB) edge, giving
rise to weak blue PL. Hydrogen treatment thus improves
transport by introducing donor states that raise the Fermi level.
In addition, transient absorption spectroscopy of hole and
electron traps has revealed that recombination is reduced in H-
treated as compared to pristine RNWs.® This effect was
attributed to a significant band bending in the radial direction,
made possible by high donor densities in the H-treated
nanowires.

In addition to the weak visible PL observed in ref 7, more
intense near-IR (but still rather weak) PL of rutile at about 840
nm is well-known in both bulk'’ and nanocrystalline'" samples.
Nakato et al.'> have assigned this PL to recombination of
conduction band electrons with holes trapped at 3-fold
coordinated (normal) oxygen atoms, O;, on the surface of
rutile (110) or (100), where they have slightly different
energies. They have proposed that this surface-trapped hole,
found in the middle of the 3 eV rutile band gap, catalyzes the
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photooxidation of water in a mechanism initiated by the
nucleophilic attack of O;. by a water molecule. In this picture,
water-oxidation competes with PL for consumption of trapped
holes, and surface roughening that accompanies water oxidation
leads to more favorable hole transfer to water. It has also been
proposed that chemisorbed water molecules trap valence band
(VB) holes to form hydroxyl radicals OH®."* Surface hydroxide
groups have long been identified as possible hole traps on
TiO,"" and the resulting OH® radicals can potentially serve as
photooxidants. More recently, Imanishi et al."> have reported
further studies supporting the idea that trapped holes at Os,
which would otherwise recombine with CB electrons to
produce near-IR PL, are responsible for water oxidation. In
contrast, Li et al.'® also examined the same near-IR PL of rutile,
but they attribute it to recombination of trapped electrons, of
unspecified chemical nature, with valence band holes. Thus, the
very nature of the near-IR PL is central to understanding the
photocatalytic properties of rutile.

The role of trapped versus free carriers in photoredox
processes on TiO, is an important consideration for optimizing
the efficiency of processes such as solar-to-hydrogen con-
version. Salvador et al.'”'® distinguish direct hole transfer from
the valence band to a reductant, which is favored when the
latter is specifically adsorbed on the surface, as opposed to
indirect hole transfer from trap states such as OH®. Indirect
hole transfer is an isoenergetic process which may predominate
for species not specifically adsorbed on the surface.
Alternatively, the rate of interfacial electron transfer can be
cast in terms of Marcus-Gerischer theory and depends on the
overlap of the donor state distribution with the density of states
for empty levels of the semiconductor.'”*’ Since four
photogenerated holes are required to generate a single O,
molecule, the role of trapped holes might be significant,
provided they have sufficient driving force for substrate
oxidation. Regardless of the mechanism, hole transfer from
TiO, to water in the absence of electron scavengers is
unfortunately much slower than electron—hole recombina-
tion.”! Determination of the spatial and energetic distribution
of trap states that participate in electron—hole recombination
and/or redox processes is thus imperative. Another obstacle to
efficient water oxidation is the existence of overpotentials as
large as 0.7 V.** A better understanding of the energies of trap
states on an electrochemical scale, as well as the kinetic barriers
to occupying them, is important to elucidating the mechanism
of TiO, as a photoanode. Studies of trap states and associated
defects in rutile have included EPR,”* infrared spectroscopy,”*
photoemission spectroscopy,”” EELS,”* STM,”” and
spectroelectrochemistry.”” However, some of these are high
vacuum techniques which, despite their elegance, do not
directly reveal properties of TiO, electrodes in working
photoelectrochemical cells.

In past work, we have used spectroelectrochemical photo-
luminescence (SEPL) to determine the nature and electro-
chemical energies of trap states in nanocrystalline anatase TiO,
films.”"** By examining the PL of nanocrystalline films of TiO,
under Fermi level control, SEPL enables the investigation of
trap states and recombination processes at the surface under
conditions relevant to photoelectrochemical applications. The
technique has also been used by another group to investigate
the luminescent trap states of nanocrystalline ZnO.>* Based on
our SEPL work and studies of the PL at open circuit,”*** we
have assigned the broad visible PL of anatase TiO, to a
superposition of two types of radiative transitions: recombina-
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tion of mobile electrons with trapped holes and recombination
of electrons trapped as Ti** with valence band holes. Using
SEPL, we found that the broad visible PL of anatase shifted to
the blue as the Fermi level was raised. Numerical modeling of
the potential dependent PL spectra revealed the component
spectra and onset potentials for occupying two distinct electron
trap state populations, emitting in the yellow and red, and a
third spectral component associated with the recombination of
conduction band electrons with trapped holes, peaking at a
green wavelength. SEPL revealed the energies of trap
occupation on an electrochemical scale, and it was shown
that an overpotential exists for occupying electron traps in the
presence of water versus acetonitrile (ACN).

In this work, we apply SEPL to examine the PL spectra of
RNW trap states as a function of applied potential, pH, and in
nonaqueous electrolyte. We compare the SEPL of pristine
nanowires to that of nanowires annealed in H, at 350 and 450
°C (H350 and H450, respectively) to investigate the basis for
superior performance of the H350 sample in water oxidation.
Comparison of the potential-dependent photocurrents to the
SEPL reveals the nature of the PL and the energies for
populating electron traps. The results are used to address the
possible role of the luminescent traps in water oxidation, and
the role of contacting solvent electrolyte on trap occupancy and
electron—hole recombination. Unlike the PL of nanocrystalline
anatase, the near-IR PL of rutile nanowires does not shift with
electrochemical potential or contacting solvent, nor does it vary
in shape or wavelength with H-treatment. Nevertheless, it will
be seen that the potentials for occupying traps vary with pH
and are different for aqueous and nonaqueous electrolyte.
Comparison of the potential dependence of the PL and the
anodic photocurrent reveal the nature of the trap states
involved and provides insight into the mechanism of water
photooxidation.

B EXPERIMENTAL SECTION

The rutile nanowire (RNW) films were prepared as described
previously.’ The films consist of densely packed nanowires
growing vertically on conductive FTO glass in the <001>
direction with predominately {110} surfaces. As-grown samples
were then either used as is, labeled “pristine”, or annealed in H,
at 350 or 450 °C. The hydrogen-treated samples are labeled
H350 or H450 for their treatment temperature. The nanowire
morphology can be seen in the Supporting Information, Figure
S1. The nanowire films prepared via this method were
previously confirmed to be rutile phase with XRD and high-
resolution TEM. The specific films used in this study were
confirmed rutile using Raman spectroscopy as seen Figure S2.

Aqueous electrolyte solutions of 0.2 M NaClO, in 18 MQ
H,O were prepared at pH values of 1.8, 6.1, 9.5, and 12.0 using
perchloric acid, phosphate buffer, carbonate buffer, and NaOH,
respectively. All buffers and electrolytes were sodium salts,
unless otherwise noted. Nonaqueous electrolyte solutions were
prepared in Optima-grade acetonitrile (ACN) from Fisher
Scientific. The ACN had a reported water content of 0.008%
and the NaClO, waters of hydration contributed 0.2 M water to
the ACN electrolyte solution. To test the influence of residual
water in ACN, additional experiments were done using ACN
electrolyte solution dried by 3A molecular sieves, and using
anhydrous LiClO, instead of NaClO, to avoid waters of
hydration. All solvents were degassed prior to solution
preparation.

DOI: 10.1021/acs.jpcc.5b11231
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Photoluminescence measurements with Fermi level control
were carried out as described previously.”"** Briefly, excitation
at 350.7 nm was provided by a BeamLok 2060 Spectra-Physics
krypton ion laser. The beam was passed through a 350 nm
interference bandpass filter to remove plasma lines. The
samples were arranged to measure the front face emission of
light using an excitation beam which impinges on the sample in
a near normal geometry. The emitted light was collected with
an objective lens, filtered with a 385 nm long-pass filter and
focused into an Acton SpectroPro 2300i monochromator
equipped with a 150 g/mm grating, and a thermoelectrically
cooled CCD (Princeton Instruments Specl0). Incident light
intensity at the sample was typically 100 mW/cm® Note that
this is much larger than typical intensities used in photo-
electrochemical measurements and is necessary owing to the
apparent low quantum yield of rutile PL. At the powers used
here, the efficiency of water oxidation is low as a result of
enhanced recombination.”" Exposure times were 4 s. Intensities
in Figures 1—35 are listed as counts collected in this 4 s interval.
To obtain reproducible PL intensities, a fixed illumination
geometry and incident laser power were used for all the
measurements. For SEPL, applied potentials were controlled by
a BASI00A electrochemical analyzer and a 3-electrode setup.
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Figure 1. PL of pristine (a), H350 (b), and H450 (c) rutile NW in air
(black) and Ar (red) environments.

3532

The working electrode and counter electrode were the rutile
nanowire films and platinum wire, respectively. The reference
electrode in aqueous solutions was 3 M NaCl Ag/AgCl. The
reference electrode in acetonitrile was a nonaqueous Ag/Ag*
reference electrode from BASi. The potential of Ag/Ag* in 0.2
M NaClO, acetonitrile was determined using cyclic voltam-
metry of the ferrocene/ferrocenium redox couple as an external
standard. All potentials reported herein are referenced to Ag/
AgCl (3 M NaCl), which is +0.209 V versus NHE. SEPL
measurements were carried out starting at positive potentials
and progressing to negative potentials in 50 mV steps and are
reported as maximum PL intensity vs electrochemical potential.
These are referred to herein as SEPL profiles. Repeat
measurements at the most positive potentials were obtained
at the end of each series to test reversibility. At each potential
step, the system was allowed to equilibrate for 20 s before
recording the current and subsequently recording the PL
spectrum. Further current measurements were made as a
function of potential using cyclic voltammetry (CV) with a scan
rate of 100 mV/s.

Bl RESULTS AND DISCUSSION

As seen in SEM images in the Supporting Information (SI),
Figure S1, the RNWs are rectangular in shape with growth
along the <001> direction, exposing mostly {110} surfaces,
with average lengths of about 5 um and oriented in the
direction perpendicular to the conductive substrate on which
they are grown. For the excitation/emission geometry used
here, the incident light excited PL from the majority {110}
surfaces as well as the top (001) surface.

Figures la—c show the PL spectra of pristine, H350, and
H450 RNWs in air and in argon. The dominant PL from
RNWs is a broad, near-infrared emission that peaks at 825 nm
(1.5 eV).'>"3¢ This wavelength is intermediate between the
peak at about 810 nm for the (110) surface and that at 840 nm
for the (100) surface.’” We are not aware of a measurement of
the near-IR PL for a bulk rutile crystal exposing the (001)
surface. In addition to the main peak at 1.5 eV, weak green PL
at about 550 nm (2.3 eV) is also observed. This PL appears to
be similar to that observed in mixed rutile-anatase films.'' Due
to its low intensity the green PL is emphasized less than the
near-IR in this work, but we note that it could be assigned to
oxygen vacancies as in past work on anatase nanocrystals, where
green PL increased on vacuum annealing.™® This weak visible
PL was found to be rather irreproducible, and overlap with the
visible PL of the conductive substrate was a problem for these
samples. In addition, the well-known ability of O, and H,O to
adsorb at oxygen vacancies may result in variations in the green
PL intensity.3 40

The photon energy of the near-IR PL indicates that the
luminescent trap states are located in the middle of the 3.0 eV
bandgap. Upon comparing the PL of pristine and H-treated
RNW samples, we observed no change in the shape of the
emission centered at 835 nm, indicating that these traps are not
affected by the hydrogen treatment, as seen in Figure S3 of the
SI. Furthermore, we observe no correlation between PL
intensity at 835 nm and H-treatment, suggesting that the H-
treatment does not significantly alter the number of near-IR
luminescent surface traps. The effect of air versus argon on the
near-IR PL intensity provides insight into the nature of the
transition. This effect is opposite to what is observed for the
visible PL of the anatase form of TiO,, which is almost
completely quenched in air at room temperature.'"*' It is also

DOI: 10.1021/acs.jpcc.5b11231
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in contrast to previous work on conventional rutile nano-
particles where the near-IR PL was found to be relatively
insensitive to the presence of air versus argon.'' It is well-
known that oxygen can scavenge electrons from TiO,,”"*****
though this effect seems to be more frequently associated with
anatase than with rutile (with the exception of ref 39).
Assuming that O, does capture electrons from the CB of the
nanowires, the results of Figure 1 argue for assigning the near-
IR PL to the recombination of deeply trapped (midbandgap)
electrons with VB holes. If the near-IR transition were the
result of radiative recombination of CB electrons with trapped
holes, air should have quenched rather than enhanced the
intensity of PL. At open circuit, the Fermi level is higher than
the energy of these traps and so they would already be
occupied. When O, is present to scavenge photogenerated
electrons from the CB, there is less competition for VB holes
and the PL increases. In contrast, the higher-lying electron traps
in anatase are populated through the conduction band such that
interception of free photoelectrons by O, prevents PL from the
recombination of trapped electrons with VB holes. The
question remains as to why the “oxygen enhancement” effect
was not observed previously when using conventional rod-
shaped rutile nanoparticles."' One explanation is that the
RNWs have more binding sites for O,, which is known to
adsorb at oxygen vacancies on rutile TiO,(110).** Alternatively,
better transport properties of RNWs compared to conventional
rutile nanoparticles may be responsible for the different effects
of oxygen on the PL. In either of these scenarios the effect of air
on the PL would be expected to be greater for H-treated than
pristine nanowires, and Figure 1 does display a trend of this
type. Though O, is thermodynamically capable of scavenging
electrons from rutile, it is apparent that it does so more
efficiently for nanowires than for conventional nanoparticles. In
order for adsorbed O, to scavenge photoelectrons from the
conduction band, the time scale for electrons to diffuse from
the illuminated part of the film to O, adsorption sites must be
fast compared to electron—hole recombination. Improved
carrier diffusion lengths and reduced recombination in
RNWs, as compared to previously used 10 nm by 40 nm
rutile nanoparticles, may explain why oxygen has a strong effect
on the PL of rutile nanowires but little effect on that of rutile
nanoparticles.''

To identify the effective electrochemical energy level of
luminescent trap states in aqueous solutions, potential-depend-
ent PL measurements were made in aqueous electrolyte
solutions with four different pH values. Figure 2a—c shows
the SEPL profiles for pristine rutile, H350, and H450
nanowires. The spectral shape of the near-IR emission does
not change with applied potential, as shown in Figure S4 of the
SL The following analysis simply looks at intensity at the peak
wavelength as a function of applied voltage. The intensity of PL
emission at 835 nm is steady at a baseline value at the most
positive potentials, and it then increases to reach a maximum at
a potential approximately 200—300 mV below the CB edge
indicated by the color-coded vertical lines in Figure 2. The CB
values used here are obtained using the equation Ecy = —0.16 V
— 0.059pH versus Ag/AgCl. We take the pH dependent
flatband potential of nanocrystalline anatase as reported in ref
45 and, in accord with ref 46, adjusted it to account for 0.2 V
less negative CB potential of rutile compared to anatase. (See
also ref 47.) After the peak in intensity, the PL at 835 nm then
rapidly decreases to zero as the applied potential becomes more
negative and approaches the CB. This decrease in PL is
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Figure 2. Photoluminescence intensity at 835 nm as a function of
applied potential for (a) pristine, (b) H350, and (c) H450 rutile NW
in 0.2 M NaClO, aqueous solutions pH 1.8 (black squares), pH 6.1
(red circles), pH 9.5 (blue triangles), and pH 12.5 (pink inverted
triangles). The vertical lines represent the flat band potentials for rutile
in aqueous solutions at their respective pH values. An additional data
point was recorded at the most positive potential for each scan to test

for reproducibility.

attributed to competition with nonradiative recombination, for
which the rate increases as electrons are accumulated.*® There
may be an additional decrease in PL as the Fermi level moves
above the conduction band edge owing to the blue-shift in the
band gap energy.*’

We note that, while the overall potential-dependent PL
behavior was consistent and reproducible for multiple samples
of H-treated and pristine films, the intensity of the PL plateau
at positive potentials varied across samples. For example, in
Figure 2a we see the intensity of the plateau for a pristine
sample is at or above 50% of the maximum PL intensity,
compared to less than 10% for H350 and H450 in Figure 2b,c,
respectively. The intensity of the PL plateau is inversely
proportional to the photocurrent at the associated applied
potentials for comparable samples, as shown by Figure SS in
the SI. We note that a higher PL plateau, as in Figure 2a, is
more commonly observed for pristine samples than for H-
treated samples. The ability to directly populate or depopulate
traps through variation of the applied potential is dependent on

DOI: 10.1021/acs.jpcc.5b11231
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the relative rates of carrier transport and recombination. The
superior transport properties of the H350 and H450 samples, as
compared to pristine RNWSs, makes it easier to empty and fill
traps as the applied potential is made respectively more positive
or negative. Given that the Fermi level at open circuit is likely
to lie a little below the CB minimum, electrons trapped in the
middle of the band have to be pulled out as positive potential is
applied. Less eflicient transport in pristine RNWs compared to
H-treated samples results in more frequent appearance of the
plateau at positive potentials in the former. We found the
occurrence of this plateau to be somewhat irreproducible. This
observation could correlate to the well-known dependence of
oxygen vacancy content on sample history and preparation,*’
and the resulting influence of these defects on transport.”' In
addition, rutile nanowires have been shown to undergo
photocorrosion which causes the decay of photocurrent over
time.”" This photocorrosion might explain fluctuations in trap
state density and thus PL intensity. Although beyond the scope
of the present study, it has been reported recently that the
photostability of rutile nanowires can be enhanced though
surface treatments.””

We can envision several different mechanisms for the near-IR
PL: recombination of trapped electrons with VB holes,
recombination of CB electrons with trapped holes, recombina-
tion of a donor—acceptor pair,”> or a molecularly based
emission such as one associated with d—d transitions of an
electron trapped as Ti**.*° For the first of these, we would
expect that, in the absence of an overpotential for populating
trap states, the PL should increase as the Fermi level is raised
(increasingly negative potential) through the energy of the trap
state, which should be poised 1.5 V below the CB edge. It is
apparent that for aqueous electrolyte the onset potential for the
PL increase is more negative than expected on this basis.
Alternatively, if the PL results from a hole trapped 1.5 V below
the CB, the PL should have started off at a baseline value
limited by the incident light intensity (number of photoholes)
and simply decreased when the Fermi level is raised past the
middle of the band gap. This is not what is observed either.
However, when the electrolyte is acetonitrile (ACN) instead of
water, a different SEPL profile is obtained and will be shown to
provide insight into the nature of the PL transition.

As we have seen previously, the interaction between water
and the TiO, surface can have a strong effect on the
electrochemical energy level required to populate trap states
and thus the potential-dependent PL in aqueous solutions.*”
Therefore, we tested the influence of water on the SEPL of
RNWs by repeating the measurements using the relatively
electrochemically inert solvent acetonitrile. Figure 3a—c shows
the SEPL for pristine, H350 and H450 RNWs in nonaqueous
environment. The shape of the near-IR PL spectrum is the
same in water and in ACN, as seen in Figure S6 of the SI. Note
that the data in Figure 3 were taken using ACN electrolyte
containing about 0.2 M water. The most striking feature in the
results in this solvent is the peak in PL near +500 mV and the
rapid quenching of the PL as the applied potential approaches 0
mV vs Ag/AgCl. A second PL increase in ACN occurs between
—300 and —500 mV with a subsequent peak and decrease near
the estimated CB potential of —600 mV vs Ag/AgCl. Here we
are applying the results of She et al,”> who found the CB
potential in ACN that has not been extensively dried is
approximately equivalent to that found in water at pH 7.8.
Adjusting for the lower energy CB of rutile approximates the
CB potential at =600 mV versus Ag/AgCl.46 Thus, the PL peak
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potential for (a) pristine, (b) H350, and (c) H450 rutile NW in 0.2 M
NaClO, ACN.

at more negative potential appears to correspond to the single
peak in the SEPL for RNWs in water, since in all cases the PL
falls off as the CB potential is approached.

The presence of a second peak in the SEPL profile at positive
potential in ACN but not water is similar to our previous results
with mesoporous anatase TiO, films.** In these RNW samples,
the increase in PL intensity 0.2—0.3 V below the CB seen in
aqueous solutions does not match the 1.5 eV photon energy of
the PL emission. Conversely, the SEPL peak at +0.5 V vs Ag/
AgCl, observed in ACN, is about 1.1 eV below the CB edge.
Compared to the SEPL data in the presence of water, this peak
aligns more closely with the expected trap state position, i.e.,
near the middle of the 3.0 eV band gap. Due to this closer
agreement between the spectroscopic and electrochemical
energies, we suggest the SEPL data in ACN more accurately
represents the energetic position of luminescent traps in RNW
samples. We assign the two peaks in the SEPL for RNWs in
acetonitrile to two mechanisms for filling of the midbandgap
trap. The peak at positive potential represents the isoenergetic
pathway for delivering carriers from the potentiostat to the trap
state, while the peak at more negative potential results from

DOI: 10.1021/acs.jpcc.5b11231
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mobile carriers, in transport-limiting states just below the CB
edge, which are captured inelastically by lower energy traps.
The uncertainty about whether the primary increase in PL
observed at +0.75 mV vs Ag/AgCl in ACN is actually 1.5 V
more positive than the CB potential may be compounded by
the influence of residual water in the electrolyte solution. To
address this, we repeated the nonaqueous SEPL experiment
using 0.2 M anhydrous LiClO, as the electrolyte in ACN dried
with 3A molecular sieves. As shown in Figure 4, the results are
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Figure 4. SEPL profile of H350 RNW in dry 0.2 M LiClIO, ACN
before (black) and after (red) adding 4% by volume dry EtOH.

similar to those of Figure 3 except that that the peak in PL
intensity at positive potential is several hundred millivolts more
positive than that for wet ACN. There is no corresponding
change in the onset of the peak at more negative potential. The
flatband potential for anatase TiO,, and presumably also for
rutile, is known to be more negative in dry ACN than in water
and protic solvents, and to shift positively in the presence of Li
in aprotic solvent.”* Since the SEPL peak at negative potential
does not shift as a result of the small amount of water in the
wet ACN electrolyte, we assume that the water content in this
electrolyte is insufficient to move the CB to lower energy
compared to dry ACN. There is some ambiguity, however, in
the comparison of dry ACN containing LiClO, and wet ACN
with NaClO, and 0.2 M water. If rutile TiO, is comparable to
anatase, the removal of water might have caused the conduction
band potential to shift negatively, while addition of Li* could
result in a positive shift. The appearance of the negative
potential SEPL peak at the same position in both electrolytes
could result from a cancellation of these two effects. While
more study of the effect of Li* versus Na* is warranted, the

significant shift in the positive potential SEPL peak seems to be
dominated by water content. The shift of this peak to more
positive potential in the absence of water suggests an
overpotential for the isoenergetic occupation of traps when
water is present, similar to what was observed for anatase
TiO,.”* Note that the position of the positive potential SEPL
peak in dry ACN is close to 1.5 V above the valence band,
matching the energy of the PL transition. The SEPL scan in dry
ACN was also repeated after the addition of 4% by volume dry
ethanol (EtOH) as shown in Figure 4 for the H350 sample.
Similar results were obtained for the pristine sample in dry
ACN and ACN with EtOH added, shown in Figure S7 of the
SL It is apparent that the intensity of PL at all potentials is
diminished in the presence of EtOH, consistent with efficient
scavenging of VB holes. The effect of EtOH on the intensity of
near-IR PL is further evidence that the PL results from
recombination of trapped electrons with VB holes. The small
peak in the SEPL at positive potential for the sample containing
a small amount of EtOH is shifted a few hundred mV positive
of the corresponding (larger) peak in the SEPL for dry ACN
electrolyte. The enhanced rate of hole scavenging in the
presence of EtOH translates into the need to raise Ep to a
higher value before nonradiative recombination outcompetes
the weak PL.

The comparison of SEPL measurements in nonaqueous and
aqueous electrolyte may be highlighting a significant difference
in electron transport in RNWs in contact with a bulk aqueous
solvent compared to bulk acetonitrile. As we observed
previously in anatase, there appears to be an impediment for
electrically occupying electron traps in aqueous solutions unless
the Fermi level is high enough to access shallow electron traps
within a couple hundred millivolts of the CB. We see this in
Figure 2 where there is only a plateau of PL intensity at positive
potentials where the electron traps should be detected. The
applied potential has no effect on the PL until reaching
approximately 500 mV below the conduction band edge in
aqueous solution. When the electrons from the potentiostat
reach the level of these shallow traps, they are then more
mobile and can diffuse rapidly away and decay either
nonradiatively with VB holes or into the midband gap trap
states. This results in the overall increase in PL at applied
potentials slightly below the CB in aqueous solution. In
comparison, in ACN solution, electrons from the potentiostat
are readily able to occupy trap states when the applied potential
reaches the trap state energy level. The second PL increase seen
in Figure 3, just below the CB, is assigned to the same process
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as described for aqueous solution above; i.e., inelastic capture of
mobile electrons by traps. The decrease in PL as the Fermi level
(Eg) is moved above the energy of the deep or shallow traps
results from the decreased rate of occupying traps as compared
to the rate of nonradiative decay, which increases as electrons
are accumulated. Enhanced occupation of the luminescent
(deeper) trap when Ej overlaps the shallow trap distribution is
consistent with participation of the latter in trap-mediated
transport.

The complete absence of the peak at positive potential for
water but not for wet or dry ACN could result from water
photooxidation which competes effectively for the VB holes
required for PL. However, water is well-known to adsorb
strongly on the TiO, surface, so photooxidation could have also
taken place in the presence of ACN. This question is addressed
below by examination of the potential dependence of
photocurrents.

In all of the above PL measurements, the steady-state current
was recorded at each potential along with the PL spectrum. The
current was measured both under illumination from the laser
and for the sample in the dark. The difference between the
current for the illuminated and dark sample is the photocurrent.
For example, the behavior of current for the illuminated and
dark samples in relation to PL for H350 rutile is shown in
Figure 5. For the aqueous sample, Figure Sa, the photocurrent
decreases at a potential near where the PL is reaching a
maximum, namely, — 0.5 V vs Ag/AgCl for pH 9.5. In ACN,
Figure Sb, the photocurrent decreases between +0.75 and +0.5
V vs Ag/AgCl, concurrent with the maximum in PL. The
photocurrent is present mainly at positive potentials, consistent
with the presence of photooxidation. We observe a competition
for photogenerated holes between photooxidation and PL. For
example, in ACN, photooxidation of surface species by VB
holes is occurring at the most positive potentials until raising
the Fermi level results in the midbandgap traps being filled and
many more electrons begin competing for mobile holes near
the surface. In water, the photooxidation by VB holes continues
until much more negative potentials because the potentiostat is
not able to access midbandgap traps until the Fermi level nears
the CB, thus there is little competition for VB holes for a much
wider range of potentials in water compared to in ACN.

In the absence of incident light, only cathodic current is
observed as expected for an n-type semiconductor. The
potential at which the current changes sign when the sample
is illuminated is close to the onset potential for the dark
cathodic current. When there is no reversible redox couple
present in the electrolyte, the photocurrent onset potential is
controlled by the kinetics of charge exchange at the interface.>®
In the presence of efficient hole scavengers, the onset potential
of the photocurrent is often taken to represent the flatband
potential V3>’ In nanosized particles lacking a space-charge
layer, Vg, is equal to the potential at the minimum of the
conduction band Ecp. (It is widely assumed that a negligible
space-charge layer exists for moderately doped nanoparticles
immersed in electrolyte solution. While the donor densities Ny,
of our samples may be large enough to support a space charge
layer in the radial direction,”” we do not have accurate
knowledge of Np and are unable to calculate the difference
between the conduction band minimum and the flatband
potential.) It is apparent for the SEPL in aqueous electrolyte
that the onset potential for photocurrent is a few hundred mV
less negative than the pH-dependent CB potential, Ecg. In
ACN electrolyte, the difference is larger, and the photocurrent

3536

onset potential occurs at about 400 mV, about 1000 mV less
negative than Ecp. The ineflicient scavenging of holes by
residual or bulk water translates into a kinetic competition
between recombination and photooxidation which controls the
onset potential for the photocurrent.

The above results comparing currents for the dark and
illuminated samples were repeated using voltage sweeps at 100
mV/s, as shown in Figure 6a—e. The scans were done from
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Figure 6. Voltammograms of currents in rutile nanowires in the dark
and under illumination. Pristine in water (a) and ACN (b), H350 in
water (c) and ACN (d), and H450 in water (e) and ACN (f). Note
that only the scan from positive to negative (cathodic scan) is shown,
for clarity.

positive to negative potentials to mimic the process used for
potential-dependent PL measurements. In the voltage sweep
results for a pristine RNW sample, Figure 6a,b, we see almost
no photocurrent in aqueous or ACN solutions, which is
consistent with the near-zero IPCE at 350 nm for pristine
samples shown in ref 6. For the H350 sample in aqueous
solution, Figure 6¢, there is photocurrent until approximately
—400 mV. For both H350 and H450 in ACN, Figure 6d,f, there
is always a decrease in photocurrent where the PL reaches a
maximum at +500 mV vs Ag/AgCl For the illuminated sample,
the current in the presence of ACN goes to zero at about +500
mV for H350 (Figure 6d) and +800 mV for H450 (Figure 6f),
but in both cases the photocurrent, defined as the difference
between the light and dark currents, goes to zero at about +500
mV. In the aqueous samples, the potential of the zero crossing
of the current for the illuminated sample is also more positive
for H450 (Figure 6e) than H350 (Figure 6¢), despite that the
zero crossing is identical for H350 and H450 in steady state
photocurrent measurements. We speculate that these observa-
tions result from kinetic effects on the time scale of the voltage
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sweep. Significant dark cathodic current in the H450 sample, of
unknown origin, appears to add to the current for the
illuminated sample. However, for both H350 and H450,
currents for the dark and illuminated sample coincide at
potentials less than +500 mV in ACN and —400 mV in water,
similar to the steady state data in Figure S. This is in keeping
with the perception that transport and thus isoenergetic
occupation of deep traps is sluggish in water as compared to
ACN. While we can only monitor the luminescent traps
directly, nonluminescent traps can promote nonradiative
recombination. If these are also more difficult to populate in
the presence of water, as the applied potential is made more
negative, this would explain the extended potential range for
which photooxidation can outcompete recombination. In the
presence of ACN, the coincidence in the decrease in the
magnitude of the anodic photocurrent with the SEPL peak at
about 500 mV reveals that the luminescent transition and
photooxidation compete for VB holes. The potential at which
the photocurrent eventually goes to zero is that for which the
rate of recombination begins to exceed that at which holes are
scavenged by water or other reductants. In water as compared
to ACN, inefficient isoenergetic occupation of deep traps,
whether they are luminescent or not, results in less competition
for holes and an extended potential range for the photocurrent.

One may ask why there would be any oxidation occurring in
the ACN solutions. As we mentioned earlier, there is trace
water in our ACN solutions made with NaClO, so it is possible
the current is due to oxidation of residual water. This trace
water could contribute to photocurrent but not drastically
influence electron transport as seen in the potential-dependent
PL measurements when bulk water is present. However, the
magnitude of the photocurrent for the same incident laser
power is similar for water, wet ACN and dry ACN electrolytes,
suggesting that surface species rather than bulk water are being
photooxidized. We note that the incident light flux is on the
order of 10** photons/sec and the measured current is on the
order of 10" electrons/sec, implying a nearly 100% quantum
efficiency of photooxidation in all samples. Capture of holes by
chemisorbed water and hydroxyl groups on the surface may
contribute in to the photocurrent in all cases.

B SUMMARY

Figure 7 presents our model for the PL of rutile nanowires.
Significantly, the near-IR PL is assigned to the radiative
recombination of trapped electrons with valence band holes.
The SEPL results enable the approximate electrochemical
energy of the trap state in the presence of acetonitrile to be
specified, as shown in the figure. In contrast, a large
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Figure 7. Scheme of proposed locations and identities of luminescent
traps in rutile TiO,.
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overpotential is required to occupy the trap in aqueous
media. The inverse relation between near-IR PL and anodic
photocurrent results from competition for valence band holes.
Inefficient isoenergetic trapping of electrons in the presence of
bulk water results in photocurrents which persist over larger
potential ranges as compared to acetonitrile electrolyte. The
weak green PL appears to be the same as observed in
anatase' "*"**** in the presence of hole scavengers and at
applied potentials near that of the CB edge. As discussed
further below, we tentatively assign this visible PL to
recombination of mobile electrons with trapped holes
associated with oxygen vacancies.

The question remains as to the nature of the chemical species
responsible for trapped electrons. Any model for the near-IR
electronic transition must explain why the PL spectrum itself
does not change with pH despite the Nernstian shift in the
potential for occupying the luminescent trap. We must also
explain why stronger near-IR PL of rutile nanowires is observed
in the presence of O, from air compared to argon, while no
difference is seen in the weak green PL. H-treatment is thought
to increase oxygen vacancies, introducing color centers where
one or two electrons are trapped. In addition, each bridging
oxygen removed can lead to two adjacent Ti** centers. Since
the near-IR PL does not increase in intensity on H-treatment,
we do not think it is associated with oxygen vacancies of this
type. Rather, the weak green PL, similar in shape to the
component at that wavelength in anatase, appears to be related
to oxygen vacancies and exhibits a weak tendency to increase in
intensity on going from pristine to H350 to H450. Variations in
SEPL response of the green PL correlate to the capacity of
water and O, to bind at surface oxygen vacancies, making the
green PL and its potential dependence less reproducible than
that of the near-IR PL. In the SEPL of the latter, the plateaus at
positive potential do vary with sample handling, but the
potentials at which peaks and dips in the PL occur are more
reproducible. 5-fold coordinated titanium centers, Tig, which
make up half of the bulk terminated rutile (110) surface, could
trap electrons, forming Ti**. These are known to give rise to a
broad spectroelectrochemical absorption in the visible and
near-IR resulting from d—d transitions. The spectrum of these
Ti** centers under applied bias is similar for anatase and
rutile,”” but the PL from these same trapped electrons appears
at visible wavelengths in anatase. On first glance, it may seem
unlikely that the near-IR PL of rutile results from electrons
trapped at Tis**, since it is hard to rationalize why the
absorption spectra of Tis>* could be the same in rutile and
anatase but the PL different. However, the luminescent
transition is not the reverse of the molecularly based d—d
transition responsible for the spectroelectrochemical absorption
spectrum, which does not change the ionization state of Ti.
Rather it is the recombination of the trapped electron with the
valence band holes and the energy for this recombination
depends on the electrochemical potential of Ti>*/*" compared
to that of the valence band, which is different in rutile and
anatase.

H-treatment was also shown to introduce titanol groups, Ti—
OH, on the surface of RNWs. These too could trap electrons
(or holes),* but since the near-IR PL does not increase on H-
treatment and the spectrum itself is not pH-dependent,
electrons localized at titanol groups are unlikely to be involved
in the near-IR PL. In addition to oxygen vacancies which are
well-known to give rise to donor-states which enhance
transport, interstitial titanium, Ti, is another defect in rutile.
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Wendt et al.”’ presented STM images and DFT calculations
supporting the assignment of a defect state, found at about 0.85
eV below the Fermi level of rutile (110), to interstitial titanium,
Ti,. The conventional assignment of this state is to an oxygen
vacancy’’ or an electron trapped at Ti as a small polaron.”®
Wendt et al,>” on the other hand, attribute this feature, also
found on the crystallographically equivalent (101) surface of
bulk anatase at a slightly different energy, to Ti. They report
that the reduced rutile (110) surface reacts with O, to form Tj;
which then diffuses to the near surface. The presence of the
defect state was not affected by hydration or the presence of
oxygen vacancies. This appears to be the same defect state,
assigned differently, reported in refs 46 and 50 to be at slightly
different energies for rutile (110) and anatase (101). For
example, Setvin et al.*® found the gap state on rutile (110) to lie
about 0.7 eV below Eg, while the similar state in anatase is 1.0
eV below Ep. The localization of electrons in Ti 3d orbitals, on
formation of Ti**, results in substantial lattice relaxation® that
would reasonably depend on the crystal structure. In contrast to
the results of photoelectron spectroscopy, transient spectros-
copy of TiO, nanoparticles suggests that electron traps are
deeper in the rutile than in anatase.”

Assignment of the trapping site location to a subsurface layer
would help to explain why the shape of the near-IR PL
spectrum does not shift with pH in aqueous media.
Alternatively, theory® and experiment’' suggests that trap
states for excess electrons in rutile are distributed over several
Ti lattice sites. In addition to its lower energy compared to the
corresponding trap state PL in anatase, the near-IR PL of rutile
is relatively narrow, with a half-width at half-height of about
0.25 eV compared to about 0.8 eV for the visible PL in anatase.
Spreading of the electron density as suggested by theory and
experiment would translate into smaller displacements in the
lattice modes upon recombination of the trapped electron with
holes, leading to a more narrow Franck—Condon profile.

The pH-dependence of trap occupation onset potentials in
water follows that of the conduction band. As in many metal
oxides, the CB potential of TiO, shifts to more negative
potential with increasing pH,**” as a result of protonation and
deprotonation equilibria on the surface. Further, it is known
that electron trapping by TiO, in aqueous media is
accompanied by proton insertion.®” Partial delocalization of
the trapped charge, especially to subsurface regions, would
explain why the state of protonation of the surface does not
shift the PL spectrum. We speculate that the proton-mediated
surface properties of water in the Helmholtz and near surface
region are responsible for the observed overpotential, about 1.2
V, for occupying the trap state in the presence of water. The
isoenergetic occupation of traps in wet (or dry) acetonitrile, on
the other hand, is facile, revealing that the overpotential in
aqueous electrolyte derives from bulk properties of water near
the surface. The ability of electrons from the potentiostat to
reach the illuminated region of the RNW film depends on the
efficiency of carrier transport from the conductive substrate to
the surface traps. The ambipolar nature of the electron diffusion
in nanoparticulate TiO,** emphasizes the solvation of surface
charges. The strong interaction of water with the TiO, surface
could contribute to an energy barrier for transport owing to
solvent reorganization.

In ref 7, weak blue PL at about 450 nm was reported to decay
over a range of picosecond to nanosecond time scales, with
overall slower decay in H-treated samples. The defect state
responsible for this PL was assigned to an oxygen vacancy lying
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about 0.3 eV below the CB. In the present work, we associate
the weak green PL with a peak at about 550 nm to the
recombination of free electrons with oxygen vacancy-related
hole traps. We have previously found that increasing the
incident light intensity (using CW excitation) results in a blue
shift in the PL spectrum of TiO, nanotubes. (See the SI of ref
64.) The higher instantaneous powers used in the measurement
of the time-resolved PL in ref 7 could have resulted in the shift
from 550 to 450 nm. Similarly, Fujihara et al.®® reported PL at
450 nm in suspensions of rutile nanoparticles, obtained using
pulsed UV laser excitation. The basis for this blue shift may be
similar to a Burstein—Moss shift: increase in the quasi-Fermi
level of electrons under high power results in a higher energy
transition. In addition to a blue-shift in the PL, high excitation
densities of pulsed lasers shorten the PL lifetime compared to
weak excitation,'® owing to enhanced recombination rates as
the quasi-Fermi level is raised.*® As shown in ref 16, the near-IR
PL of rutile nanoparticles in air at room temperature decays on
a millisecond time scale under weak excitation conditions.
Decreased recombination in rutile nanowires could result in
even longer lifetimes of the near-IR PL.

The failure of oxygen in air to quench the green PL of RNWs
is puzzling when considered alongside the enhancement of the
near-IR PL in air as compared to argon (Figure 1). If the latter
effect is attributed to decreased nonradiative recombination
resulting from scavenging of CB electrons by O,, then the
green PL should have been quenched by air, as it is for anatase
nanoparticles. The discrepancy might be explained by a much
faster decay of the green PL compared to the near-IR PL.
Though the visible PL of rutile has been observed to decay on a
nanosecond time scale”®® in pulsed laser experiments, its
lifetime under weak excitation conditions is not available and
would be difficult to measure due to low quantum vyield.
Another unknown factor is the lifetime of the PL compared to
the time scale for electron scavenging. Though we cannot say
with certainty that the different effect of O, on the green and
near-IR PL of RNWs is a result of their different PL lifetimes,
the low intensity of the visible PL compared to the near-IR is
itself an argument for associating a shorter lifetime with the
former.

Finally, we note interesting comparisons of the PL of anatase
and rutile nanoparticles. Both phases have crystal structures
that can be viewed as connected TiOg4 octahedra, which are
more densely packed in rutile than in anatase. The similar
oxygen-vacancy related PL in both rutile and anatase may
reflect the localized nature of the associated oxygen vacancy
defect. The near-IR PL of RNWs, on the other hand, appears to
derive from electrons trapped as Ti** but not necessarily on the
surface as in the case of the under-coordinated Ti centers
responsible for red and yellow PL of anatase. This conclusion
derives from the very weak dependence of the near-IR PL of
rutile nanoparticles on contacting solvent, as compared to
strong solvent dependence for anatase visible PL.'' The
electron traps in rutile are deeper than those in anatase both
in an energetic and spatial sense.

Bl CONCLUSIONS

The photooxidation of water by rutile nanowires is the result of
transfer of valence band, rather than trapped, holes. Improved
transport properties rather than differences in trap state
distributions are the basis for the superior performance of H-
treated nanowires compared to pristine nanowires. The near-IR
PL of the nanowire samples reveals that the transition results
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from recombination of trapped electrons with valence band
holes and is thus competitive with photooxidation. The
intensity of this PL under Fermi level control reveals that
there is a large overpotential for occupying traps in the
presence of bulk water, and only a small barrier in the presence
of trace water in acetonitrile electrolyte. The barrier to trap
occupation in the presence of water as compared to acetonitrile
may be a consequence of poor carrier transport in the former,
which inhibits the isoenergetic occupation of deep traps under
potentiostatic control. In acetonitrile, whether dry or containing
~0.2 M water, the isoenergetic pathway is facile, and in both
acetonitrile and water conduction band electrons are efficiently
captured inelastically by the electron trap responsible for near-
IR PL.
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