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ABSTRACT: We recently demonstrated scalable, one-pot syn-
theses of one-dimensional, titania lepidocrocite microfilaments by
reacting Ti-containing water-insoluble, earth-abundant compounds
such as TiC, TiB2, TiN, etc., with tetraalkylammonium hydroxide,
TMAOH, for a few days at 85 °C under ambient pressure. The
resulting one-dimensional lepidocrocite (1DL) titania-based nano-
filaments, NFs, tend to self-align along the [100] growth direction
to form microfilaments that sometimes self-align into pseudo-two-
dimensional (2D) sheets. With sub-square-nanometer cross
sections, the resulting band gap energy, Eg, at 4.0 eV is one of
the highest ever reported for a titania material. Despite a large
band gap, the nanofilaments exhibit significant absorbance
throughout the visible spectrum ascribable to intra-gap defect
states based on UV−Vis absorbance data and ultraviolet photoelectron spectroscopy (UPS). UP spectra demonstrate work functions
of 4.0 ± 0.3 eV vs vacuum and Fermi energies of 3.8 ± 0.1 eV with respect to the valence band edge. Transient absorption (TA)
spectroscopy of the 1DL nanofilament thin films with sub-band-gap, visible-light illumination reveals photoexcitations with lifetimes
in excess of nanoseconds. In combination with the established oxidative stability, long-lived visible photoexcitations bring forward
possible applications of 1DL nanofilaments in photocatalysis and optoelectronics.

1. INTRODUCTION
Tackling global energy challenges requires inexpensive, nano-
structured materials for a host of applications, including solar
energy conversion via photocatalysis or generation of photo-
currents in solar cells. Quite recently, we discovered a simple,
one-pot, near-ambient, almost universal process to convert
low-cost, ubiquitous nontoxic starting materials, such as TiC,
TiN, TiB2, and Mn3O4, into highly quantum-confined,
oxidatively stable materials with excellent catalytic properties
that are relevant to our global energy challenges.1,2

Early studies have elucidated important phenomena in the
synthesis and properties of these new materials. When utilizing
titanium-based precursors, the resulting materials demonstrate
nanometer-to-microns-long filaments with sub-nm2 cross
sections. More recently, we reported on the general validity
of this synthesis protocol not only with Ti-based powders but
also with Mn-bearing precursors that yield crystalline two-
dimensional (2D) MnO2 birnessite sheets with lateral sizes of
≈200 nm.2 However, we presently focus on materials with Ti-
based precursors. While initial density functional theory
(DFT) calculations suggested a structure involving a one-
dimensional (1D) analogue of anatase,1 more recent trans-
mission electron microscopy (TEM) and Raman spectroscopy
with updated calculations reveals a lepidocrocite-like one-

dimensional titania 1DL nanofilaments with sub-nanometer
cross sections.3 Reports of lepidocrocite-like titania include its
formation on templating surfaces such as Cu(001),4 as well as
free-standing films,5 but this form is comparatively under-
studied relative to the anatase and rutile forms of TiO2.
Precursors include TiC, TiB2, TiN, Ti3AC2 (A = Al, Si, Ga,

Sn, etc.), and Ti2SbP that are immersed in an aqueous base at
85 °C for several days. The quaternary ammonium base may
have propyl or butyl chains, but most commonly, we use
tetramethylammonium hydroxide, TMAOH, that dissolves the
precursor and, with time, results in the 1DL nanofilaments, the
structure of which is shown in Figure 1.1,3 Interestingly, related
investigations revealed that the sub-nanometer-wide products
can self-assemble into a plethora of morphologies, from
nanofilaments to bundles of nanofilaments, to micrometer-long
filaments, and to two-dimensional flakes that are readily filtered
into self-standing films.1 Recent Raman and high-resolution
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transmission electron microscopy, TEM, studies of filtered
films revealed the structure to be composed of 1DLs that are
capable of self-alignment into pseudo-2D sheets.3 The 1DL
NFs grow along the [001] and stack along the [010]. X-ray
photoelectron spectra, XPS, and near-edge absorption spectra
are consistent with the inclusion of both Ti3+ and Ti4+
oxidation states.1

Light absorption results from the initial report suggest a
highly quantum-confined material.1 While researchers have
previously produced 2D titania sheets with Eg ≈ 3.6 eV,6,7 to
our knowledge, the Eg = 4.0 eV is the highest reported for
titanium dioxide and remains consistent with quantum
confinement effects as dimensions shrink.8,9 The strong
quantum confinement effect that yields the increased band
gap indirectly supports the 1D nature of our filaments and
implies that the absorption axis is coupled to the sub-nm2 cross
section rather than their micron-scale lengths. While there is a
wide body of literature that reports and discusses 1D anatase
based on extremely high-aspect-ratio structures, as far as we are
aware, our material is unique in showing substantial quantum
confinement. Considering the sub-nanometer cross section, the
1DL nanofilamens possesses extremely high theoretical surface
area of the order of ≈1000 m2 g−1. Films of 1DLs demonstrate
good performance as electrodes in lithium-ion and lithium−
sulfur systems, as well as excellent oxidative stability.1 They are
also quite good at photocatalytically producing hydrogen, H2.
The latter results are particularly topical as nanostructured,10,11

and doped12−15 titanium oxides are some of the most
extensively investigated materials for photocatalytic and
photoelectrochemical applications.
Despite promising initial results, questions remain regarding

the specific chemical structure, surface states, and the interplay
between those chemical features and the resulting electronic
properties. Computational studies have postulated the proper-
ties of quantum-confined 1D titanium oxides;16−19 however,
few experimental reports exist on ultrathin titanium oxide with
sub-nm thickness.4,5,9 Further, the large Eg = 4.0 eV band gap
for the 1DLs stands in contrast to the material’s dark color,1

which for Eg = 3.0 eV rutile and Eg = 3.2 eV anatase is
frequently ascribed to be due to defects such as Ti3+ and
oxygen vacancies.20 Significant sub-band-gap optical absorp-
tion in 1DL films supports the presence of defect states. The
paucity of knowledge about 1DL combined with its catalytic
potential drives research to understand the optical and
electronic structure of this material and motivates the present
investigation.
Herein, we synthesized 1DL from TiC and 25 wt % aqueous

tetramethylammonium hydroxide, TMAOH, at 85 °C for 7

days. Solution-suspended 1DL nanofilaments were spin-
deposited or drop-cast onto quartz for optical experiments or
degenerately doped silicon for photoelectron spectroscopy.
Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) established the morphology of our
nanostructures. A combination of ultraviolet photoelectron
spectroscopy (UPS) and UV−Vis spectroscopy elucidated
electronic structure. Finally, transient absorption (TA) spec-
troscopy characterized optical excitations. We find that sub-gap
3.1 eV (400 nm) laser pulses generate long-lived photo-
excitations with lifetimes in excess of nanoseconds, ns. This
observation, combined with their high oxidative stability and
exceptionally high surface area, suggests possible applications
in water remediation, photocatalysis, and sensing, among many
others.

2. EXPERIMENTAL DETAILS
2.1. Materials and Chemicals. Reagents for 1DL

synthesis included TiC (99% pure, 2 μm gray powder,
Strem, used as received) and tetramethylammonium hydrox-
ide, TMAOH, (2.8 M or 25 wt % in water, Thermo Scientific,
used as received). Post-synthesis treatment included lithium
chloride (LiCl, >99%, ACS, Acros, as received), ethanol
(anhydrous, histological grade, Fisher, as received), and >18
MΩ cm water (Millipore Milli-Q dispensing system).
Chemicals for cleaning included concentrated sulfuric acid
(H2SO4, ACS grade, Fisher, as received) and aqueous
hydrogen peroxide (H2O2, 30%, Certified ACS, Thermo
Scientific, as received). Quartz slides for optical spectroscopy
experiments (Ted Pella) were cleaned with an Alconox
solution, rinsed in water, and dried under argon, Ar (ultrahigh
purity, Airgas). Silicon substrates for photoelectron spectros-
copy experiments were single-sided polished, 525 ± 15 μm
thick, ≤0.006 Ω cm resistivity, degenerately arsenic-doped n+-
Si(111) (Addison Engineering). Both quartz slides and silicon
wafers were cleaned in piranha solution, rinsed in water, and
dried under argon directly before use. Caution: piranha
solution, a 3:1 mixture of concentrated H2SO4 and 30%
H2O2(aq), is a strongly oxidizing acid that reacts violently and
exothermically with organic matter. Use appropriate safety
measures for handling and disposal.

2.2. Synthesis of 1DLs and Film Preparation. Synthesis
of 1DLs proceeded in capped 60 mL high-density polyethylene
bottles (Nalgene). A 1/16″ hole was drilled in the bottle cap
prior to use, affording venting during synthesis. Typical reagent
quantities included 1.0 ± 0.03 g TiC and 10.3 ± 0.1 g
TMAOH(aq). The precursor quantities specified yield a 1:2.2
ratio between Ti metal atoms and TMA cations. With vigorous
stirring from a cross-type stir bar, reactions proceeded for 7
days at 85 °C.
Following the synthesis, rinsing, purification, filtering, and

deposition yielded the 1DL films under study. Centrifugation
at 3000g for 2 min initially separated the particulate products
from the TMAOH solution. Following decanting and
discarding of the supernatant liquid, the 1DLs were
resuspended in 15 mL of fresh ethanol via physical agitation
and sonication. Three cycles of centrifugation as above,
decanting, and resuspension further purified the material
remaining in the pellet after each stage of rinsing and
centrifugation in ethanol. Through each stage of ethanolic
centrifugation, the supernatant showed no signs of suspended
material and progressively transitioned from light brown to a
clear solution. With the final decanting of the clear ethanolic

Figure 1. Schematic of nanomaterials composed of 1D lepidocrocite-
like titanium dioxidedioxide, 1DL. Blue and red spheres represent Ti
and O atoms, respectively. Adapted from ref 3.
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supernatant, the 1DL centrifugation pellet was suspended in 20
mL of water and thoroughly sonicated. Following centrifuga-
tion at 3000g for 2 min, the aqueous supernatant demonstrated
significant turbidity that was decanted and utilized for ongoing
film preparation while the centrifugation pellet was discarded.
This aqueous suspension of 1DL nanofilaments was alter-
natively stored as non-LiCl-rinsed material or subsequently
cleaned with LiCl to further remove any remaining
tetramethylammonium, TMA+, cations.
For LiCl-rinsed 1DL films, we added 20 mL of 0.1 M

LiCl(aq) to the turbid, aqueous supernatant suspension, agitated
to mix, and sonicated the mixture for 30 min. Following
sonication of the LiCl-containing 1DL suspension, centrifuga-
tion at 3000g for 2 min revealed a pellet that was retained and
a clear supernatant solution that was discarded. Redispersion of
the pellet in fresh water, sonication, and centrifugation at
3000g for 2 min yielded a turbid supernatant as above. This
turbid supernatant was decanted and stored as a suspension of
LiCl 1DLs while the pellet was discarded.
Films for AFM analyses were formed by spin coating a

solution of 1 volume part 1DL suspension with 2 parts water
onto quartz. Films for UV−Vis and transient absorption were
deposited onto piranha-cleaned quartz from the 1DL super-
natant suspension with no dilution. Films for photoelectron
spectroscopy were drop-cast onto piranha-cleaned Si with no
dilution.
2.3. X-ray Photoelectron Spectroscopy (XPS). A PHI

5600 XPS system, with a third-party data acquisition system
(RBD Instruments, Bend, Oregon), acquired all photoelectron
spectra, as detailed previously.21 The analysis chamber base
pressures were <1 × 10−9 Torr. A hemispherical energy
analyzer, positioned at 90° with respect to the incoming
monochromated Al Kα X-radiation, collected the photo-
electrons. Analyses employed a 45° angle between the sample
normal angle and both the X-ray source and the analyzer.
Instrumental calibration included positioning Cu 2p3/2 at
932.67 eV and Au 4f7/2 at 84.00 eV on freshly sputter-cleaned
samples that yielded Fermi-level positioning EF,Au � 0.00 ±
0.050 eV.
The aforementioned thin films deposited on degenerately

doped n-type Si substrates were mounted on freshly cleaned
stainless steel pucks with Cu tabs and evacuated in the loading
chamber for <1 h preceding direct transfer to the analysis
chamber. Consistent binding-energy positions between sam-
ples and fitted Ti 2p3/2 features at ∼459 eV obviated the need
for charge neutralization in analyses of the films. In all
experiments, survey spectra utilized a 117 eV pass energy, a 0.5
eV step size, and a 50 ms-per-step dwell time. High-resolution
XP spectra employed a 23.5 eV pass energy, 0.025 eV step size,
and a 50 ms dwell time per step.
Post-acquisition fitting utilized an in-house-developed Lab-

VIEW-based program. Data fitting employed baseline-
corrected, pseudo-Voigt, GL(x)-style functions, where x
nonlinearly scales from a pure Gaussian (x = 0) to a pure
Lorentzian (x = 100).22 Baseline functions were either of a
linear type, a Shirley type,23 or a Tougaard style with B = 2900
eV2 and C = 1643 eV2 within a universal function that is scaled
to the height of the photoelectron data.24,25 Optimization
routines utilize the built-in LabVIEW implementation of the
Levenberg−Marquardt algorithm for multiparameter fitting.
Fitting of the Li 1s, C 1s, and O 1s features utilized a Tougaard
background and GL(30) functional peak shapes. The Li 1s
region contained a neighboring Ti 3s feature as well as trace I

4d and Br 3d features that may be contaminants in the
TMAOH solution. Spin−orbit-split doublets were individually
constrained to have mutually identical full width at half-
maximum (fwhm) values for I 4d and Br 3d in that region.
Fitting of the C 1s or O 1s regions necessitated multiple fit
peaks. These peaks were constrained to have identical fwhm
values, with the exception of the low-binding-energy C 1s
feature centered at ∼281 eV present on some samples, which
was left unconstrained. A Tougaard background and GL(70)
peak shapes described the Ti 2p features. The widths of Ti 2p
doublets were constrained such that the width of each Ti 2p1/2
feature was 1.6× the width26 and 0.5× the area of its
corresponding Ti 2p3/2 feature based on high-resolution
spectra of TiC and TiO2 samples collected in-house. Si 2p
and N 1s features utilize a linear background and GL(30) peak
shapes. (We collected Si 2p to verify that the deposition
substrate was not contributing to any spectral features that
would interfere with the collection or interpretation of the UP
spectra.) When present, Si 2p doublets were constrained to
have identical fwhm values with the 2p1/2 peaks containing
0.5× the area of the 2p3/2 peaks. Fitting of the N 1s region
necessitated multiple fit peaks, and the fwhm values were left
unconstrained.

2.4. Ultraviolet Photoelectron Spectroscopy (UPS).
For UP spectra collected in the PHI 5600 chamber, a gas
discharge lamp (UVS 40A2, Prevac, Rogoẃ, Poland) generated
the He I spectroscopic line, EHe I = hν = 21.218 eV, from
research-grade helium, He (Airgas). We utilized a −35 V
substrate bias versus the grounded sample chamber to both
maximize the desired spectral contributions of electrons from
the sample and isolate unwanted secondary electrons from the
analyzer. We chose the −35 V bias based on an invariance in
spectral features and good linearity in analyzer response for UP
spectra of a freshly Ar+-sputtered gold foil between biases of
−20 and −50 V vs the sample chamber ground. As above, UP
spectra of a freshly Ar+-sputtered gold foil verified instrumental
calibration with the bias-corrected Fermi level of gold, EF,Au �
0.00 ± 0.05 eV. From plots of photoelectron counts vs bias-
corrected binding energy, the x-axis intercept of linear
regressions quantifies a secondary electron cutoff energy,
ESEC, and a valence band-edge (maximum) energy, EVBM.
Considering the binding-energy calibration of the instrument,
we report sample work function values, ϕ, as the difference
between EHe I and the secondary electron cutoff energy, or ϕ =
EHe I − ESEC. We report Fermi-level energies vs valence band-
maximum energies, or EF − EVBM. As ultrahigh vacuum
bakeouts can yield a small perturbation in instrument
calibration due to adsorbed contaminants changing the work
function of instrument surfaces or the trajectory of photo-
electrons between the sample and the hemispherical analyzer,
both Au calibration and all 1DL data were acquired during the
same “bakeout window.”

2.5. UV−Vis Spectroscopy. A UV−Visible spectrometer
(Evolution 300, Thermo Fisher Scientific, Waltham, MA)
collected scattered light from drop-cast 1DL samples mounted
in a Praying Mantis diffuse reflection accessory (Harrick
Scientific Products, Pleasantville, NY) as well as transmitted
light from 1DL samples mounted in a transmission-mode
beam path. In both cases, films were deposited on 1″ diameter-
Piranha-cleaned quartz rounds utilizing the deposition protocol
described above. Clean quartz served as the background
reference for each scan. Directly preceding drop-cast film
deposition, the quartz rounds were cleaned in a Piranha acid
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solution, rinsed with Milli-Q water, and blown dry under an Ar
stream. Scans were obtained in a range of 300−1000 nm, using
a scan speed of 160 nm min−1 and a bandwidth of 1 in
absorbance mode.
2.6. Atomic Force Microscopy (AFM). AFM imaging was

carried out in no-contact mode using an atomic force
microscope (NX20 Park Systems), with an Olympus cantilever
OMCL-AC160TS. Images were recorded by Smart scan
software (Park Systems) with a 5 × 5 μm2 scan size and
analyzed by XEI software (Park Systems).
2.7. Transmission Electron Microscopy (TEM). TEM

samples were prepared by first diluting TiC-derived colloidal
suspensions 1:300 in deionized (DI) water, then a few drops
were drop-cast on a carbon-coated, lacey carbon, copper TEM
grid (Cu-400LD, Pacific Grid Tech, San Francisco, CA).
Samples were left to dry in a vacuum chamber at ambient
temperature overnight before characterization. Imaging was
acquired with field-emission TEM (JEOL JEM 2100F) at an
acceleration voltage of 200 kV using a Gatan USC1000 CCD
camera.
2.8. Transient Absorption (TA) Spectroscopy. The TA

measurements were carried out using a HARPIA-TA Ultrafast
Transient Absorption Spectrometer (Light Conversion). In the
measurement, 1030 nm, 290 fs pulses from a ytterbium laser
(Carbide, Light Conversion) generated probe white light
through a sapphire crystal. An optical parametric amplifier
(Orpheus, Light Conversion) generated 400 nm (3.10 eV)
pump pulses. Pump-induced differences in absorption were
detected in transmission mode by an Andor spectrograph and
a Si photodiode array as a function of pump−probe delay time.
2.9. X-ray Diffraction (XRD). A Bruker-AXS D8 Focus

powder X-ray diffractometer with Cu Kα radiation collected X-
ray diffraction (XRD) traces in the range of 5−45° (2θ) at a
step size of 0.05° and a dwell time of 5 s per step. X-ray tube
operating conditions were 40 kV and 40 mA. Samples were
drop-cast directly from the aqueous supernatant suspension
onto a poly(tetrafluoroethylene) sample holder in successive
steps to build up sufficient material for powder diffraction
analyses.

3. RESULTS
In line with our previous work,1 present TEM (Figure 2A) and
AFM (Figure 2B) images demonstrate the 1D character of
many materials synthesized at 85 °C for 7 days. Individual,
separated, long films yield highly aligned films with spin
deposition (not shown) when imaged away from the axis of
rotation, while drop casting yields disordered nanofiber porous
films, as shown in the TEM image in Figure 2A. XRD traces for
the films match previous reports,1 and are not discussed
further.
Figure 2C shows the Tauc plot derived from a UV−Vis

spectrum for a drop-cast film, for which Figure S1 in the
Supporting Information section includes the corresponding
raw UV−Vis data. Compared to spin deposition, drop casting
yielded thicker films and easier UV−Vis analyses with a higher
signal-to-noise ratio. Tauc construction demonstrates an onset
of an indirect transition at ∼4 eV, revealing the semi-
conducting nature of these structures. The films also exhibit
an Urbach tail of sub-gap optical transitions covering the entire
visible range. Note that Eg is significantly blue-shifted
compared to bulk anatase TiO2 (3.2 eV), likely because of
strong quantum confinement of electrons in the 1D nanofila-
ments that are approximately 5 × 7 Å2 in cross section.

However, a long sub-gap tail extending from the UV down to
the near-infrared range shows that the photoresponse due to
optical excitation in the visible spectrum is possible in these
emerging nanomaterials. The aforementioned independence of
UV−Vis absorption properties with deposition methods
support that the observed behaviors are intrinsic to the 1DLs
rather than emergent behaviors in the films.
Figure 3 presents representative XP spectra both (A) prior

to and (B) following the LiCl rinse step that are consistent
with previously published data.1 In Figure 3, we ascribe the
red-shaded O 1s and Ti 2p features to the 1DL material itself.
The Ti 2p3/2 feature occurs at 458.8−459.1 eV for all measured
samples, which indicates that Ti4+ dominates, as previously
observed.1 Green-shaded Ti 2p3/2 features at 455.2−455.3 eV
and C 1s features at 281.8−282.0 eV are consistent with Ti2+
and reduced carbon that exist in the titanium carbide
precursor. We conclude that a nominal amount of TiC
precursor remains in some films, and we limit ourselves to
quantifying films with <2% unreacted TiC as established by the
Ti2+ to Ti4+ ratio of the Ti 2p3/2 features. Interestingly,
accounting for one Ti4+ doublet and one Ti2+ doublet reveals
another purple-shaded fittable doublet with Ti 2p3/2 at 457.0−
457.8 eV, which is consistent with Ti3+ in the 1DL films.
Observation of Ti3+ ascribable features is consistent with our
previous results,1 as well as preliminary electron-spin
resonance experiments that will be the subject of upcoming
studies. A notable blue-shaded N 1s feature at 403.7 eV in
concert with a blue-shaded C 1s feature at 287.1 eV implies
significant quantities of tetramethylammonium, TMA+, cations
present prior to aqueous LiCl rinsing. The blue-shaded
features of TMAOH cations largely disappear from the XP

Figure 2. (A) TEM images from drop-cast 1DL porous films where
the scale bar indicates 200 nm. (B) AFM image of spin-deposited film
of 1DL with a histogram below that reflects the z-axis distribution of
observed heights. (C) UV−Vis-spectroscopy-derived Tauc plots
reveal an approximately 4 eV indirect band gap for drop-cast films.
The arrow in (C) corresponds to the 3.1 eV energy of the optical
pump pulses in transient absorption measurements.
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spectra following an aqueous LiCl rinse, while a demonstrable,
green-shaded Li 1s feature appears at 55.9 eV. The carbon
region further contains a gray-shaded feature at 284.6−285.4
eV that we ascribe to adventitious carbon contamination. In
Figure 3B, we further ascribe the gray-shaded feature at 286.3
eV to oxidized adventitious carbon species rather than
ammonium carbon due to the absence of N 1s fittable features
following the LiCl rinse.
Figure 4 presents an ultraviolet photoelectron spectrum with

a ×16 inset of the Fermi region. We employed drop-cast films
for UP spectroscopy to yield a sufficiently thick film to obviate
spectral contributions from the Si substrate. Figure 3B displays
the corresponding XP spectra for this specific sample that well
resembles our previously published results.1 The x-axis
intercept of the red dashed line at ∼17 eV vs the Fermi
energy of Au, EF,Au � 0 eV reveals the secondary electron
cutoff energy, ESEC, from which we derive work function values
ϕ � hν − ESEC. For the sample in Figure 4, ϕ = 4.03 eV, while
for the nine samples scanned, the average was ϕ = 4.0 eV with
a standard deviation of 0.3 eV.
Consideration of band-edge positioning and previous UV−

Vis data aid in the interpretation of Fermi regions for the UP
spectra of the films studied. Revealed by the representative
×16-scaled Fermi region inset in Figure 4, a green-dashed
linear fit of the UP spectrum corresponds to the Fermi-level
energy vs the valence band-maximum energy, EF − EVBM =
3.74 eV. Interestingly, the green-dashed linear fit reveals a
region of photoelectron signal that may be alternatively
ascribed to photoemission from near-valence band-edge states
or may be fitted as the correct valence-band position itself.
Considering the possibility of a different valence band position,
fitting a line above the gray-shaded photoelectron counts at
binding energies between 4 and 1 eV would yield EF − EVBM =
1.65 eV. Figure S2 in the Supporting Information section
presents a fit of near-valence edge photoemission such that EF
− EVBM = 1.65 eV that in concert with Eg = 4.0 eV from Figure

2C and ϕ = 4.0 eV implies a conduction band minimum ECBM
of −1.7 eV vs the vacuum energy level, Evac. Such a high
conduction band maximum and small electron affinity should
not be realistic for quantum-confined titanium oxides,27 which
implies that EF − EVBM = 1.7 eV represents an erroneous fit to
the Fermi edge region of the UP spectrum. Thus, the green
fitted line represents a more realistic EF − EVBM = 3.74 with the
lower-binding-energy states above the gray region resulting
from near-valence edge defects in the 1DL nanofilaments. For

Figure 3. Representative XP spectra for drop-cast 1DL samples both (A) before, and (B) after LiCl rinsing. Red-shaded features are consistent with
highly oxidized titanium oxides viz. Ti4+, with trace purple-shaded features ascribable to Ti3+ at 457.0−457.8 eV. Green-shaded features and insets
in the Ti 2p and C 1s region are consistent with the nominal TiC precursor. Insets represent a ×5 zoom relative to their respective Ti 2p and C 1s
regions. We ascribe blue-shaded features in panel (A) to residual TMA+ cations that are exchanged with Li+ cations duirng the LiClrinse that yields
the orange-shaded Li 1s feature in panel (B). Gray-shaded features are ascribable to adventitious carbon species as well as Br− and I− contamination
in the TMAOH reagent.

Figure 4. UP spectrum of a LiCl-rinsed 1DL thin film. Linear dashed
fits reveal the secondary electron cutoff energy ESEC (red dashed line)
and the binding energy of the valence band maximum, EVBM, relative
to its Fermi energy, EF. The inset spectrum on the right represents a
magnified view to clarify the near-Fermi-edge density of states. Gray-
shaded photoelectron counts at energies between EVBM and EF are
ascribed to defect states within the band gap.
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the nine samples studied, EF − EVBM demonstrated a 3.8 eV
average with a 0.1 eV standard deviation. In concert with the
UV−Vis absorption data, the UP spectra determine the band-
edge positioning presented in the Discussion section below to
elucidate our observed transient absorption behavior of our
films.
In the absence of LiCl rinsing, UP spectra on films that are

similar to that used for Figure 3A demonstrate work function
energies ϕ = 2.6 eV with a standard deviation of 0.5 eV that we
ascribe as erroneously low and an artifact of TMA+ cations
sitting above surface Ti−O− states on 1DL nanofilaments
yielding a large interfacial dipole normal to the surface.
Conversely, LiCl rinsing may obviate interfacial dipoles as the
small Li+ may reside between adjacent Ti−O− sites that yield
no significant dipole aligned with the surface normal angle.
The exact nature of the cation−surface interaction remains the
subject of ongoing study as surface dipoles demonstrate strong
influences on charge transfer from the valence band relevant to
electrochemistry and catalysis,28 but smaller effects on charge
transfer from core levels in photoelectron spectra.29 However,
we perform all subsequent transient absorption studies using
LiCl-rinsed films.
Transient absorption (TA) following sub-gap optical

excitation provides additional insight into the nature and
lifetimes of resulting photoexcitations and energy levels for
films of LiCl-rinsed 1DL. Figure 5 shows transient absorption
kinetics and spectra following excitation with 400 nm (3.1 eV),
63.7 μJ cm−2 fluence, 90 fs pulses. Qualitatively similar results

exist for lower energy, 485 nm (2.65 eV) excitation, but
stronger pump absorption at 3.1 eV improved the signal/noise
ratios. Importantly, sub-gap photoexcitation results in broad-
band, excited-state absorption (ESA) that extends beyond our
experimental window of ∼1.4−2.5 eV. Photoexcited absorp-
tion is long-lived, as demonstrated by the excited absorption
decay traces taken at 700 nm (1.76 eV) as well as 600 nm
(2.06 eV). The behavior of excited-state absorption is
essentially independent of the probe wavelength, suggesting
that the broad photoinduced absorption arises from photo-
excitation states that have the same origin. Decay traces can be
fitted to a double-exponential decay with a short decay time of
τ1 = 58 ± 2 ps and a longer decay of τ2 = 850 ± 10 ps. In
addition, there is a much slower decay component that cannot
be accurately determined, given our experimental time
window. Excited-state absorption signals decay only to >50%
of the peak value by 3 ns and persist for μs timescales, as
evidenced by a nonzero signal at negative times or residual
signal that does not fully recover between the time window of
10 μs between the two consecutive pump pulses.

4. DISCUSSION
Both static and transient optical absorption spectroscopy reveal
that our 1DL nanostructures absorb light across the visible
range, owing to the presence of sub-gap states, as illustrated in
Figure 5. However, interpretation of transient absorption
results presents challenges both due to the underexplored
nature of 1DLs and the broad range of transient absorption
results for titanium oxide in the literature. Elsewhere, TA
experiments with a 350 nm (3.54 eV) pump at fluences up to
200 μJ cm−2 found a 3.0 ns transient absorption decay time in
single-crystal anatase but a significantly longer 48 ns decay
time in single-crystal rutile ascribed to optical absorption from
photoexcited holes.30 The presently quantified τ2 lifetime of
850 ps in the 1DL films demonstrates significantly closer
agreement with the TA results for single-crystal anatase
however that comparison does not include the non-quantified,
long-lived TA lifetime that yields non-zero absorption at
negative times in Figure 5. Conversely, experiments on
nanocrystalline TiO2 films demonstrated transient absorption
behavior dominated by an intraband relaxation of hot holes
with a lifetime longer than 100 ps following 266 nm
photoexcitation.31 Experiments on nanocrystalline TiO2 with
a 355 nm pump demonstrated transient absorption decay
lifetimes of 500 ps for both a 1.54 eV probe for surface-trapped
electrons and a 0.50 eV probe of bulk electrons.32 For
nanocrystalline TiO2 films, high, 14 mJ cm−2 excitation
fluences at 3.49 eV yielded transient absorption lifetimes of a
few ns at probe energies between 0.95 and 1.55 eV,33 while
recent results establish a pump-fluence dependence on surface
reorganization with profound impacts for the transient
absorption dynamics.34 The Figure 2 structure of this material
and correlations of spectroscopic results with its structure and
defects remain the subject of ongoing efforts. The recently
updated structure3 should enable computational insight into
the interplay between states, defects, band structures, and the
resulting carrier dynamics for this lepidocrocite-like titanium
dioxide material.
Figure 6 presents a band energy diagram consistent with the

UV−Vis, ultraviolet photoelectron, and transient absorption
spectroscopies on the left as well as band edges for selected
titanium oxide materials from the literature on the right. The
UPS-determined work function yields EF = −4.0 ± 0.3 eV vs

Figure 5. Transient absorption spectroscopy of thin 1DL films.
Excited-state absorption taken at 700 nm (1.77 eV) and 600 nm (2.06
eV) in frame (A) are well described by the double-exponential-decay
fits in solid lines. Transient absorption spectra in frame (B), both
prior to pump arrival (black) as well as following 5 ps (red), 100 ps
(green), and 2.5 ns (blue) following excitation with 400 nm optical
pulses. The nonzero differential absorption before pump arrival
(black) indicates residual photoinduced absorption that persists
longer than the time between two consecutive excitation pulses (10
μs).
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EVAC, while the Fermi edge and Tauc-determined band gap
position the valence and conduction band edges at −7.7 ± 0.3
and −3.7 ± 0.3 eV, respectively. We consider the position of
the Fermi energy relative to the band-edge positioning to
indicate strong but not degenerate n-type doping with the
Fermi level 0.2−0.3 eV, or roughly 10 kBT, more negative than
the conduction band edge at the standard-state temperature.
Absorption of 400 nm (3.1 eV) light implies the existence of
additional states in addition to the bands themselves. We
therefore hypothesize that sub-gap states are associated with
electronic defects that may result from surface states.
Observation of photoelectron counts at binding energies in
between the valence band edge and the Fermi level implies the
existence of defect states at least near the valence band. Such
near-valence-band defect states are well precedented in the
titania literature.35 In addition to near-valence-band defect
states, we cannot rule out the existence of near-conduction-
band-edge defect states, such as those that arise from Ti3+
cations and/or oxygen vacancies as well.36 Such Ti3+ defects
and oxygen vacancies are notable for their implication in
“black” TiO2 in the literature20 and may explain the black
coloration of the presently studied material. Thus, the
observation of long-lived photoexcitations that yield the
excited-state absorption observed in Figure 5 may be
valence−defect, defect−defect, or defect−conduction transi-
tions on the band diagram shown on the lefthand side of
Figure 6. Exploration of the nature of these transitions and
implications for the exceptional catalytic properties of 1DL
nanofilaments remain the subject of ongoing study.
Comparison of the band edges with other TiO2 materials

further highlights the unique nature of our films. The middle
and righthand side band edges respectively represent band-
edge positions for nanosheet TiO2 and bulk anatase as derived
via electrochemical methods.37 In Figure 6, we relate
electrochemical potentials, E, to energies, E, via −qENHE =

ENHE = −4.44 eV vs Evac under standard conditions based on
IUPAC recommendations.38 Comparing with the 3.8 eV band
gap for the nanosheet films,37 our films demonstrate a higher
degree of quantum confinement resulting in their ∼4.0 eV
band gap. Notably, the band-edge positions for the literature
TiO2 reports in the middle and righthand side are offset as
compared to the presently reported band edges for 1DL films
on the lefthand side of Figure 6. However, such offsets are
consistent with discrepancies between work functions acquired
via ultrahigh vacuum vs electrochemical methods.39

In summary, we report the properties of photoexcitations in
a new class of lepidocrocite-like titania-based nanostructures
and relate the nature of sub-gap excitation to band and defect
structures. Important questions remain underlying the
mechanism of synthesis, the presence of chemical defects, as
well as the nature of light-emitting states. However, the
scalability and ease of synthesis using common solvents such as
TMAOH and precursors such as TiC, TiB2, etc., their
extraordinary surface area, and exceptionally long-lived photo-
excitations that can be excited with visible, sub-gap light raise
exciting prospects of application in solar energy conversion and
visible optoelectronic devices, among others.
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